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Valentin Ştefan Oleksik

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Tomasz

Trzepieciński
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Valentin Ştefan Oleksik is currently a full professor in the Department of Industrial Machines

and Equipment of the Lucian Blaga University of Sibiu. After he finalized his PhD thesis, he

became a lecturer in the same department. In 2016, Dr. Oleksik completed his habilitation thesis

on ”Studies and Research on the Incremental Forming Process”. Dr. Oleksik has many years of

research experience in metal forming processes, plasticity, and the numerical simulation of sheet

metal forming processes. His research areas also include biomechanics and unconventional forming

technologies.

vii





Preface to ”Forming Technologies and Mechanical

Properties of Advanced Materials”

The aim of this book is to present the latest achievements in various modern forming processes

and the latest research related to the computational methods for forming technologies. This

publication includes research articles focusing on new developments in the formation of advanced

materials including optimisation of the equal-channel angular pressing parameters, the single-point

incremental forming process of polymeric and aluminium sheets, the mechanical and structural

properties of titanium alloy subjected to impact-oscillatory loading, friction and lubrication in sheet

metal forming, optimisation of the thermomechanical process of Ni-based superalloys, numerical and

experimental analysis of titanium sheet forming, investigation of the size effects on the elongation of

titanium alloy foils, optimisation of the cutting performance of cutting tools, and optimisation of the

parameters of the shear spinning process. One review article summarises the development of the

single-point incremental forming technique in titanium and its alloys. The authors truly believe that

this book will help the research community to enhance their understanding of the present status and

trends in modern material forming processes.
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Response Surface Methodology
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Abstract: Experimental investigations were conducted on Mg-3Zn-0.6Zr alloy under different ECAP
conditions of number of passes, die angles, and processing route types, aimed at investigating the
impact of the ECAP parameters on the microstructure evolution, corrosion behavior, and mechan-
ical properties to reach optimum performance characteristics. To that end, the response surface
methodology (RSM), analysis of variance, second-order regression models, genetic algorithm (GA),
and a hybrid RSM-GA were utilized in the experimental study to determine the optimum ECAP
processing parameters. All of the anticipated outcomes were within a very small margin of the
actual experimental findings, indicating that the regression model was adequate and could be used
to predict the optimization of ECAP parameters. According to the results of the experiments, route
Bc is the most efficient method for refining grains. The electrochemical impedance spectroscopy
results showed that the 4-passes of route Bc via the 120◦-die exhibited higher corrosion resistance.
Still, the potentiodynamic polarization results showed that the 4-passes of route Bc via the 90◦-die
demonstrated a better corrosion rate. Furthermore, the highest Vicker’s microhardness, yield strength,
and tensile strength were also disclosed by four passes of route Bc, whereas the best ductility at
fracture was demonstrated by two passes of route C.

Keywords: severe plastic deformation; equal channel angular pressing; biodegradable Mg-Zn-
Zr alloy; ultrafine-grained structure; corrosion behavior; Response Surface Methodology; genetic
algorithm; optimization

1. Introduction

Due to their exceptional properties of high specific strength and low density, which
suit the needs of the transportation and lightweight structural industries, magnesium (Mg)
alloys have been a source of huge attraction [1,2]. In addition, Mg alloys show a great
opportunity in biomedical applications. They look promising to be adopted as bone im-
plant material because of their remarkable advantages compared to traditional biomedical
material [3–5]. Mg alloys have suitable mechanical properties, good biocompatibility, and
extraordinary biodegradable nature [6–8]. In addition, Mg alloys are very close in density
and elastic modulus to their natural bone counterparts [9]. Moreover, degradation in the
body fluid of Mg alloys is one of the most desirable properties of a material used for medical
purposes. In addition, Mg alloys’ have high biodegradability in the human body, as they
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fade after the surgery, which leads to the absence of the need for other surgery to remove the
implant [10,11]. Furthermore, Mg is non-toxic and has exceptional biocompatibility; even
Mg may possess fortunate impacts on the growth and adhesion of new bone cells [12,13].

However, Mg alloys have limitations in clinical applications because of their high
corrosion rate in the high chloride physiological systems and rapid degradation rate [14].
Thus, the mechanical integrity damage occurs before the complete curing of bone tissues;
Moreover, throughout the corrosion process, a detrimental impact on the Mg alloy as a
biodegradable implant is also caused by the development of hydrogen gas bubbles [15–17].
Consequently, many approaches from various alloying designs and surface modifications
were developed to ameliorate Mg alloys’ corrosion resistance and mechanical proper-
ties [15,18–23]. Additionally, other attempts were made to adjust the degradation rate by
removing impurities and controlling the impurities content ratio [24,25]. Thus, it is crucial
for Mg alloys adopted in biomedical applications to possess suitable mechanical properties
during their service lifetime, along with being safe bio-alloying elements to guarantee
non-toxicity, biocompatibility, and cytocompatibility. Therefore, improving the mechanical
and corrosion characteristics of magnesium alloys is of the utmost priority. [19,26–29].

Several studies were performed to improve the mechanical and corrosion properties of
Mg alloys, such as effective alloying elements. It was reported that alloying aluminum (Al)
resulted in potential toxicity since Al was found to be the reason for Alzheimer’s. Likewise,
some rare-earth elements, such as yttrium, were also found to cause liver toxicity [6,30].
Consequently, Al-free Mg alloy is recommended for use with humans [31]. On the other
hand, alloying zinc elements (Zn) showed the potential to enhance deformability and
D%. In addition, Zn is a vital nutritive element for the body, and its ions can be absorbed
effortlessly with no harm done to substantial organs. Likewise, zirconium (Zr) with small
contents was reported to be a biocompatible alloying element [5,28,29,32]. Furthermore,
Gu et al. discovered that adding Zr and Zn to Mg alloys improved strength, corrosion
resistance, and cytocompatibility compared with pure Mg [28,29,32,33].

On the other hand, grain refining is an effective method for improving the mechanical
characteristics of Mg alloys [19,28,29,34,35]. It was applied to improve the homogenous
nanoscale distributions that claimed uniform corrosion behavior. Therefore, these prop-
erties could be attained when using severe plastic deformation (SPD) to reach ultra-fine-
grained materials (UFG) [36–47]. Additionally, it was stated that the largest positive pitting
potentials were associated with the coarse-grained reference alloys and that the ultra-fine-
grained Mg alloys induced an enhancement in polarization resistance [48]. Consequently,
the Mg-Zn-Zr alloy series (ZKxx) could be a superior alternative in medical implants; it
promises a future choice for metallic biodegradable materials [19,28,29,49]. Furthermore, in
the modern era of digital databases, generating functional outputs in mathematical forms
has become a critical demand [44].

ECAP is the SPD technique that refines metallic materials’ grains the most effective
out of all the other SPD approaches and hence improving both the mechanical and electro-
chemical properties [34,35,50–52]. In the ECAP technique, the materials are compelled to
exit a die with two parallel channels having an alike cross-sectional profile that intersects at
an internal channel angle of φ and an angle of curvature of Ψ, as illustrated in Figure 1 [28].
The ECAP route type, in addition to the number of processing passes, has a substantial
impact on the mechanical characteristics, crystallographic texture, and microstructural
development of the processed billets [53]. The most common ECAP route types are A, Bc,
and C [28,53]. In route A, the sample is processed through multiple passes without rotation
between the subsequent passes. In contrast, in route Bc, the sample is revolved 90◦ in the
same direction about its longitudinal axis after each pass [28,46,53]. In route C, the sample
rotated 180◦ about the extrusion direction after each pass [53,54]. The imposed equivalent
strain (εeq) can be calculated in terms of the number of ECAP passes (N), die channel angle
(φ), and the corner curvature angle (Ψ) as shown in Equation (1) [53].
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Figure 1. Schematic of the ECAP dies with internal channel angle of (a) 90◦ and (b) 120◦.

A, Bc, and C are the most prevalent ECAP route types [28,53]. Unlike route Bc, which
rotates the sample by 90 degrees across its longitudinal axis after each pass, route A
processes the sample in successive passes without rotating it [28,46,53]. After each pass
along route C, the sample is rotated 180 degrees around the direction of extrusion [53,54].
Equation (1) illustrates how to determine the imposed equivalent strain (εeq) using the
number of ECAP passes (N), die channel angle (φ), and corner curvature angle (Ψ) [53].

εeq =
N√

3

[
2cot

(
ϕ+ψ

2

)
+ ψ cosec

(
ϕ+ψ

2

)]
(1)

On the other hand, the expansion and advancement of useful mathematical insights is
a fundamental necessity in the current digital database era [44]. RSM is an effective multi-
variate statistical method based on an empirical collection of statistical and mathematical
instruments that are utilized to create, alter, and finally optimize processes. RSM works by
correlating the real and modeled behavior of a response output to several effective input
factors based on their own and interaction effects. RSM technique is capable of modeling
and optimizing experiments. In addition, GA might be used in optimization to avoid local
optimum solutions [55].

Many researchers were optimizing the ECAP conditions using RSM. Daryadel [56]
validated the finite element simulation of the ECAP process of AA7075 with copper casing
by examining thirty-one tests built by RSM to investigate the ECAP process parameters.
The tests were focused on the highest required force and strain, where the main impacts
of four chosen significant input factors (friction coefficient, casing thickness, channel,
and corner angle) were studied. Consequently, an analysis of variance (ANOVA) of the
process variables was conducted to analyze the obtained regression models. Based on
the ANOVA analysis, it was assumed that the channel angle affected the response the
most; thus, it was the most effective ECAP input parameter. Moreover, the copper casing
thickness didn’t show any significant effect on the resultant force response. Likewise, the
strain response was affected by channel and corner angle input parameters; conversely,
the friction coefficient and copper thickness showed an insignificant effect on the strain
response. Finally, the performed optimization reached the optimum predicted ECAP
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condition aiming at maximizing the forming force and minimizing the strain. The obtained
optimum values for channel angle and corner angles were 93.64◦ and 0◦, respectively.
Alateyah et al. [57] used RSM, ANOVA, GA, and RSM-GA to optimize the ECAP parameters
of pure Mg, and they reported that ECAP processing using a die with φ = 90◦ through
4-passes of route Bc was the most significant parameters in grain reining and Vicker’s
microhardness values. Furthermore, ECAP processing using an ECAP die with φ = 120◦
through two passes of route Bc displayed the highest TS, while 4-passes of route C using
the 120◦-die showed the best D% at fracture. Saleh et al. [58] utilized RSM to optimize
the wear resistance of AZ91during ECAP processing using a rotary ECAP die. The RSM
findings revealed that the AZ91 wear resistance increased applied load, sliding time, and
sliding speed. Furthermore, they reported that the AZ91 wear resistance was improved by
increasing the number of processing passes.

As a result, this study’s objective is to statistically analyze the ECAP performance
through tests that were conducted to determine how the ECAP process parameters affected
the ZK30 alloy’s mechanical properties and corrosion performance. Experimental investi-
gations were conducted on Zk30 alloy under different ECAP conditions of the ECAP die
angles, a number of passes, and processing route types, aiming at reaching the optimum
performance characteristics. A complete analysis of the influence of the ECAP conditions
on microstructural evolution, mechanical properties, and corrosion performance was pre-
sented. The experimental investigation was designed based on RSM that was adopted to
classify the optimum ECAP parameters through the analysis of the effect of different ECAP
conditions on the numerical responses. Furthermore, analysis of variance (ANOVA) and
second-order regression models was obtained to evaluate the optimum ECAP parameters;
consequently, GA was used to optimize the ECAP conditions. At last, the optimization
of the ECAP responses was enhanced by creating a hybrid RSM-GA, and the subsequent
conditions were assessed via GA.

2. Methodology

2.1. The Experimental Design Matrix

The most widespread ECAP process parameters reported in previous studies were the
number of passes, ECAP die angle, and the type of processing route [53]. The number of
passes (one, two, and four passes), ECAP die angle (90◦ and 120◦), and type of processing
route (A, Bc, and C) were the levels of the ECAP parameters employed in this investigation,
as shown in Table 1.

Table 1. ECAP parameters and corresponding levels.

ECAP Parameters
Parameters Levels

−1 0 1

Number of passes 1 2 4
ECAP die angle 90 120

Processing route type A Bc C

In this study, RSM was used to provide a design for the combination of the levels of
ECAP parameters. Sixteen runs were performed and examined for several ECAP responses,
namely, grain size, corrosion response, hardness, and tensile characteristics. Three factors
were investigated with a minimum number of experiments using the RSM technique to
model a second-order response surface.

2.2. Material and Experimental Procedure

The current study employed a commercial ZK30 alloy (Mg-3Zn-0.6 Zr, wt%). ZK30
billets measuring 20 mm in diameter and 60 mm in length were annealed at 430 ◦C for
16 h. Two cylindrical channels with an interconnection were used in the ECAP dies, which
had internal angles of 90◦ and 120◦ and an external die angle of 20◦. The ECAP process
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was applied to the as-annealed (AA) billets under various conditions at a ram speed of 10
mm/min and a temperature of 250 ◦C. Various routes (A, Bc, and C) were used, as were
different passes (one pass (1P), two passes (2P), and four passes (4P)).

The microstructural evolution was studied using a longitudinal cross-section from
the center of the ZK30 alloy. The samples were ground incrementally on a grinding wheel
spinning at 150 rpm using silicon-carbide sandpaper. Then the samples were polished using
diamond suspensions of particle sizes 3 μm, then 1 μm mixed with yellow DP-lubricant.
All samples were to have scratch-free surfaces, as seen using a microscope. To that end,
a final polishing step was conducted; a 0.05-micron colloidal silica formula was used to
provide the final polish. Samples were then etched in a solution of 100 mL ethanol, 5 mL
acetic acid (95%), 6 g picric acid, and 10 mL water for 50 s. Finally, to remove the top
amorphous layer, the samples were flat ion milled for 30 min using a flat ion milling system.
The milling parameters were a grazing angle of 5◦, a specimen rotational speed of 0.425 s−1,
and a beam energy of 2 keV [28,29].

The microstructure evolution of the ZK30 biodegradable alloy was investigated us-
ing a SU-70 SEM equipped with an EBSD accessory which was used to characterize the
microstructural and crystallographic texture evolution as well. The samples investigated
by the SEM and EBSD were sectioned from the central longitudinal plane of the ECAPed
billets parallel to the pressing direction. The axes of the reference system coincide with the
extrusion ECAP direction (ED). The SEM operated at 15 kV and 1.5 nA. The EBSD data
were collected in 100 nm increments from the top surface ED plan using HKL Flamenco
Channel 5 software (Hitachi, Ltd., Tokyo, Japan) [28,29].

A three-electrode corrosion cell was used to evaluate the corrosion properties of the
ECAPed ZK30-Mg alloy. 20 × 30 mm rectangular samples were cleaned with acetone, then
rinsed in deionized water after being ground with various silicon-carbide papers up to
4000 grit. A platinum mesh was utilized as a counter electrode; however, the working
electrode was an ECAPed ZK30 sample, and the reference electrode was a saturated calomel
electrode (SCE). At room temperature, corrosion tests were conducted on ringer lactate
corrosive agents. A Luggin capillary was employed to ensure measurement precision
and to reduce ohmic drop. An SP-200 Potentiostat was used to record the measurements.
Furthermore, a potential scan rate of 0.2 mVs−1 using the polarization technique was also
used to confirm the steady-state situation. With an open circuit potential and a potential
window of ±250 mV, linear potentiodynamic polarization was carried out. At open-circuit
potential (Ecorr), electrochemical impedance spectroscopy (EIS) was used with a sinusoidal
voltage of ±10 mV and a frequency range of 10 MHz to 100 kHz.

Furthermore, Vicker’s microhardness tests (Hv) were carried out using a digital
microhardness tester (Qualitest Canada Ltd, Alberta, Canada) before and after the various
ECAP operations, beginning at the sample’s periphery and progressing into the center.
A 0.5 kg applied stress was used for 15 s during the microhardness testing. The average
outcomes are determined across a minimum of five equispaced indentations. Additionally,
utilizing 100 kN universal testing equipment (Instron 4210, Norwood, MA, USA), the room
temperature tensile characteristics of ZK30 ECAPed samples were assessed at a strain rate
of 10−3 s−1. The chosen tensile samples were cut to dimensions in accordance with the
E8M/ASTM standard and taken from the middle of the ZK30 ECAPed samples. For each
processing condition, three tensile samples were examined.

3. Response Surface Methodology-Based Experiments

3.1. Regression Model

RSM is a very effective tool in most engineering problems that are adopted for model
formulation, analysis, design, and enhancement of an optimization process. The interaction
between one or more input parameters can also be evaluated using RSM designs. RSM
consists of three main steps that were applied in this study. The first step is concerned with
the setup of the experimental technique for navigating the process or input factors domain.
ECAP independent variables domain was defined as the number of passes, ECAP die angle,
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and processing route type. The second step focuses on the development of the appropriate
model. The models were formed by regression modeling between the input factors and
the process responses of grain size, corrosion response, and tensile characteristics. The last
step is about getting a three-dimensional surface of the response to fully visualize how
the response is behaving as a result of the impact of input variables, which are usually
referred to as parameters. Using optimization procedures, the three-dimensional surfaces
were used to identify the effect of the ECAP process factors that provide the most suitable
output for the ECAP responses [59,60].

A regression model provides a function that describes the relationship between a
process response (Y) and one or more independent variables, which is obtained by best
fitting into first, second, or more-order polynomial equations. Polynomial models of linear,
two-way interaction and full quadratic models were adopted in this study to evaluate
the obtained experimental data. Equation (2) represents the second-order polynomial
mathematical models for the ECAP independent variables and the output response of (Y).

Y = f (No. of passes, Die angle, Processing route type ) + ε (2)

where Y is the output response, f represents the ECAP process independent input factors,
and ε is the random error distributed about the response Y [61].

Analysis of variance (ANOVA) is adopted to investigate the ECAP process indepen-
dent input factors of the number of passes, ECAP die angle, dummy variable x1, and
dummy variable x2, and identify which ones of these parameters are significantly im-
pacting the output responses of mechanical properties and corrosion performance [62].
The obtained experimental data were thoroughly studied and analyzed using Stat-Ease
Design Expert software (version 13.0.5, Stat-Ease, Inc., Minneapolis, MN, USA). It is a
very powerful and efficient computer package used widely in practice for industrial and
scientific purposes aiming at designing and optimizing complex systems [63,64]. Design
expert provides several types of regression transformation forms, such as linear, square
root, natural logarithm, power, and many others.

The adopted ECAP process input parameters are the number of passes, die angle,
and processing route type, as shown in the design of experiments which contains 16 runs
(Table 2). Special consideration is placed regarding the processing route type parameter
due to the variable’s nature as a categorical type, which is classified into route A, route Bc,
and route C.

Table 2. Design of experiment of ECAP parameters.

Run A: No. of Passes B: Die Angle C: Processing Route Type

1 1 120 Bc
2 2 120 A
3 4 90 C
4 2 120 C
5 2 90 Bc
6 2 120 A
7 2 90 Bc
8 4 120 Bc
9 4 120 C
10 2 120 Bc
11 1 120 C
12 4 90 Bc
13 1 90 A
14 4 90 A
15 4 90 A
16 1 90 C

One of the adopted techniques to transform a categorical variable into a numerical
one is dummy coding. It is based on a binary coding system as it provides all of the
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crucial information about group membership using only zeros and ones. It is one of the
adopted methods for employing variables of categorical predictor nature in various types
of prediction models of linear and other regressions. Dummy variables are used to denote a
category variable that was transformed through dummy coding. To build dummy variables
that are exhaustive and mutually exclusive and relate to a specific category variable with K
classifications, a series of K-1 dummy variables is required [65]. As illustrated in the matrix
in Equation (3), the dummy variables for the category variables route A, Bc, and C were
coded as x1 and x2.

x1 x2
A
Bc
C

=

⎡
⎣1 0

0 1
0 0

⎤
⎦ (3)

where route type A has x1 = 1 and x2 = 0, if route type Bc then x1 = 0 and x2 = 1, and if
route type C then x1 = 0 and x2 = 0.

The finest regression models that could be statistically significant were found after
numerous iterations of regression transformation forms and research into interactions
between independent variables of ECAP parameters.

3.2. Genetic Algorithm

A genetic algorithm (GA) is a widely used method in various engineering and science-
based applications. GA is characterized by its smart, effective, and inexpensive way of
tackling real-life optimization problems. GA provides optimum algorithms along with
a random number of generations in each individual. On the other hand, a common
convention algorithm adopts a predetermined strategy for establishing the following
generation and only generates a single point. Every generation evaluates an individual’s
fitness functions. The convergence of the results is ensured by GA, which adopts certain
criteria to arrive at a value aiming at a global minimum for a fitness function [60,66].

4. Results and Discussion

The experimental findings [28,29] of the different studied ECAP process factors were
used for the development of a qualitative and quantitative assessment strategy to examine
how the ECAP parameters affected the ZK30 alloy regarding the evolution of grain size,
electrochemical response, and mechanical characteristics of the ZK30 alloy. Several trials
of regression transformation form and interactions of independent variables were tested
thoroughly for modeling the output responses of the ECAP. The generated models in the
experimental investigation were proven to show statistical significance.

4.1. Experimental Results and RSM
4.1.1. Microstructural Evolution

EBSD was adopted to assess the grain structure of the ZK30. Figure 2 shows the
orientation maps of AA-ZK30 after different ECAP processes, all relative to the ED [28,29].
Based on the results of the experiments, Table 3 depicts the average grain size of ZK30
alloy billets processed by AA and ECAP. As seen in Figure 2a, the orientation map of
AA-ZK30 revealed equiaxed coarse grains and certain regions with fine grains. Grain
refinement can be observed after the first ECAP pass, utilizing die angles of 90◦ and
120◦, as revealed in Figure 2b,f, respectively. However, the die angle of 120◦ produces a
coarser grain size compared with 90◦ as the latter experienced a higher strain relative to
the first. Furthermore, augmenting the number of passes to four using different routes of A
(Figure 2c), Bc (Figure 2d), and C (Figure 2f) resulted in further refinement. However, route Bc
showed finer and more homogeneous grain distribution, as shown in Figure 2d. Furthermore,
by inspection of Figure 2d, it is clear that 4Bc processing using the 90◦-die leads to increasing
areas of ultrafine grain structure (UFG) despite the existence of minor areas of coarser grains.
Accordingly, the existing coarse grains of the 4Bc condition resulted in increasing the average
grain size up to 1.94 μm as displayed in Table 3. In addition, it is clear from Figure 2 and
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Table 3 that in terms of grain refinement, route Bc is the most efficient. On the other hand,
processing through multiple passes indicated that the die angle had an insignificant effect on
the average grain size since processing through 4-Bc with the 90◦-die and 120◦-die reduced
grain size by 92.7% and 92.8%, respectively, as relative to the AA equivalent.

(a) (b)

(c) (d)

(e) (f)

Figure 2. Cont.
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(g) (h)

Figure 2. EBSD orientation maps for the AA- ZK30 (a) and after the ECAP processing through 1-P
(b), 4-A (c), 4-Bc (d), 4-C (e) using the 90◦-die and 1-P (f), 4-Bc (g) using the 120◦-die and the inverse
pole figure (IPF) coloring triangle is shown in (h), red: [001]; blue: [120]; and green: [010].

Table 3. Grain size data of the AA and ECAPed Mg-Zn-Zr billets. All units are in μm.

AA
90◦-Die 120◦-Die

1P 4A 4Bc 4C 1P 4Bc

Min 3.39 1.13 0.23 0.23 0.28 2.24 0.76
Max 76.73 38.10 14.53 11.76 12.73 35.22 17.86
Average 26.69 3.24 2.89 1.94 2.25 5.43 1.92
St. Deviation 14.74 2.42 1.92 1.54 1.60 4.22 1.09

The predicted inverse model of ZK30 grains size performed from the ECAP process is
presented in Equation (4), whereas the ANOVA results are shown in Table A1 (Appendix A).

1/Grain Size = 0.617014 − 0.0643169 × No. of Passes − 0.00418436 × Die Angle + 0.0693044 × x1 − 0.0448229 ×
x2 + 0.00129203 × No. of Passes × Die Angle − 0.0415678 × No. of Passes × x1+ 0.0250216 × No. of Passes × x2

(4)

Referring to Table A1, the coefficient of determination (R2) of grain size is 0.9857, and
the adjusted R2 is 0.9732, which is close to and within 0.2 of the predicted R2 value of
0.9155. Therefore, the obtained high values of R2, adjusted R2, and predicted R2 for grain
size indicate that the created model is desirable. The model terms A, B, C, AB, AC, and AD
all have p-values that are lower than 0.05, implying that they are significant.

Similarly, the grain size model is significant with p-values less than 0.05, which desig-
nates that altering an input ECAP parameter would significantly affect the grain size [67],
indicating that this model is satisfactory at a 95% confidence level [68]. The number of
passes of the ECAP process has the greatest impact on grain size, followed by ECAP die
angle, and finally, dummy variables x1 and x2. The adequate precision is 29.85, which is
greater than four, implying that there is an adequate signal and the model could be used
for navigating the design space [69].

Figure 3 is a comparison between actual experimental data and predicted values of
grain size for ZK30 samples calculated by the regression model for a course of 16 iterations.
It could be deduced from the figure that the bulk of the anticipated findings matches the
actual experimental data extremely well with a narrow slight deviation. In addition, it
indicates that the obtained regression model is adequate and could be useful for predicting
the optimization of ECAP parameters for the best grain size.
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Figure 3. Predicted versus actual values of grain size, where the blue points are for minimum output
value and gradually changed to red points for maximum output value.

Figure 4 illustrates three-dimensional interaction viewgraphs on the impact of the
ECAP parameters on the output response of average grain size. It shows response surface
plots for interaction viewgraphs between two variables, ECAP die angle and number of
ECAP passes, while fixing the processing route variable. For route A, the increase of ECAP
die angle resulted in increasing the grain size. Changing the number of passes has affected
the grain size minimally. The minimum optimum grain size is 2.89 μm at route A, which is
obtained at four passes and a 90◦ ECAP die angle. The die angle of the ECAP process at
route Bc is proportional to grain size; moreover, the ECAP grain size shrank as the number
of passes increased. In this context, the minimum optimum grain size is 1.92 μm at route
Bc, which is obtained at four passes and 120◦ ECAP die angle. Likewise, the effect of die
angle and number of passes at route C on grain size is similar to those obtained by route Bc.
The minimum optimum grain size is 2.1 μm at route C, which is obtained at four passes
and 120◦ ECAP die angle.

Figure 4. Three-dimensional plot of grain size with ECAP die angle and number of passes at routes
A, Bc, and C.
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4.1.2. Corrosion Behavior

The corrosion response of ZK30 was explained by corrosion rate and corrosion resis-
tance. The predicted inverse model of corrosion rate is presented in Equation (5) and the
linear quadratic model of corrosion resistance is presented in Equation (6).

1/Corrosion Rate = 16.1243 − 8.08576 × No. of Passes − 0.0752773 × Die Angle + 0.145218 × x1 − 40.4689 ×
x2 + 0.0303579 × No. of Passes × Die Angle + 16.7947 × No. of Passes × x2 + 0.333308 × Die Angle ×

x2 +0.932053 × No. of Passes2 − 0.134907 × No. of Passes × Die Angle × x2

(5)

Corrosion Resistance = 863.142 − 869.61 × No. of Passes + 10.6176 × Die Angle − 24.5789 × x1 − 2116.51 ×
x2 − 3.14036 × No. of Passes × Die Angle + 612.013 × No. of Passes × x2 + 18.0897 × Die Angle ×

x2 + 210.811 × No. of Passes2 − 5.19565 × No. of Passes × Die Angle × x2

(6)

Table A2 (Appendix A) presents the analysis of variance (ANOVA) results for ZK30 corro-
sion characteristics after ECAP processing. The individual model coefficients, interaction,
and quadratic terms, as well as the appropriate p-value from the ANOVA for corrosion
rate and resistance, are shown in Table A2. In the case of corrosion rate, the model terms
A, D, AB, AD, A2, and ABD all have p-values that are lower than 0.05, implying that they
are significant. In the case of pitting corrosion resistance, the model terms A, B, AB, and
A2 all have p-values that are lower than 0.05, implying that they are significant. Similarly,
both corrosion rate and resistance models are significant with p-values less than 0.05, which
designates that altering an input ECAP parameter significantly affects the corrosion rate
and corrosion resistance quality criteria [67], indicating that these models are satisfactory
at a 95% confidence level [68]. The number of passes of the ECAP process, factor A, has
the greatest impact on corrosion rate and corrosion resistance. The adequate precision is
34.17 and 11.85 for corrosion rate and corrosion resistance, respectively, which is greater
than four, implying that there is an adequate signal and the model could be used for
navigating the design space [69]. The coefficient of determination (R2) values is 0.991 and
0.9456 for corrosion rate and resistance, respectively. Additionally, the adjusted R2 of the
corrosion rate is 0.9775, which is close to and within 0.2 of the predicted R2 value of 0.9846.
In addition, the adjusted R2 of corrosion resistance is 0.864, which is close to and within
0.2 of the predicted R2 value of 0.8798. Therefore, the obtained high values of R2, adjusted
R2, and predicted R2 for corrosion rate and resistance indicate that the created model is
desirable. The corrosion rate’s lack of fit p-value is 0.6, which is more than 0.05, indicating
an insignificant lack of fit and a good model [67].

Electrochemical experiments were carried out on the biodegradable ZK30 ECAPed at
various process settings, as well as on the AA, as found in [28,29]. The measurements were
carried out using ringer lactate electrolytic solution, as it mimics the human body fluids.
Figure 5 illustrates the potentiodynamic polarization curves (a) and Nyquist plots (b) of
ZK30 for the different ECAP process parameters.

The Tafel plot is a reliable method of corrosion resistance investigation [52]. As
illustrated in Figure 5a, the 1P using the 90◦-die condition showed a significant reduction
in corrosion potential relative to the AA counterpart, along with a notable noble corrosion
current shift toward the lower current density (Icorr). Additional ECAP processing passes,
4P using the 90◦-die, through different routes resulted in an additional drop of corrosion
current compared to the 1P, except for the 90◦_4C. In addition, increasing the die angle up
to 120◦ using route Bc resulted in significant corrosion Icorr reduction compared to 90◦_4Bc.
The Icorr reduction could be considered a dependable indicator for decreasing the corrosion
rate. However, increasing the die angle to 120◦ (120◦_4Bc) resulted in shifting the corrosion
potential Ecorr to more negative values.

The EIS results, Nyquist plots, were similar; however, the semicircle diameters of were
dissimilar. The semicircle diameter is significantly connected to the charge resistance and,
consequently, the corrosion rate. Consequently, the largest semicircle diameter represents
the best corrosion resistance [70]. As shown in Figure 5b, the response of the AA- ZK30
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billets was the smallest semicircle compared to the ECAPed billets. Moreover, the ECAP
processing through 1P using the 90◦-die showed a substantial rise in the semicircle diameter.
However, further ECAP processing passes, four passes, caused an increase in the semicircle
diameter compared to 1P, which might be attributable to strain buildup, which increases
dislocation density [28,70,71]. On the other hand, the different routes have a substantial
impact on the corrosion resistance, as shown in Figure 5b. Using route C resulted in
the smallest semicircle diameter; however, route A shows an insignificant increase in the
semicircle diameter compared to the 4Bc counterpart. In addition, processing through
the ECAP die with 120◦, 4Bc increases the semicircle diameter compared to the sample
processed through 4Bc using the 90◦-die which indicated higher corrosion resistance. The
120◦-die’s improved corrosion resistance compared to the 90◦-die can be ascribed to an
improvement in dislocation density during ECAP processing via the 90◦-die because of the
increased plastic strain, as reported earlier in the literature [34,72]. Accordingly, increasing
the dislocation density resulted in decreasing the corrosion resistance.

Figure 5. Corrosion measurements (a) potentiodynamic polarization curves, and (b) Nyquist plot of
AA and ECAPed billets processed via various ECAP conditions.

Figure 6 is a comparison between actual experimental data and predicted values of
corrosion rate and corrosion resistance of the ZK30 samples calculated by the regression
model, for a course of 16 iterations. It could be deduced from the figure that the bulk of
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the anticipated findings matches the actual experimental data extremely well. In addition,
it indicates that the obtained regression model is adequate and could be useful to predict
the optimization of ECAP parameters for the best grain size. Figure 7 illustrates three-
dimensional interaction viewgraphs on the effect of the ECAP parameters on the output
response of corrosion rate and resistance. It shows response surface plots for interaction
viewgraphs between two variables, ECAP die angle and number of ECAP passes, while
fixing the processing route variable.

Figure 6. Predicted versus actual values of the ECAP corrosion rate (a) and corrosion resistance
(b), where the blue points are for minimum output value and gradually changed to red points for
maximum output value.

For route A, the increase of the ECAP die angle resulted in increasing the corrosion
rate. The change of the number of passes has affected the corrosion rate minimally. The
minimum optimum corrosion rate is 0.198 mils per year (mpy) at route A, which is attained
at one pass and a 90◦ ECAP die angle. The number of passes of the ECAP process at route Bc
is inversely proportional to corrosion rate; moreover, the ECAP grain size decreased as the
number of passes increased. Additionally, the ECAP die angle affects slightly the corrosion
rate. In this context, the minimum optimum corrosion rate is 0.091 mpy at route Bc, which is
obtained at four passes and 90◦ ECAP die angle (Figure 7a). Similarly, there is a minor effect
at route C of die angle and number of passes on corrosion rate. The aforementioned results
suggest that the improved corrosion rate following ECAP processing might be attributable
to the obtained fine grain size (Figure 2), which is consistent with the potentiodynamic
polarization findings.

Regarding corrosion resistance (Figure 7b), the corrosion resistance decreased as the
ECAP number of passes at route A increased. Altering the die angle affects the corrosion
resistance minimally. The maximum optimum corrosion resistance is 878 Ω·cm2 at route A,
which is attained at one pass and a 90◦ ECAP die angle. The corrosion resistance showed a
decline with augmenting the number of passes nearly up to two passes, then it improved
with augmenting the number of ECAP passes at route Bc. The ECAP die angle has a minor
effect on corrosion resistance. In this context, the maximum optimum corrosion resistance
1232 Ω·cm2 at route Bc, which is attained at one pass and 120◦ ECAP die angle. Similarly,
the effect of die angle and number of passes at route C on corrosion resistance is similar to
those obtained by route Bc. The maximum optimum corrosion resistance is 1114 Ω·cm2 at
route C, which is attained at one pass and 120◦ ECAP die angle.
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Figure 7. Three-dimensional plot of corrosion rate (a) and corrosion resistance (b) with ECAP die
angle and number of passes at routes A, Bc, and C.

4.1.3. Mechanical Properties
Hardness Distribution

The inverse square root predicted models of hardness response at the center and edge
of the ECAP specimen of ZK30 are presented in Equations (7) and (8).

1/Sqrt (Hardness at center) = +0.125954 − 0.009301 × No. of Passes − 5.33485 × 10−6 ×
Die Angle −0.021424 × x1 − 0.001141 × x2 +0.000240 × Die Angle × x1 +0.001192 × No. of Passes2 (7)

1/Sqrt (Hardness at Edge) = +0.101197 + 0.002123 × No. of Passes + 0.000094 × Die Angle − 0.016928 ×
x1 + 0.000252 ×x2 −0.000035 × No. of Passes × Die Angle − 0.000680 × No. of Passes ×

x2 + 0.000180 × Die Angle × x1

(8)

The analysis of variance (ANOVA) results for ZK30 of the ECAP parameters on
hardness response is represented in Table A3. The individual model coefficients of hardness
response, interaction, and quadratic terms, as well as the appropriate p-value from the
ANOVA for hardness at the center and edge, are shown in Table A3 (Appendix A).

In the instance of hardness at the edge, the p-value of every model term is lower than
0.05, indicating that every model term is significant. In contrast, the hardness at the center
case has model terms for A, B, C, BC, and A2 that are smaller than 0.05, suggesting that these
model terms are significant. Similarly, both hardness at the center and edge models are
significant with p-values less than 0.05, which designates that altering an ECAP parameter
significantly affects both the hardness at the center and edge quality criteria [67], indicating
that these models are satisfactory at a 95% confidence level [68]. The number of passes
of the ECAP process has the greatest impact on both the hardness at the center and edge,
followed by the ECAP die angle. The adequate precision values are 24.5 and 26.68 for the
hardness at the center and edge, respectively, which is more than four, implying that there
is an adequate signal and the model could be used for navigating the design space [69]. The
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coefficient of determination (R2) values is 0.984 and 0.9825 for the hardness at the center
and edge, respectively. Additionally, the adjusted R2 of the hardness at the center is 0.9743,
which is close to and within 0.2 of the predicted R2 value of 0.9481. In addition, the adjusted
R2 of the hardness at the edge is 0.9671, which is close to and within 0.2 of the predicted R2

value of 0.9245. Therefore, the obtained high values of R2, adjusted R2, and predicted R2

for both the hardness at the center and edge indicate that the created model is desirable.
The relationships between the actual experimental data and the predicted response

values calculated by the regression model of the hardness of the ZK30 at the center and edge
are shown in Figure 8 for a course of 16 iterations. It could be deduced from the figure that
the bulk of the anticipated findings matches the actual experimental data extremely well.
Additionally, it indicates that the obtained regression models are adequate and could be useful
to predict the optimization of ECAP parameters for the best hardness at the center and edge.

Figure 9 illustrates three-dimensional interaction viewgraphs on the effect of the
ECAP parameters on the output response of hardness at the center and edge. It shows
response surface plots for interaction viewgraphs between two variables, ECAP die angle
and number of ECAP passes, while fixing the processing route variable. It can be seen that
there is a minor effect of the ECAP die angle on hardness at the center of the specimen at
routes A, Bc, and C. However, the hardness at the center showed an increase when the
ECAP number of passes increased. The maximum hardness at the center at route A is
attained at 87 HV with four passes and a 90◦ die angle. Likewise, the maximum hardness at
the center at route Bc is attained at 90 HV with four passes and a 120◦ die angle. Regarding
route C, the maximum hardness at the center is attained at 87.6 HV with four passes and
120◦ die angle (Figure 9a).

Figure 8. Predicted versus actual values of the ECAP hardness at the center (a), and the edge
(b), where the blue points are for minimum output value and gradually changed to red points for
maximum output value.

Regarding route A, the increase in the ECAP number of passes resulted in increasing the
hardness at the edge; on the other hand, the hardness at the edge decreased with the increase in
the ECAP die angle. The maximum optimum hardness at the edge at route A is attained at 92.2
HV with 4-passes, and 90◦ ECAP die angle. Regarding routes Bc and C, it is noticed that there
is a minor effect of the ECAP die angle on hardness at the edge; in addition, a proportional
effect between hardness at the edge and the number of passes is observed (Figure 9b). As a
result, the maximum optimum value of hardness at the edge for routes Bc and C is 97 HV, and
92 HV, respectively, which is obtained at four passes and 120◦ ECAP die angle.
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Figure 9. A three-dimensional plot of hardness at the center (a) and edge (b) with the ECAP die angle
and number of passes for routes A, Bc, and C.

From the experimental and aforementioned findings, the central areas clearly exhibited
lower hardness values relative to the areas at the peripheries, which could be attributed to
the friction between the internal die walls and the ZK30 billets. This finding agrees with a
previous study in literature [35]; in addition, increasing the number of ECAP passes resulted
in increasing the hardness distribution homogeneity at both peripheral and central areas.
Moreover, increasing the die angle up to 120◦ in both regions resulted in decreasing the
hardness, which could be attributed to the decrease in the plastic strain [35]. Furthermore,
increasing the number of passes resulted in hardness improvement, which could be argued
to be the result of strain hardening [57,73].

Tensile Properties

The calculated tensile responses of the ZK30 specimen are yield strength (YS), tensile
strength (TS), and ductility percentage (D%). Equations (9)–(11) represent the three models
of tensile responses.

YS = 134.224 − 13.603 × No. of Passes − 0.402982 × Die Angle − 1.34108 × x1+ 3.98405 ×
x2 + 0.0973018 × No. of Passes × Die Angle + 0.939662 × No. of Passes2 (9)

TS = 446.709 − 25.5164 × No. of Passes − 1.26603 × Die Angle − 9.29292 × x1 − 4.91157 ×
x2 + 0.293265 × No. of Passes × Die Angle + 2.6981 × No. of Passes × x2

(10)

D% = 25.4808 + 2.07884 × No. of Passes + 0.082289 × Die Angle − 3.08458 × x1+ 0.894089 ×
x2 + 1.49867 × No. of Passes × x1 − 1.51498 × No. of Passes × x2 − 0.623325 × No. of Passes2 (11)

The analysis of variance (ANOVA) results for ZK30 of the ECAP parameters on
characteristic tensile responses are represented in Tables A4 and A5 (Appendix A). The
individual model coefficients of characteristic tensile responses, interactions, and quadratic
terms, as well as the appropriate p-value from the ANOVA for YS, TS, and D%, are shown
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in Tables A4 and A5. In the case of YS, the p-values of A, B, D, and AB are less than 0.05,
indicating that these model terms are significant. In the case of TS, the p-values of A, B, C,
and AB are less than 0.05, indicating that these model terms are significant. In the case of
the D% percentage, the p-values of A, B, D, AC, AD, and A2 are less than 0.05, indicating
that these model terms are significant. However, the other model terms with p-values
greater than 0.05 are insignificant. Similarly, the YS, TS, and D% percentage models are
significant with p-values less than 0.05, which designates that changing an input ECAP
parameter has a significant impact on the YS, TS, and D% quality criteria [67], indicating
that these models are satisfactory at a 95% confidence level [68]. The ECAP die angle has
the greatest impact on YS, TS, and D percentages followed by the number of ECAP passes.

The adequate precision values are 12.5, 19, and 29.4 for YS, TS, and D%, respectively,
which is greater than four, implying that there is an adequate signal and the model could
be used for navigating the design space [69]. The coefficient of determination (R2) values is
0.9321, 0.97, and 0.9848 for the YS, TS, and D%, respectively. Additionally, the adjusted R2 of
YS is 0.886, which is close to and within 0.2 of the predicted R2 value of 0.742. In addition, the
adjusted R2 of TS is 0.95, which is close to and within 0.2 of the predicted R2 value of 0.906.
Moreover, the adjusted R2 of D% is 0.97, which is close to and within 0.2 of the predicted R2

value of 0.94. Therefore, the obtained high values of R2, adjusted R2, and predicted R2 for the
YS, TS, and D% indicate that the created model is desirable. The YS, TS, and D% lack of fit
p-values is greater than 0.05, indicating an insignificant lack of fit and a good model [67].

The relationships between the actual experimental data and the predicted response
values calculated by the regression model of the ZK30′s YS, TS, and D% are shown in
Figure 10 for a course of 16 iterations. It could be deduced from the figure that the bulk of
the anticipated findings matches the actual experimental data extremely well., especially in
the case of YS and TS. Additionally, it indicates that the obtained regression models are
adequate and could be useful for predicting the optimization of ECAP parameters for the
best YS, TS, and D percentages.

Figure 10. Predicted versus actual values of the ECAP YS (a), TS (b), and D% (c), where the blue points
are for minimum output value and gradually changed to red points for maximum output value.

Figure 11 illustrates three-dimensional interaction viewgraphs on the effect of the ECAP
parameters on the output response of YS, TS, and D%. It shows response surface plots for
interaction viewgraphs between two variables, ECAP die angle and number of ECAP passes,
while fixing the processing route variable. It is observed that the ECAP die angle and number
of passes showed a similar effect on YS at different routes. It is seen that for routes A, Bc, and
C, the YS increases with the decrease in the ECAP die angle and the increase in the number of
passes. The maximum YS at route A is attained at 92.2 MPa with four passes and a 90◦ die
angle. Moreover, the maximum YS at route Bc is attained at 98 MPa with four passes and a
120◦ die angle. Regarding route C, the maximum YS is attained at 95.5 MPa with four passes
and a 90◦ die angle (Figure 11a). The TS of the ECAP process showed an alike trend for routes
A, Bc, and C. The values of the maximum TS are 329 MPa, 342.4 MPa, and 338 MPa for routes
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A, Bc, and C, respectively, which were attained with four passes and 90◦ ECAP die angle
(Figure 11b). For routes A, Bc and C, the D% decreased with the decrease of the ECAP die
angle. The maximum D% at routes Bc and C is attained at 36.19 and 36.81, respectively, with
one pass and 120◦ die angle. Moreover, the maximum D% at route A is attained at 34.79 with
two passes and a 120◦ die angle (Figure 11c).

Figure 11. Three-dimensional plot of YS (a), TS, (b) and D% (c) with the ECAP die angle and number
of passes at routes A, Bc, and C.

From the tensile results, it can be observed that ECAPed ZK30 billets displayed a
momentous improvement in YS and TS without showing a substantial drop in D% in
comparison with the AA counterparts. Furthermore, it was shown that the processing con-
ditions at 90◦ ECAP die angle, four passes, and route Bc revealed the best YS. Consequently,
route Bc showed to be the furthermost efficient route in enhancing the YS because of the
substantial grain size decrease, as shown in Figure 2. The UFG obtained through ECAP
processing via multiple passes could be associated to be the main reason for hindering the
dislocation motion [74,75]. Therefore, the grain refining mechanism is the most efficient
strengthening mechanism, which led to an enhancement in the mechanical properties. Ad-
ditionally, the adoption of the 90◦ die angle caused a significant improvement in the YS, which
could be attributed to the higher plastic strain. Furthermore, the shear strain accumulation
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resulting from the ECAP passes of up to four passes could be assigned to the dislocation
density growth, which hinders the dislocation mobility [76]. Moreover, the D% reduction after
the ECAP processing could be associated with grain refinement. Additionally, better D% was
observed at route Bc with a 120◦ die angle and four passes, compared with route Bc with a
90◦ die angle and four passes, which could be assigned to imposing lower strain as reported
in [29]. In the same context, route Bc exhibited the highest grain refinement; therefore, it
shows lower D% compared to the remaining studied route types of A and C. Consequently,
route Bc could be considered the most effective route type in this perspective.

4.2. Genetic Algorithm Results
4.2.1. Optimization of Grain Size

A minimization was considered for the grain size response presented in Equation (4),
which was set to be the objective function using GA and subjected to the ECAP boundary
conditions of number of passes, ECAP die angle, dummy variable x1, and dummy variable
x2. It is presented as follows:

Minimize grain size (number of passes. ECAP die angle, x1, x2)
Subjected to ranges of ECAP conditions:
1 ≤ No. of passes ≤ 4 (pass);
90 ≤ die angle ≤ 120 (◦);
Dummy variable x1 ε [0, 1];
Dummy variable x2 ε [0, 1].
The optimization technique of GA was done through MATLAB, where the perfor-

mance of fitness value and the results of the run solver view displayed the minimum
possible grain size subjected to the ECAP boundary conditions. The best value of grain
size by GA is 1.8759 μm, which was attained at route Bc with four passes and 120◦ ECAP
die angle, as shown in Figure 12a. The grain size value of RSM compared with the GA
technique is 1.882 μm and 1.875 μm, respectively.

A hybrid RSM-GA was performed to enhance the obtained GA results of grain size
response. The starting population of hybrid RSM-GA was based on RSM optimum ECAP
conditions of four passes, 120◦ ECAP die angle, 0 for the dummy variable x1, and 1 for the
dummy variable x2. The minimum optimum grain size value obtained from the hybrid
RSM-GA is 1.875 μm, which was better than its counterpart response obtained by RSM at
route Bc with four passes and 120◦ ECAP die angle, as shown in Figure 12b.

Figure 12. Cont.
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Figure 12. Optimum grain size by GA (a) and hybrid RSM-GA (b).

4.2.2. Optimization of Corrosion Response

The optimization of corrosion response by GA is shown in Figure 13. A minimization
was considered for the corrosion rate response presented in Equation (5), which was set
to be the fitness function and subjected to the ECAP boundary conditions of number of
passes, ECAP die angle, dummy variable x1, and dummy variable x2. The best value of
corrosion rate by GA is 0.0909 mpy, which was attained at route Bc with four passes and
90◦ ECAP die angle, as shown in Figure 13a. The corrosion rate values of RSM compared
with the GA technique are 0.091 mpy and 0.090 mpy, respectively.

Figure 13. Cont.
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Figure 13. Cont.
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Figure 13. Optimum corrosion rate (a,b) and corrosion resistance (c,d) by GA (a,c) and hybrid
RSM-GA (b,d).

Conversely, a maximization was considered for the corrosion resistance response
presented in Equation (6), which was set to be the fitness function and subjected to the
ECAP boundary conditions of number of passes, ECAP die angle, dummy variable x1, and
dummy variable x2. The best value of corrosion resistance by GA is 1144 Ω·cm2, which
was attained at route Bc with one pass and 120◦ ECAP die angle, as shown in Figure 13c.
The corrosion resistance value of RSM compared with the GA technique is 1149 Ω·cm2 and
1144 Ω·cm2, respectively.

A hybrid RSM-GA was performed to enhance the obtained GA results of corrosion
response. The starting population of hybrid RSM-GA was based on RSM optimum ECAP
conditions of corrosion rate and resistance. The minimum optimum corrosion rate obtained
from the hybrid RSM-GA (Figure 13b) is 0.090 mpy, which is better than its counterpart
response obtained by RSM at route Bc with four passes and 90◦ ECAP die angle. More-
over, the maximum optimum corrosion resistance obtained from the hybrid RSM-GA is
1144 Ω·cm2 which is better than its counterpart response obtained by RSM at route Bc with
one pass and 120◦ ECAP die angle, as shown in Figure 13d.

4.2.3. Optimization of Hardness Response

The optimization of hardness response by GA is shown in Figure 14. A maximization
was considered for the hardness at the center and edge responses presented in Equations
(7) and (8), which were set to be the fitness functions and subjected to the ECAP boundary
conditions of number of passes, ECAP die angle, dummy variable x1, and dummy variable
x2. The best values of hardness at the center and edge by GA are 88.936 HV and 96.7 HV,
respectively, which were attained at route Bc with four passes and 120◦ ECAP die angle, as
shown in Figure 14a,c.

A hybrid RSM-GA was performed to enhance the obtained GA results of hardness at
the center and edge responses. The maximum optimum hardness at the center and edge
values obtained from the hybrid RSM-GA are 88.936 HV and 96.7 HV, respectively, which
were better than its counterpart responses obtained by RSM at route Bc with four passes
and 120◦ ECAP die angle, as shown in Figure 14b,d.
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Figure 14. Cont.
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Figure 14. Optimum hardness at center (a,b) and edge (c,d) by GA (a,c) and hybrid RSM-GA (b,d).

4.2.4. Optimization of Tensile Response

The optimization of tensile response by GA is shown in Figure 15. A maximization
was considered for the YS and TS responses presented in Equations (9) and (10), which
were set to be the fitness functions and subjected to the ECAP boundary conditions of
number of passes, ECAP die angle, dummy variable x1, and dummy variable x2. The best
values of YS and TS by GA are 97.58 MPa, and 342.157 MPa, respectively, which were
attained at route Bc with four passes and 90◦ ECAP die angle, as shown in Figure 15a,c.

In addition, a maximization was considered for the D% percentage response presented
in Equation (11), which was set to be the fitness function and subjected to the ECAP
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boundary conditions of number of passes, ECAP die angle, dummy variable x1, and
dummy variable x2. The best value of D% by GA is 36.19, which was attained at route Bc
with one pass and 120◦ ECAP die angle, as shown in Figure 15e.

Figure 15. Cont.
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Figure 15. Cont.
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Figure 15. Optimum tensile response YS (a,b), TS (c,d), and D% (e,f) by GA (a,c,e) and hybrid
RSM-GA (b,d,f).

A hybrid RSM-GA was performed to enhance the obtained GA results of YS and TS
and D% percentage responses. The maximum optimum YS and TS values obtained from the
hybrid RSM-GA are 97.59 MPa and 342.157 MPa, respectively, which were better than their
counterparts obtained by RSM at route Bc with four passes and 90◦ ECAP die angle, as shown
in Figure 15b,d. Moreover, the maximum optimum D% obtained from the hybrid RSM-GA
is 36.19, which is better than its counterpart response obtained by RSM at route Bc with one
pass and 120◦ ECAP die angle, as shown in Figure 15f. Table 4 summarizes the comparison of
ECAP response values at experimental, RSM, GA, and hybrid RSM-GA cases.
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Table 4. Summary of the results of the ECAP process.

Response Experimental RSM GA RSM-GA

Grain Size (μm)
Value 1.92 1.8821 1.8759 1.8759

Cond. 4 passes, 120◦, Route Bc 4 passes, 117◦, Route Bc 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc

Corrosion rate
(mpy)

Value 0.091 0.09109 0.0909 0.0909

Cond. 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc

Corrosion
resistance
(Ω·cm2)

Value 1232 1149 1144 1144

Cond. 1 pass, 120◦, Route Bc 1 pass, 120◦, Route Bc 1 pass, 120◦, Route Bc 1 pass, 120◦, Route Bc

Hardness at
center (HV)

Value 90 88.9517 88.936 88.936

Cond. 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc

Hardness at
edge (HV)

Value 97 96.7099 96.7008 96.7008

Cond. 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc 4 passes, 120◦, Route Bc

YS
(MPa)

Value 98 98.0049 97.5896 97.5909

Cond. 4 passes, 120◦, Route Bc 1 pass, 90◦, Route Bc 4 pass, 90◦, Route Bc 4 pass, 90◦, Route Bc

TS
(MPa)

Value 342.4 342.156 342.157 342.157

Cond. 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc 4 passes, 90◦, Route Bc

D% (mm/mm)
Value 37.3 36.19 36.19 36.19

Cond. 1 pass, 120◦, Route C 1 pass, 120◦, Route Bc 1 pass, 120◦, Route Bc 1 pass, 120◦, Route Bc

4.3. Validation of GA

In this part, the optimal ECAP parameters of the various responses presented in this
context of the grain size, corrosion response, hardness properties, and tensile response are
displayed. The presented optimal ECAP parameters of the ECAP die angle, number of
passes, and processing route types were chosen based on earlier studies in the literature
of Mg-alloys that suggested the adoption of the ECAP die angle from 70◦ to 135◦ and a
number of passes from one to twelve [75,77–79]. Table 5 shows the optimal conditions of
the ECAP process for the various responses by GA and hybrid RSM-GA.

Table 5. Validated ECAP response based on previous studies.

Response GA RSM-GA

Grain Size (μm)
Value 0.6139 0.6139

Cond. 12 passes, 135◦, Route Bc 12 passes, 135◦, Route Bc

Corrosion rate (mpy)
Value 0.0069 0.0069

Cond. 12 passes, 70◦, Route Bc 12 passes, 70◦, Route Bc

Corrosion resistance (Ω·cm2)
Value 21,019.5 21,019.5

Cond. 12 pass, 70◦, Route Bc 12 pass, 70◦, Route Bc

Hardness at center (HV)
Value 89.0707 89.0707

Cond. 4 passes, 135◦, Route Bc 4 passes, 135◦, Route Bc

Hardness at edge (HV)
Value 178.73 178.73

Cond. 12 passes, 135◦, Route Bc 12 passes, 135◦, Route Bc

YS (MPa)
Value 213.51 213.509

Cond. 12 passes, 135◦, Route Bc 12 passes, 135◦, Route Bc

TS (MPa)
Value 472.153 472.153

Cond. 12 passes, 135◦, Route Bc 12 passes, 135◦, Route Bc

D% (mm/mm)
Value 37.42 37.42

Cond. 1 pass, 135◦, Route Bc 1 pass, 135◦, Route Bc
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5. Conclusions

In this study, biodegradable Mg-Zn-Zr alloy billets were processed using ECAP uti-
lizing two ECAP dies with internal angles of 90◦ and 120◦. At a temperature of 250 ◦C,
several ECAP routes (A, Bc, and C) were employed, as well as varied passes (one pass,
two passes, and four passes). The influence of ECAP conditions on microstructural de-
velopment, corrosion behavior, tensile characteristics, and Vicker’s microhardness was
thoroughly examined. To optimize the ECAP processing parameters of an Mg-Zn-Zr alloy,
RSM, ANOVA, GA, and RSM-GA were used. The following conclusions could be drawn:

1. The predicted results were very close to the actual experimental results with a narrow
slight deviation.

2. The obtained regression models are adequate and could be useful to predict the
optimization of ECAP parameters.

3. Route Bc is the most effective route in grain refinement
4. ECAP processing through four passes of route Bc displayed a more homogenous

distribution of the ultrafine grains
5. For the multiple passes, the ECAP die angle has an insignificant effect on refining the

grain size compared to the effect of the ECAP route type.
6. ECAP processing via 4Bc through the 90◦-degree die revealed a better corrosion rate

at 0.091mpy.
7. The 120◦-die revealed higher corrosion resistance compared to the 90◦-die.
8. 4Bc through the 120◦-die resulted in enhancing the hardness by 86.5% relative to the

AA counterpart.
9. 4Bc through the 90◦-die revealed the best TS, while 2C through the 120◦-die showed

the best ductility at fracture.
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Nomenclature

ECAP Equal channel angular pressing
RSM Response Surface Methodology
ANOVA Analysis of Variance
HCP Hexagonal close-packed
SPD Severe plastic deformation
UFG Ultra-Fine Grain
εeq The equivalent strain
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φ ECAP die angle
Ψ Outer corner angle
N Number of passes
EBSD Electron backscatter Diffraction
(SCE) Saturated calomel electrode
(Ecorr) Open-circuit potential
(EIS) Electrochemical impedance spectroscopy
Hv Vicker’s microhardness test
GA Genetic Algorithm
Y Output response
f The ECAP process independent input factors,
ε The random error distributed about the response Y
YS Ultimate tensile strength
TS Tensile Strength
D Ductility
x1 and x2 Dummy variables
R2 Regression Coefficient

Appendix A

Table A1. Analysis of variance of grain size.

Source DF
Grain Size (μm)

Sum of Squares Mean Square F-Value p-Value

Model 7 0.1491 0.0213 78.74 <0.0001 a

A-No. of Passes 1 0.0511 0.0511 188.98 <0.0001 a

B-Die Angle 1 0.0029 0.0029 10.89 0.0109 a

C-Dummy x1 1 0.0029 0.0029 10.55 0.0117 a

D-Dummy x2 1 0.0008 0.0008 3.13 0.1147
AB 1 0.0063 0.0063 23.17 0.0013 a

AC 1 0.0057 0.0057 21.18 0.0018 a

AD 1 0.0025 0.0025 9.41 0.0154 a

Residual 8 0.0022 0.0003
Lack of Fit 5 0.0021 0.0004 25.92 0.0113 a

Pure Error 3 0.0000 0.0000
Cor Total 15 0.1513

Fit Statistics

Std. Dev. C.V. % Adeq Precision
0.0164 4.76 29.8545

R2 Adjusted R2 Predicted R2

0.9857 0.9732 0.9155
a Within a 95% confidence interval, parameters referring to cells are significant.

Table A2. Analysis of variance of corrosion rate and corrosion resistance.

Source DF

Corrosion Rate (mpy) Corrosion Resistance (Ω·cm2)

Sum of
Squares

Mean
Square

F-
Value

p-Value DF
Sum of
Squares

Mean
Square

F-
Value

p-Value

Model 9 86.58 9.62 73.35 <0.0001 a 9 1.156 × 106 1.284 × 105 11.59 0.0037 a

A-No. of Passes 1 15.46 15.46 117.88 <0.0001 1 1.674 × 105 1.674 × 105 15.11 0.0081
B-Die Angle 1 0.0058 0.0058 0.0441 0.8405 1 88,102.62 88,102.62 7.95 0.0304

C-Dummy x1 1 0.0425 0.0425 0.3240 0.5898 1 1217.40 1217.40 0.1099 0.7516
D-Dummy x2 1 2.50 2.50 19.08 0.0047 1 5343.05 5343.05 0.4822 0.5134

AB 1 5.07 5.07 38.63 0.0008 1 1.212 × 105 1.212 × 105 10.94 0.0163
AD 1 26.95 26.95 205.47 <0.0001 1 17,219.21 17,219.21 1.55 0.2590
BD 1 0.0076 0.0076 0.0578 0.8180 1 12,575.49 12,575.49 1.13 0.3277
A2 1 5.31 5.31 40.45 0.0007 1 2.714 × 105 2.714 × 105 24.49 0.0026
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Table A2. Cont.

Source DF

Corrosion Rate (mpy) Corrosion Resistance (Ω·cm2)

Sum of
Squares

Mean
Square

F-
Value

p-Value DF
Sum of
Squares

Mean
Square

F-
Value

p-Value

ABD 1 15.34 15.34 116.93 <0.0001 1 22,745.80 22,745.80 2.05 0.2019
Residual 6 0.7869 0.1311 6 66,483.81 11,080.64

Lack of Fit 3 0.3265 0.1088 0.7093 0.6078 an 3 63,550.87 21,183.62 21.67 0.0155 a

Pure Error 3 0.4604 0.1535 3 2932.94 977.65
Cor Total 15 87.36 15 1.222 × 106

Fit Statistics

Std. Dev. C.V. % Adeq Precision Std. Dev. C.V. % Adeq Precision
0.3621 9.87 34.1733 105.26 17.45 11.8548

R2 Adjusted
R2 Predicted R2 R2 Adjusted R2 Predicted R2

0.9910 0.9775 0.9846 0.9456 0.8640 0.8798
a Within a 95% confidence interval, parameters referring to filled cells are the significant, an are the insignificant terms.

Table A3. Analysis of variance of hardness at the center and edge.

Source DF

Hardness at Center (HV)

Source DF

Hardness at Edge (HV)

Sum of
Squares

Mean
Square

F-
Value

p-Value
Sum of
Squares

Mean
Square

F-
Value

p-Value

Model 6 0.0004 0.0001 95.70 <0.0001 a Model 7 0.0002 0.0000 63.99 <0.0001 a

A-No. of
Passes 1 0.0002 0.0002 372.73 <0.0001 A-No. of

Passes 1 0.0001 0.0001 198.13 <0.0001

B-Die Angle 1 0.0000 0.0000 46.84 <0.0001 B-Die Angle 1 0.0000 0.0000 72.47 <0.0001
C-Dummy X1 1 0.0000 0.0000 50.78 <0.0001 C-Dummy X1 1 9.004 × 10−6 9.004 × 10−6 25.34 0.0010
D-Dummy X2 1 3.150 × 10−6 3.150 × 10−6 5.03 0.0516 D-Dummy X2 1 5.651 × 10−6 5.651 × 10−6 15.91 0.0040

BC 1 0.0000 0.0000 49.59 <0.0001 AB 1 5.436 × 10−6 5.436 × 10−6 15.30 0.0045
A2 1 0.0000 0.0000 19.34 0.0017 AD 1 2.090 × 10−6 2.090 × 10−6 5.88 0.0415

Residual 9 5.637 × 10−6 6.263 × 10−7 BC 1 0.0000 0.0000 64.43 <0.0001
Lack of Fit 6 5.480 × 10−6 9.133 × 10−7 17.42 0.0197 a Residual 8 2.842 × 10−6 3.553 × 10−7

Pure Error 3 1.573 × 10−7 5.243 × 10−8 Lack of Fit 5 1.501 × 10−6 3.001 × 10−7 0.6711 0.6756 an

Cor Total 15 0.0004 Pure Error 3 1.342 × 10−6 4.472 × 10−7

Cor Total 15 0.0002

Fit Statistics

Std. Dev. C.V. % Adeq Precision

Fit Statistics

Std. Dev. C.V. % Adeq Precision
0.0008 0.7072 24.5495 0.0006 0.5560 26.6897

R2 Adjusted R2 Predicted R2 R2 Adjusted R2 Predicted R2

0.9846 0.9743 0.9481 0.9825 0.9671 0.9245

a Within a 95% confidence interval, parameters referring to filled cells are significant, an are insignificant terms.

Table A4. Analysis of variance of YS and TS of ZK30.

Source DF

YS (MPa)

Source DF

TS (MPa)

Sum of
Squares

Mean
Square

F-
Value

p-Value
Sum of
Squares

Mean
Square

F-
Value

p-Value

Model 6 312.95 52.16 20.60 <0.0001 a Model 6 2931.98 488.66 48.53 <0.0001 a

A-No. of Passes 1 35.12 35.12 13.87 0.0047 A-No. of Passes 1 873.21 873.21 86.72 <0.0001
B-Die Angle 1 80.39 80.39 31.75 0.0003 B-Die Angle 1 953.57 953.57 94.70 <0.0001

C-Dummy x1 1 4.06 4.06 1.60 0.2374 C-Dummy x1 1 206.71 206.71 20.53 0.0014
D-Dummy x2 1 38.89 38.89 15.36 0.0035 D-Dummy x2 1 9.10 9.10 0.9035 0.3667

AB 1 46.53 46.53 18.38 0.0020 AB 1 384.40 384.40 38.18 0.0002
A2 1 10.25 10.25 4.05 0.0751 AD 1 34.03 34.03 3.38 0.0992

Residual 9 22.79 2.53 Residual 9 90.62 10.07
Lack of Fit 6 20.02 3.34 3.62 0.1591 an Lack of Fit 6 69.12 11.52 1.61 0.3738 an

Pure Error 3 2.77 0.9217 Pure Error 3 21.50 7.17
Cor Total 15 335.74 Cor Total 15 3022.60

Fit Statistics

Std. Dev. C.V. % Adeq Precision

Fit Statistics

Std. Dev. C.V. % Adeq Precision
1.59 1.74 12.5037 3.17 0.9804 19.0151

R2 Adjusted
R2 Predicted R2 R2 Adjusted

R2 Predicted R2

0.9321 0.8869 0.7426 0.97 0.95 0.9067
a Within a 95% confidence interval, parameters referring to filled cells are significant, an are insignificant term.
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Table A5. Analysis of variance of D% percentage of ZK30.

Source DF
D% (mm/mm)

Sum of Squares Mean Square F-Value p-Value

Model 7 145.30 20.76 74.74 <0.0001 a

A-No. of Passes 1 13.56 13.56 48.84 0.0001
B-Die Angle 1 21.04 21.04 75.76 <0.0001

C-Dummy x1 1 1.01 1.01 3.62 0.0934
D-Dummy x2 1 20.52 20.52 73.88 <0.0001

AC 1 8.76 8.76 31.55 0.0005
AD 1 9.17 9.17 33.03 0.0004
A2 1 4.37 4.37 15.73 0.0041

Residual 8 2.22 0.2777
Lack of Fit 5 1.64 0.3273 1.68 0.3554 an

Pure Error 3 0.5850 0.1950
Cor Total 15 147.52

Fit Statistics

Std. Dev. C.V. % Adeq Precision
0.5270 1.57 29.4038

R2 Adjusted R2 Predicted R2

0.9849 0.9718 0.9410
a Within a 95% confidence interval, parameters referring to filled cells are significant, an are insignificant terms.

References

1. Kulekci, M.K. Magnesium and its alloys applications in automotive industry. Int. J. Adv. Manuf. Technol. 2008, 39, 851–865.
[CrossRef]

2. Friedrich, H.; Schumann, S. Research for a ‘new age of magnesium’ in the automotive industry. J. Mater. Process. Technol. 2001,
117, 276–281. [CrossRef]

3. Li, N.; Zheng, Y. Novel Magnesium Alloys Developed for Biomedical Application: A Review. J. Mater. Sci. Technol. 2013, 29,
489–502. [CrossRef]

4. Chen, Y.; Xu, Z.; Smith, C.; Sankar, J. Recent advances on the development of magnesium alloys for biodegradable implants. Acta
Biomater. 2014, 10, 4561–4573. [CrossRef] [PubMed]

5. Gu, X.-N.; Zheng, Y.-F. A review on magnesium alloys as biodegradable materials. Front. Mater. Sci. China 2010, 4, 111–115.
[CrossRef]

6. Saris, N.-E.L.; Mervaala, E.; Karppanen, H.; Khawaja, J.A.; Lewenstam, A. Magnesium: An update on physiological, clinical and
analytical aspects. Clin. Chim. Acta 2000, 294, 1–26. [CrossRef]

7. Okuma, T. Magnesium and bone strength. Nutrition 2001, 17, 679–680. [CrossRef]
8. Wolf, F.I.; Cittadini, A. Chemistry and biochemistry of magnesium. Mol. Asp. Med. 2003, 24, 3–9. [CrossRef]
9. Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and its alloys as orthopedic biomaterials: A review. Biomaterials

2006, 27, 1728–1734. [CrossRef]
10. Yin, Y.; Huang, Q.; Liang, L.; Hu, X.; Liu, T.; Weng, Y.; Long, T.; Liu, Y.; Li, Q.; Zhou, S.; et al. In vitro degradation behaviour and

cytocompatibility of ZK30/bioactive glass composites fabricated by selective laser melting for biomedical applications. J. Alloys
Compd. 2019, 785, 38–45. [CrossRef]

11. Lin, X.; Tan, L.; Zhang, Q.; Yang, K.; Hu, Z.; Qiu, J.; Cai, Y. The in vitro degradation process and biocompatibility of a ZK60
magnesium alloy with a forsterite-containing micro-arc oxidation coating. Acta Biomater. 2013, 9, 8631–8642. [CrossRef] [PubMed]

12. Yamasaki, Y.; Yoshida, Y.; Okazaki, M.; Shimazu, A.; Kubo, T.; Akagawa, Y.; Uchida, T. Action of FGMgCO3Ap-collagen composite
in promoting bone formation. Biomaterials 2003, 24, 4913–4920. [CrossRef]

13. Zreiqat, H.; Howlett, C.R.; Zannettino, A.; Evans, P.; Schulze-Tanzil, G.; Knabe, C.; Shakibaei, M. Mechanisms of magnesium-
stimulated adhesion of osteoblastic cells to commonly used orthopaedic implants. J. Biomed. Mater. Res. 2002, 62, 175–184.
[CrossRef] [PubMed]

14. Kirkland, N.T. Magnesium biomaterials: Past, present and future. Corros. Eng. Sci. Technol. 2012, 47, 322–328. [CrossRef]
15. Kannan, M.B.; Raman, R.K.S. In vitro degradation and mechanical integrity of calcium-containing magnesium alloys in modified-

simulated body fluid. Biomaterials 2008, 29, 2306–2314. [CrossRef]
16. Li, Z.; Song, G.-L.; Song, S. Effect of bicarbonate on biodegradation behaviour of pure magnesium in a simulated body fluid.

Electrochim. Acta 2014, 115, 56–65. [CrossRef]
17. Song, G. Control of biodegradation of biocompatable magnesium alloys. Corros. Sci. 2007, 49, 1696–1701. [CrossRef]
18. Song, Y.W.; Shan, D.Y.; Han, E.H. Electrodeposition of hydroxyapatite coating on AZ91D magnesium alloy for biomaterial

application. Mater. Lett. 2008, 62, 3276–3279. [CrossRef]

32



Materials 2022, 15, 7719

19. El-Garaihy, W.H.; Alateyah, A.I.; Alawad, M.O.; Aljohani, T.A. Improving the Corrosion Behavior and Mechanical Properties of
Biodegradable Mg-Zn-Zr Alloys Through ECAP for Usage in Biomedical Applications. In Magnesium Technology; Springer: Cham,
Switzerland, 2022; pp. 259–269. Available online: https://link.springer.com/chapter/10.1007/978-3-030-92533-8_45 (accessed on
5 February 2022).

20. Hornberger, H.; Virtanen, S.; Boccaccini, A.R. Biomedical coatings on magnesium alloys–A review. Acta Biomater. 2012, 8,
2442–2455. [CrossRef]

21. Sun, Y.; Zhang, B.; Wang, Y.; Geng, L.; Jiao, X. Preparation and characterization of a new biomedical Mg–Zn–Ca alloy. Mater. Des.
2012, 34, 58–64. [CrossRef]

22. Alateyah, A.I.; Aljohani, T.A.; Alawad, M.O.; Elkatatny, S.; El-Garaihy, W.H. Improving the Corrosion Behavior of Biodegradable
AM60 Alloy through Plasma Electrolytic Oxidation. Metals 2021, 11, 953. [CrossRef]

23. Almenaif, O.; Alhumaydan, Y.; Alnafisah, M.; Aldhalaan, M.; Alateyah, A.I.; El-Garaihy, W.H. A Computational Investigation
into the Effect of Equal Channel Angular Processing on the Mechanical Properties of Severely Deformed ZK 60 Alloy Validated
by Experiments. Am. J. Eng. Appl. Sci. 2020, 13, 296–310. [CrossRef]

24. Zong, Y.; Yuan, G.; Zhang, X.; Mao, L.; Niu, J.; Ding, W. Comparison of biodegradable behaviors of AZ31 and Mg–Nd–Zn–Zr
alloys in Hank’s physiological solution. Mater. Sci. Eng. B 2012, 177, 395–401. [CrossRef]

25. Ng, W.F.; Wong, M.H.; Cheng, F.T. Stearic acid coating on magnesium for enhancing corrosion resistance in Hanks’ solution. Surf.
Coat. Technol. 2010, 204, 1823–1830. [CrossRef]

26. Hermawan, H.; Dubé, D.; Mantovani, D. Developments in metallic biodegradable stents. Acta Biomater. 2010, 6, 1693–1697.
[CrossRef]

27. Gunde, P.; Hänzi, A.C.; Sologubenko, A.S.; Uggowitzer, P.J. High-strength magnesium alloys for degradable implant applications.
Mater. Sci. Eng. A 2011, 528, 1047–1054. [CrossRef]

28. Alateyah, A.I.; Alawad, M.O.; Aljohani, T.A.; El-Garaihy, W.H. Effect of ECAP Route Type on the Microstructural Evolution,
Crystallographic Texture, Electrochemical Behavior and Mechanical Properties of ZK30 Biodegradable Magnesium Alloy. Materials
2022, 15, 6088. [CrossRef]

29. Alateyah, A.I.; Alawad, M.O.; Aljohani, T.A.; El-Garaihy, W.H. Influence of Ultrafine-Grained Microstructure and Texture
Evolution of ECAPed ZK30 Magnesium Alloy on the Corrosion Behavior in Different Corrosive Agents. Materials 2022, 15, 5515.
[CrossRef] [PubMed]

30. Wang, Y.; Guan, S.; Zeng, X.; Ding, W. Effects of RE on the microstructure and mechanical properties of Mg–8Zn–4Al magnesium
alloy. Mater. Sci. Eng. A 2006, 416, 109–118. [CrossRef]

31. Witte, F.; Hort, N.; Vogt, C.; Cohen, S.; Kainer, K.U.; Willumeit, R.; Feyerabend, F. Degradable biomaterials based on magnesium
corrosion. Curr. Opin. Solid State Mater. Sci. 2008, 12, 63–72. [CrossRef]

32. Gu, X.; Zheng, Y.; Cheng, Y.; Zhong, S.; Xi, T. In vitro corrosion and biocompatibility of binary magnesium alloys. Biomaterials
2009, 30, 484–498. [CrossRef] [PubMed]

33. Goodman, S.B.; Davidson, J.A.; Fornasier, V.L.; Mishra, A.K. Histological response to cylinders of a low modulus titanium alloy
(Ti-13Nb-13Zr) and a wear resistant zirconium alloy (Zr-2.5Nb) implanted in the rabbit tibia. J. Appl. Biomater. 1993, 4, 331–339.
[CrossRef]

34. Alateyah, A.I.; Aljohani, T.; Alawad, M.; El-Hafez, H.; Almutairi, A.; Alharbi, E.; Alhamada, R.; El-Garaihy, B.; El-Garaihy, W.
Improved Corrosion Behavior of AZ31 Alloy through ECAP Processing. Metals 2021, 11, 363. [CrossRef]

35. Alateyah, A.I.; Ahmed, M.M.; Alawad, M.O.; Elkatatny, S.; Zedan, Y.; Nassef, A.; El-Garaihy, W. Effect of ECAP die angle on the
strain homogeneity, microstructural evolution, crystallographic texture and mechanical properties of pure magnesium: Numerical
simulation and experimental approach. J. Mater. Res. Technol. 2022, 17, 1491–1511. [CrossRef]

36. Yamashita, A.; Horita, Z.; Langdon, T.G. Improving the mechanical properties of magnesium and a magnesium alloy through
severe plastic deformation. Mater. Sci. Eng. A 2001, 300, 142–147. [CrossRef]

37. El-Garaihy, W.H.; Fouad, D.M.; Salem, H.G. Multi-channel Spiral Twist Extrusion (MCSTE): A Novel Severe Plastic Deformation
Technique for Grain Refinement. Met. Mater. Trans. A 2018, 49, 2854–2864. [CrossRef]

38. Fouad, D.M.; Moataz, A.; El-Garaihy, W.H.; Salem, H.G. Numerical and experimental analysis of multi-channel spiral twist
extrusion processing of AA5083. Mater. Sci. Eng. A 2019, 764, 138216. [CrossRef]

39. Fouad, D.M.; El-Garaihy, W.H.; Ahmed, M.M.Z.; Seleman, M.M.E.; Salem, H.G. Influence of multi-channel spiral twist ex-trusion
(MCSTE) processing on structural evolution, crystallographic texture and mechanical properties of AA1100. Mater. Sci. Eng. A
2018, 737, 166–175. [CrossRef]

40. Fouad, D.M.; El-Garaihy, W.H.; Ahmed, M.M.Z.; Albaijan, I.; Seleman, M.M.E.; Salem, H.G. Grain Structure Evolution and
Mechanical Properties of Multi-Channel Spiral Twist Extruded AA5083. Metals 2021, 11, 1276. [CrossRef]

41. Alvarez-Lopez, M.; Pereda, M.D.; Del Valle, J.A.; Fernandez-Lorenzo, M.; Garcia-Alonso, M.C.; Ruano, O.A.; Escudero, M.L.
Corrosion behaviour of AZ31 magnesium alloy with different grain sizes in simulated biological fluids. Acta Biomater. 2010, 6,
1763–1771. [CrossRef]

42. El-Shenawy, M.; Ahmed, M.M.Z.; Nassef, A.; El-Hadek, M.; Alzahrani, B.; Zedan, Y.; El-Garaihy, W.H. Effect of ECAP on
the Plastic Strain Homogeneity, Microstructural Evolution, Crystallographic Texture and Mechanical Properties of AA2xxx
Aluminum Alloy. Metals 2021, 11, 938. [CrossRef]

33



Materials 2022, 15, 7719

43. Gao, J.H.; Guan, S.K.; Ren, Z.W.; Sun, Y.F.; Zhu, S.J.; Wang, B. Homogeneous corrosion of high-pressure torsion treated Mg–Zn–Ca
alloy in simulated body fluid. Mater. Lett. 2011, 65, 691–693. [CrossRef]

44. El-Garaihy, W.H.; Rassoul, E.A.; Alateyah, A.; Alaskari, A.M.; Oraby, S. Data Manipulation Approach and Parameters In-
terrelationships of the High-Pressure Torsion for AA6061-15%SiCp Composite. SAE Int. J. Mater. Manuf. 2018, 11, 167–182.
[CrossRef]

45. El-Garaihy, W.; Rassoul, E.S.M.; Salem, H.G. Consolidation of High Performance AA6061 and AA6061-SiCp Composite Processed
by High Pressure Torsion. Mater. Sci. Forum 2014, 783–786, 2623–2628. [CrossRef]

46. Alateyah, A.I.; Alharbi, M.; El-Hafez, H.M.; El-Garaihy, W.H. The Effect of Equal-Channel Angular Pressing Processing on
Microstructural Evolution, Hardness Homogeneity, and Mechanical Properties of Pure Aluminum. SAE Int. J. Mater. Manuf. 2020,
14, 113–125. [CrossRef]

47. Ge, Q.; Dellasega, D.; Demir, A.G.; Vedani, M. The processing of ultrafine-grained Mg tubes for biodegradable stents. Acta
Biomater. 2013, 9, 8604–8610. [CrossRef] [PubMed]

48. Wu, W.J.; Chen, W.; Zhang, L.; Chen, X.; Wang, H.; Wang, W.; Zhang, W. Improvement of tension/compression asymmetry
for high-performance ZK61 magnesium alloy rod via tailoring deformation parameters: Upsetting-extrusion temperature and
upsetting ratio. Mater. Sci. Eng. A 2021, 823, 141767. [CrossRef]

49. Savaedi, Z.; Mirzadeh, H.; Aghdam, R.M.; Mahmudi, R. Effect of grain size on the mechanical properties and bio-corrosion
resistance of pure magnesium. J. Mater. Res. Technol. 2022, 19, 3100–3109. [CrossRef]
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Abstract: The aim of the present paper is that of conducting a study on the basis of which the optimal
parameters for the manufacturing of polymer parts by means of the single point incremental forming
process can be chosen in such a way that the process forces have minimum values. Two polymeric
materials with a 3 mm thickness, polyamide and polyethylene, were chosen for the analysis. The
other input parameters that were considered were: the punch diameter, the step on vertical direction
and the wall angle. The Taguchi method was chosen for the design of experiments. Each of the input
parameters, except for the material, were varied on three levels—for the punch diameter: 6 mm,
8 mm and 10 mm; for the step on vertical direction: 0.5 mm, 0.75 mm and 1 mm; and for the wall
angle: 50◦, 55◦ and 60◦. Forces were measured in the three directions of the coordinate axes and the
results were analyzed based on the signal-to-noise ratio and an analysis of variance with the aim of
minimizing the values of the forces. Considering the input parameters analyzed, it was concluded
that the forces are most influenced by the material, followed by the punch diameter, the step on
vertical direction and the wall angle.

Keywords: polymer incremental forming; polyamide; polyethylene; statistical analysis; force
minimizing

1. Introduction

The single point incremental forming process has gained a reputation among forming
processes over the last 20–30 years due to its advantages over other forming processes: the
use of simple, modular dies which are much cheaper than the ones used in deep-drawing,
the possibility of using computer numerical control (CNC) machine tools [1] or industrial
robots [2] instead of presses, the possibility of obtaining parts with complex geometries
even when limited to simple dies and, last but not least, the ability to obtain drastically
reduced forming forces due to the progressive deformation of the material. However, the
single point incremental forming process has its limitations as well, the most significant of
which being the long manufacturing time, which leads to this process only being used for
parts manufactured in small batches or one-off productions. Initially, the most commonly
manufactured materials were metallic materials (steel, aluminum, copper, titanium and
their alloys [3]), but more recently, this forming process has also found its application
in polymeric materials. The first research on single point incremental forming (SPIF) of
polymers was published in the early 2000s, and a first state-of-the-art synthesis in this field
was published by Martins and his co-authors in 2009 [4]. Two other recent review papers
have studied the latest advances in the incremental forming of polymer parts, ranging from
room temperature and high temperature processing to single point or two point incremental
forming [5,6]. Incremental forming has been used to manufacture parts from various
polymeric materials: polyvinylchloride sheets [7], polycarbonate sheets [8], polypropylene
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sheets [9] and even shape memory polymer foam [10]. Special attention has been paid
to the manufacturing of polymer composite parts. Thus, Ambrogio et al. [11] presented
a study on the SPIF processing of a composite material made of a polyamide matrix in
which short glass fibers were melted. The amount of short glass fibers in the volume of
the composite material was 12%. The study focused on determining the accuracy of the
deformed parts, as well as on a microscopic analysis of the material following the forming
process. Another study investigated the possibility of making SPIF-processed cranial
implants from a reinforced material made of polymethyl methacrylate (PMMA) [12]. Most
papers related to the incremental forming of composite materials focused on polyamides
with different reinforcing elements, such as: nanocomposites with montmorillonite (MMT)
filler clay [13] and glass fibers in amounts of up to 30 wt.% [14]. Emani et al. presented a
paper in which they analyzed methods of improving the SPIF formability of glass-fiber-
reinforced polyamide composite materials [15]. They concluded that the SPIF formability
of these materials increased with increasing forming temperature and decreasing fraction
of glass fibers from the total volume of the workpiece. Another material manufactured
with SPIF, in order to increase the rigidity, was paperboard with different fiber orientations
(0◦, 45◦ and 90◦) and different moisture content (4.5%, 10% and 20%) [16]. The applications
of polymer parts manufactured by SPIF are diverse and range from manufacturing parts
for the aerospace industry [17], given the weight reduction while maintaining sufficient
strength, to applications related to implant manufacturing [18], due to the fact that many
of them are biocompatible materials. Centeno et al. [19] reported on the methodology for
producing custom cranial implants, starting with computerized tomography and ending
with the SPIF fabrication of polymeric materials, specifically a polyvinylchloride sheet
and two polycarbonate sheets. In the study, the method of eliminating springback was
also presented for the development of the punch trajectory, in order to achieve high
accuracy. Another study analyzed the formability of polymeric materials during SPIF, both
at room temperature and at elevated temperatures [20]. Experimental analysis of the failure
modes of polycarbonate sheets was investigated by Rosa-Sainz et al. [7]. Experimental
research related to plastic strains and failure modes of polyvinylchloride sheets [21] and
polypropylene sheets [22] has contributed to understanding the deformation mechanism, as
well as to estimating the formability of castor polymeric materials. Another review article
summarized the formability of different polymer matrix composites [23]. The incremental
forming process can be performed either in single point or with support from the opposite
side of the punch. Most of the publications in the field of polymeric materials deal with the
SPIF process, but there are also papers addressing the two point incremental forming [24,25].
In the case of parts made of polymeric materials and manufactured by incremental forming,
the main defects that occurred were those caused by springback [26], wrinkle defects [27]
and twist defects [28]. While springback and wrinkle defects are also common to the SPIF
processing of other types of materials, the twist defects are more specific to polymeric
materials that have a lower rigidity and twist during the forming around the vertical axis
of the part. Yang and Chan investigated the twist phenomena occurrence mechanism in
the SPIF of polyvinylchloride sheets [28]. They calculated the twist angle based on the
law of conservation of energy. In order to increase the accuracy of thermoplastic parts
processed by SPIF, Maas et al. proposed the overbending of the workpiece, with the aim of
reducing the springback [29]. One phenomenon that occurs in the SPIF manufacturing of
polymeric materials is that of self-heating due to the frictional forces between the punch
and the polymer sheet. Formisano et al. studied this phenomenon and attempted to control
it by the rotational speed of the punch, in such a way that the phenomenon improved
the formability of the process [30]. A comparative analysis of the behavior of polymeric
materials during incremental forming at elevated and room temperatures was performed by
Kulkarni and Mocko [31]. Hot incremental forming of glass-fiber-reinforced polymers [32]
or biocomposite materials developed from thermoplastic matrix [33,34] has been reviewed
in recently published papers. A synthesis of the hot incremental forming process of
polycarbonate sheets was published by Sridhar and Rajenthirakumar [35], addressing issues
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related to geometrical accuracy, thickness distribution and fracture formation. A number of
published studies deal with the finite element method applied for the numerical simulation
of the SPIF processing of polymeric materials [36,37]. These studies present different
models: a thermomechanical coupled model [36], and a viscoplasticity based on overstress
model [37]. Other studies not only perform numerical simulations, but also validate them
by experimental investigations [38,39]. Another concern related to polymeric materials but
also to the SPIF process is that of forming sandwich materials (steel/polymer/steel) [40].
The tools for the SPIF processing of polymeric materials can be made by classical cutting
processes or by new, innovative methods such as rapid prototyping. A new method to
produce the tools needed for the incremental forming process of polymeric materials,
named direct rapid tooling, was presented by Afonso et al. [41]. Over the years, the SPIF
process parameters for the manufacturing of polymeric materials have been analyzed in
a number of papers. For instance, the influence of the punch diameter, wall-angle of the
part, step on vertical direction and feed rate on the springback, thickness reduction and
surface roughness for polypropylene sheets was studied by Jain et al. [42]. Another study
examined the influence of the wall-angle of the part, step on vertical direction and feed
rate on the same output parameters, but for polyvinylchloride sheets [43]. Thangavel
et al. [44] studied the influence of the roller ball diameter, step on vertical direction, feed
rate, initial sheet thickness and spindle speed during single point incremental forming with
rolling friction for four polymeric materials: high density polyethylene, polycarbonate,
polyvinylchloride and polypropylene. Formability (maximum depth before failure) and
thickness distribution were chosen as response functions. Davarpanah et al. evaluated
the effect of the vertical step and spindle speed on the failure modes and microstructural
properties of polymeric materials formed with SPIF [45]. A first paper analyzing the forces
during the SPIF process of polymeric materials is that of Bagudanch et al. [46]. They studied
the influence of the vertical step, spindle speed, feed rate, punch diameter and initial sheet
thickness on the maximum forming force during the SPIF of polyvinylchloride sheets. In
addition to the maximum force, the maximum depth before failure and surface roughness
were also chosen as output parameters. Considering the spindle feed, they also analyzed
the self-heating process caused by the frictional forces occurring in the incremental forming
process. Another work allows the prediction of forces in SPIF, based on the contact area
and friction coefficient [47]. The analytical results were experimentally verified for two
materials, polycarbonate and polyvinylchloride sheets. A recent paper presents the friction
stir incremental forming process for polyoxymethylene sheets [48]. This study also presents
the influence of the punch diameter, step on vertical direction, spindle speed and feed rate
on the maximum force, temperature obtained as a result of the self-heating process and
maximum depth before failure.

The present paper studies the single point incremental forming process applied to
polymeric materials. As is well known, the process was developed as a result of economic
necessity, as conventional processes led to high costs that could not be recovered in the cases
of small series and one-off productions. Moreover, the paper is dedicated to the application
of this technology to polymeric materials, which are low-density materials, increasingly
used in the automotive industry, medical device industry, electrotechnics industry and so
on, having been less studied than metallic materials. The impact of the results obtained in
this study should not only be considered from a technical, engineering point of view, but
from a much greater one, leading to economic or even environmental benefits, as confirmed
by a recently published study [49]. This is also confirmed by previous studies analyzing
the parameters influencing energy consumption in polymer processing or another study,
also focusing on energy consumption, concerning the possibility of reusing waste through
incremental forming [50]. Two other recent studies analyzed the energy consumption,
carbon emissions and product cost in the context of the sustainability of the incremental
forming process [51,52]. The environmental impact of the incremental forming process has
also been analyzed from the life cycle assessment perspective [53]. Although the present
study did not intend to analyze the incremental forming process with regard to these
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aspects, it nevertheless makes an essential contribution in this direction, by identifying
ways of reducing the forces in the process and thus the amount of energy consumed.

All reviewed papers only study the force on vertical direction (on Oz direction) but
not the other two horizontal components (on Ox and Oy direction), which are also very
important in terms of the stress applied to the machine used in SPIF. Moreover, there is a
lack of knowledge concerning the way in which the SPIF process parameters (step size,
punch diameter and wall angle) affect the horizontal components of the forming force.
This matter is of particular importance when forming polymeric materials that exhibit a
formability that is different to that of metallic sheets commonly tested in incremental sheet
forming. A forming tool mounted in a gripper of the shelf-mounted robot was used in the
investigations. Achieving the lowest possible forming forces is also important in terms
of minimizing the elastic deformation of the robot arms, which determine the forming
accuracy. As can be seen from the above, although there are papers dealing with the issue
of force variation during the SPIF process and the influence of various process parameters
on the maximum force, the purpose of the present paper is, by means of the Taguchi design
of experiments and an analysis of variance (ANOVA), to establish the influence of certain
essential parameters, such as the punch diameter, step on vertical direction, wall angle
and material type, on all forces in the process. The aim of the study is therefore to find the
optimal variants of the input parameters that lead to the minimization of the forces in the
process. Moreover, for the two chosen materials, specifically polyamide and polyethylene,
the regression relations for the three categories of forces were also obtained. To achieve the
purpose of the present research, experiments were carried out to form the two polymeric
sheets (polyamide and polyethylene) by using the shelf-mounted Kuka Kr210-2 robot. The
input parameters considered were the step size, the punch diameter and the wall angle. The
Taguchi method was used to find the minimum number of experiments to be performed
within the permissible limit of factors and levels. These SPIF parameters were varied on
three levels—for the punch diameter: 6 mm, 8 mm and 10 mm; for the step on vertical
direction: 0.5 mm, 0.75 mm and 1 mm; and for the wall angle: 50◦, 55◦ and 60◦. The PCB
261A13 force sensor was used to measure the two horizontal components of the forming
force that act in the workpiece plane and the axial component in the direction of the forming
tool. The results were analyzed based on the signal-to-noise (S/N) ratio and an analysis
of variance. In order to obtain the mathematical relationships between the forming force
components in SPIF and the input parameters, a regression analysis was performed.

Apart from the materials studied in the paper, namely polyamide, polyethylene and
polytetrafluoroethylene, the behavior of other polymeric materials regarding the incremen-
tal forming process at room temperature, such as polyoxymethylene and polyvinylchloride,
was also initially studied. Due to the fact that these materials developed fractures in the
initial stages of the incremental forming process, it was decided not to include the respective
materials in the present study.

2. Materials and Methods

The experimental research in the paper is structured in two directions: research
quantifying the formability of polymeric materials and research strictly related to the
incremental forming process of these materials. The research quantifying the formability of
the materials is performed by uniaxial tensile testing of polymeric materials.

2.1. Uniaxial Tensile Testing of Polymeric Materials

Tensile testing always provides clues regarding the plastic deformation behavior of
a material. Thus, in order to identify which polymeric materials are best subjected to
deformation by incremental process, three polymeric materials were chosen: polyamide 6.6
(PA), high density polyethylene (HDPE) and polytetrafluoroethylene (PTFE).

An Instron 5587 tensile testing machine (Norwood, MA, USA) was used for the
tests. The drive system of the Instron 5587 machine is electromechanical and the movable
crossbar is guided by means of a ball screw guide system. The main features of the testing
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machine are: maximum load cell capacity of 300 kN, maximum test speed of 500 mm/min,
load cell with a linearity of ±0.25% and repeatability of ±0.25% for readings taken at
0.4–100% of the maximum load cell capacity. The machine is connected to a computer via
an Ethernet interface. Calibration and testing operations are controlled via the Bluehill 2.0
software package which comes with the machine and is installed on the computer. The
software package allows the selection of the specimen type (standard ISO or ASTM types),
specimen size, test speed, as well as the means by which specimen breakage is detected.
The Bluehill 2.0 software package also monitors the testing, generates measurement reports
and performs statistical processing of the data.

A 3 mm thickness was used for all three polymer materials. The calibrated area of
the specimens had an initial width of 20 mm and length of 120 mm. To perform the tests
sets of 5 specimens were made for each material. There are several methods by which the
specimens can be cut: mechanical die cutting, laser cutting and waterjet cutting. Due to
the specificity of the materials used, waterjet cutting was chosen as cutting method, on the
one hand because laser cutting would not be viable, as the material is flammable, and on
the other hand because cutting on a die would produce a significant burr due to the high
elongation present in these types of materials.

After making the specimens, the settings for the actual test were defined in the testing
machine’s built-in program, Bluehill. A test speed of 20 mm/min was chosen, in accordance
with current standards, and the maximum elongation was set to 700%, so as not to exceed
the machine’s limits. The following output data were chosen: the longitudinal modulus of
elasticity (E) in megapascals (MPa), yield stress (Ys) in MPa, the maximum stress in MPa,
and the strain corresponding to the maximum stress in %.

2.2. Experimental Layout for the Study of the Behavior of Polymeric Materials during Single Point
Incremental Forming

All research strictly related to the incremental forming process of polymeric materials
was carried out using the Kuka Kr210-2 robot (Figure 1) (Augsburg, Germany). In fact,
three options were available to achieve the kinematics required to produce parts by in-
cremental forming: the use of a numerically controlled machine, of dedicated equipment
for incremental forming or of an industrial robot. In the absence of dedicated equipment,
the only options left were a CNC machine or a robot. Both options provided their own
advantages, as well as disadvantages.

Figure 1. The PCB 261A13 force sensor mounted on the robotic arm of Kuka Kr210-2.

41



Materials 2022, 15, 6453

The CNC machine has higher rigidity but does not produce high forces in the x and
y directions as it is not designed for plastic deformation processes. Moreover, one of the
aims of the study is to measure the strains during the deformation process, which would
not be possible due to the fact that the optical cameras of the measuring system cannot
be positioned under the CNC machine table. The main disadvantage of robots is their
lack of rigidity, but the vertical positioning of the semi-finished product would allow for
the positioning of optical cameras. This problem can be significant in the case of hard
materials with high tensile strength. However, lack of stiffness and hence precision is not
an impediment in the case of polymeric materials, as they have a lower tensile strength
and consequently develop lower deformation forces.

The Kuka KR210-2 robot was therefore chosen, a 6-axis robot with a maximum payload
of 2100 N and a positioning repeatability of ±0.06 mm. The total weight of the robot is
1445 kg, and the total work volume is 97 m3. The robot is equipped with a KR C2 controller,
2005 edition.

The kinematics of the robot, required for the incremental forming processing of poly-
meric materials, are based on the desired model of the part, designed in Catia and exported
to SprutCam, a program dedicated to generating by numerically controlled programs. A
single type of trajectory was developed, a spiral trajectory for the production of truncated
cone type parts. The deformation speed was of 400 mm/min.

The blank clamping system consists of a vertical frame and a clamping plate between
which the semi-finished product is rigidly fixed. The free area of the blank is of 200 mm.
The workpieces are in the form of square plates, 3 mm thick with sides of 250 mm.

To measure the forces in the incremental forming process of polymeric materials, a
measuring system consisting of the PCB261A13 sensor (PCB piezotronics, Depew, NY,
USA), the CMD600 signal amplifier (HBM, Darmstadt, Germany) and the Quantum X
MX840B acquisition system (HBM, Darmstadt, Germany) was used. The force sensor
allows force acquisition, and the amplifier increases the amplitude of the signal up to the
range of voltages required for acquisition with the Quantum X system.

The PCB 261A13 force sensor produced by Piezotronics is specially designed to mea-
sure dynamic and quasi-static forces in three perpendicular directions simultaneously [54].
The sensor uses a set of quartz crystals arranged in a predefined pattern to optimize the
measurement accuracy. The sensor features a classic three-directional piezoelectric sensor,
clamped between two high-precision plates. Measurements in the z-axis direction are
proportional to the compression, tensile or impact forces, while those in the x- and y-axis
directions are proportional to the shear forces applied to the sensor.

In order to bring the signal acquired from the force sensor into the ±10 V voltage
range, the CMD600 amplifier from HBM was used [55]. Three such amplifiers were used
for the experimental research, one for each channel (for each of the Fz, Fx and Fy forces).
This amplifier model is dedicated to piezoelectric sensors and allows the use of sensors
with a detection range of 50 pC to 600,000 pC.

The Quantum X MX840B acquisition system is an acquisition system developed by
HBM and features 8 individually configurable and galvanically isolated measurement
channels [56]. The system allows individual sample rates of up to 40 kS/s per channel
and has a built-in active low pass filter (Bessel, Butterworth). It is equipped with a 24-bit
Analog to Digital converter on each channel. The Catman software, provided with the
acquisition system, was used for the acquisition of the electrical signal.

In order to evaluate the formability during the single point incremental forming
process, the uniaxial tensile test was used for the three materials, namely polyamide,
polyethylene and polytetrafluoroethylene. They were uniaxially stressed with constant
speed until fracture occurred, in order to primarily determine the maximum tensile stress
and the tensile strain at maximum tensile stress. Different behaviors were observed in the
tensile tests of the three materials, both in terms of the values obtained and in terms of the
conventional stress–strain curves.
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3. Results and Discussion

3.1. Tensile Tests

Five sets of specimens were made for each of the three materials (polyamide, polyethy-
lene and polytetrafluoroethylene), which were then subjected to tensile tests. The uniaxial
tensile test was conducted in accordance with ISO 527-1:2019 which covers the general
principles for testing plastic materials [57]. In addition, the shape of the specimen and the
testing speed were chosen in accordance with ISO 527-3:2018 which defines this data for
polymer sheets and films [58]. After the tensile tests were performed, the data obtained
was statistically processed using the Minitab software. The data was therefore studied
under two aspects, namely the elimination of outliers (outliers test) and the normal data
distribution (normality test). Two tests were actually applied: the Anderson–Darling test to
check for the normal distribution of the data and the Grubbs test to remove outliers. The
mean value and the standard deviation (St. dev) were initially calculated.

The Anderson–Darling test is a statistical test used to determine whether or not a
data set follows a particular probability distribution, for example, the normal distribution,
considered in this thesis. The test involves calculating the Anderson–Darling indicator
(AD value).

The two hypotheses for the Anderson–Darling test for normal distribution are the
following:

Hypothesis 0 (H0). The data follow the normal distribution (null hypothesis).

Hypothesis 1 (H1). The data do not follow the normal distribution (alternative hypothesis).

The null hypothesis assumes that the data are normally distributed, while the al-
ternative hypothesis assumes that the data are non normal. In most cases, a p-value is
determined for the Anderson–Darling test (p-value for AD test), which can be used to
determine whether the test is significant or not. For low p-values (e.g., ≤0.05), the data is
concluded to not follow the normal distribution. The p-value depends on the significance
level chosen, although the vast majority of cases use the value of 0.05, corresponding to a
probability of 95%.

The Grubbs test is a test used to identify and eliminate outliers. It is employed to
detect outliers in a data set by testing for one outlier at a time. Any detected outliers are
deleted from the data set and the test is repeated until no more outliers are detected.

The basic hypothesis underlying the Grubbs test is that, outliers aside, the data are
normally distributed. The null hypothesis is that there are no outliers in the data set. It
is worth mentioning that the Grubbs method only works when testing the most extreme
value in the sample. A p-value (p-value for Grubbs test) is calculated for the Grubbs test as
well. Normally, an indicator of the Grubbs test (G value) is calculated for all values, and the
smallest p-value corresponding to the largest G-value is estimated. This p-value represents
the chance of observing a point so far away from the others if the data were all sampled
from a Gaussian distribution.

Based on the previous considerations, the measured values and statistical processing of
the two tests (Anderson–Darling and Grubbs for the three types of materials) are presented
in Tables 1–3. The conventional characteristic stress–strain curves for all three tested
materials are shown in Figure 2a–c. Due to the particularities of plastic flow in the cases of
polyamide and polytetrafluoroethylene, it was not possible to determine the Yield stress,
which is entirely accurate, as the observation of the conventional tensile graphs shows that
these materials have practically no “Yield stress”, but a flow area that is not exactly defined.
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Table 1. Results of the tensile test for polyamide specimens.

Specimen Number
Young Modulus

(MPa)
Yield Stress (MPa)

Maximum Tensile
Stress (MPa)

Tensile Strain at Maximum
Tensile Stress (%)

1. 1820.545 - 40.989 110.833
2. 1869.364 - 42.112 150.000
3. 1839.354 - 41.824 119.999
4. 1710.215 - 41.013 120.500
5. 1896.895 - 41.781 131.333

Mean 1827.274 - 41.544 126.533

St. dev 71.611 - 0.512 14.994

AD value 0.335 0.436 0.307

p-value for AD test 0.334 - 0.166 0.401

G value 1.630 - 1.110 1.570

p-value for Grubbs
test 0.150 - 1.000 0.261

Table 2. Results of the tensile test for polyethylene specimens.

Specimen Number
Young Modulus

(MPa)
Yield Stress (MPa)

Maximum Tensile
Stress (MPa)

Tensile Strain at Maximum
Tensile Stress (%)

1. 1044.393 12.699 24.339 502.167
2. 1068.163 12.692 24.735 476.667
3. 914.544 12.565 24.683 461.667
4. 961.303 12.613 25.241 538.833
5. 1035.568 12.574 24.651 504.167

Mean 1004.794 12.629 24.730 496.700

St. dev 64.357 0.064 0.325 29.536

AD value 0.330 0.389 0.373 0.219

p-value for AD test 0.345 0.231 0.258 0.673

G value 1.400 1.110 1.570 1.430

p-value for Grubbs
test 0.583 1.000 0.247 0.530

Table 3. Results of the tensile test for polytetrafluoroethylene specimens.

Specimen Number
Young Modulus

(MPa)
Yield Stress (MPa)

Maximum Tensile
Stress (MPa)

Tensile Strain at Maximum
Tensile Stress (%)

1. 472.717 - 23.796 386.499
2. 535.948 - 22.532 277.833
3. 471.926 - 21.166 312.500
4. 485.780 - 23.671 385.500
5. 424.333 - 22.959 358.833

Mean 478.141 - 22.825 344.233

St. dev 39.885 - 1.062 47.745

AD value 0.299 0.294 0.328

p-value for AD test 0.425 - 0.439 0.349

G value 1.450 - 1.560 1.390

p-value for Grubbs
test 0.482 - 0.267 0.609
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Figure 2. Stress–strain curves for polyamide (a), polyethylene (b) and polytetrafluorethylene (c).

The analysis of the results and statistical processing of the tensile tests of the four
types of polymeric materials found no outliers for any of the measurements and a normal
distribution of results for all obtained data. This is evidenced by the fact that the p-values
are significantly greater than 0.05 in all cases.

The material with the lowest value of the elastic modulus is polytetrafluoroethylene
(with an average value of 478.14 MPa), which indicates the fact that polytetrafluoroethylene
has a much more noticeable elastic behavior. The Yield stress, which is only significant
for polyethylene, averages 12.63 MPa, about 50% of the maximum value of the tensile
stress in the material. The material with the highest value of the maximum tensile stress is
polyamide with 41.54 MPa, followed by polyethylene and polytetrafluoroethylene with
24.73 MPa and 22.83 MPa, respectively. The material with the highest elongation, estimated
on the basis of the tensile strain at maximum stress, is polyethylene with 496.7%, followed
by polytetrafluoroethylene with 344.23% and polyamide with 126.53%.

Based on the observations presented above, the research on the behavior during SPIF
was continued for all three polymeric materials previously discussed.
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3.2. Force Determination during Incremental Forming of Polymeric Materials

One of the most important output parameters for the incremental forming process is
the force developed in the process. The force during the incremental forming process, in
contrast to conventional forming processes (e.g., deep drawing), consists of three compo-
nents that vary significantly throughout the process. Therefore, the force measurement in
the incremental forming of polymeric materials made necessary the use of the force sensor
together with the conditioning module and the data acquisition system.

Based on the literature review, the main factors influencing the forces in the incremental
forming process of polymeric materials were selected. These factors are presented in Table 4.

Table 4. The main influence factors and their level of variation.

Input Factors Output Factors

Code Type Symbol Unit Variation Domain y1, y2, y3

x1 Polymeric material MAT - PA, PE, PTFE Fz, Fx, Fy (kN)
x2 Step s (mm) 0.5–1 Fz, Fx, Fy (kN)
x3 Punch diameter Dp (mm) 6–10 Fz, Fx, Fy (kN)
x4 Wall angle α (◦) 50–60 Fz, Fx, Fy (kN)
x5 Initial thickness g (mm) 0.5–5 Fz, Fx, Fy (kN)
x6 Punch feed vs (mm/min) 100–600 Fz, Fx, Fy (kN)
x7 Punch angular speed ω (rot/min) 50–180 Fz, Fx, Fy (kN)

Of the seven input factors presented in Table 4, only the first four, namely the material
type, the punch diameter, the step on vertical direction and the wall angle were selected
for analysis for a number of reasons: two or more identical initial thicknesses were not
available for all materials, the use of an industrial robot did not allow for a rotational
movement of the punch and the value used for the punch feed was the maximum value, in
order to reduce the processing time.

Previous to designing the experiments, given that the first four parameters presented
in Table 4 were to be considered, several preliminary experiments were carried out, attempt-
ing to identify the limits of the process in terms of formability. For this reason, three sets of
experiments were performed for all three types of materials. The first set had the following
configuration: wall angle α = 60◦, punch diameter Dp = 10 mm and step s = 0.75 mm.
The second set had the following input parameters: wall angle α = 55◦, punch diameter
Dp = 6 mm and step s = 0.75 mm, while the third one had: wall angle α = 50◦, punch diam-
eter Dp = 8 mm and step s = 0.75 mm. In fact, these experiments were conducted to observe
whether, at different angles of the part and different diameters of the punch, all materials
allow deformation without breaking. The step was set constant at an average value of
0.75 mm. These preliminary tests proved useful as they found that polytetrafluoroethylene
broke in all 3 variations of the experiment. Figure 3a,b, show images of the part taken
before and immediately after failure for the third set of experiments (wall angle α = 50◦,
punch diameter Dp = 8 mm and step s = 0.75 mm).

A significant decrease in formability was observed for polytetrafluoroethylene, lead-
ing to the conclusion that this material is not suitable for incremental forming at room
temperature. Possible future research could address the hot deformation of this material.
As a result, it was decided to eliminate polytetrafluoroethylene from the experimental
investigations and only keep polyamide and polyethylene.
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Figure 3. The images of the part manufactured by polytetrafluorethylene with wall angle α = 50◦,
punch diameter Dp = 8 mm and step s = 0.75 mm taken before (a) and immediately after (b) failure.

3.2.1. Analysis of the Signal-to-Noise Ratio for the Forces during the Incremental Forming
of Polymeric Materials

For the design of experiments, there are software packages that automatically perform
the experimental plan using: a general full-factorial experiment, a fractional experiment, a
surface response methodology or the Taguchi methodology. The Taguchi method is derived
from the factorial methodology and throughout time it has proven its efficiency over other
methods in the design of experiments. For the study presented below the Taguchi design
of experiment was chosen because of its most significant advantage over other methods,
i.e., obtaining robust results with a small number of experiments.

Before outlining the experimental investigations using the Taguchi orthogonal arrays,
it is worth mentioning the fact that in the general case of forming processes (not only in the
particular case of incremental forming), the minimization of forces is always desired. This
is because, in the case of forming processes, the machine is chosen according to the required
force. All the more so in the present case, where an industrial robot which does not produce
a force as great as that of a press or of a CNC machine, nor has a very high rigidity was
used in the experiments, it is important to be able to reduce the forces in the process.

Therefore, the aim of the experimental investigation is to decrease the maximum force
values found in the peaks of the variation graphs. The design of experiments based on the
Taguchi method is used to analyze the effect of the input processing parameters on the
forces during the incremental forming processing of polymeric materials. Four parameters
were selected from the input parameters presented in Table 4, of which two parameters are
related to the part to be produced and the other two are technological parameters, related
to the operating regime used. The parameters concerning the part are the material of the
part (MAT) and the angle of the part produced (α), whereas the technological parameters
are the diameter of the punch (Dp) and the step on vertical direction (s).

The material of the part introduces two levels of variation, with polyamide and
polyethylene having been selected as materials, as mentioned previously, while the other
parameters are defined in three levels of variation, namely 50◦, 55◦ and 60◦ for the angle
of the part, 6 mm, 8 mm and 10 mm for the diameter of the punch and 0.5 mm, 0.75 mm
and 1 mm for the step on vertical direction. The values chosen for the step may raise an
issue. In the case of incremental forming of metallic materials, the step chosen has smaller
values (0.1 mm, 0.25 mm) since a larger step would lead to “waves” on the inner surface of
the part. Given the fact that polymeric materials have a very strong springback ability and
that a small step size would lead to particularly long processing times, the step size values
presented above were chosen in order to increase the productivity of the process.
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To study the contribution of each input parameter on the values of the force during
the incremental forming of polymeric materials, the Taguchi orthogonal array L18(21 × 33)
with mixed levels (one parameter has two levels of variation and three parameters have
three levels of variation) is selected. Table 5 contains the design of experiments, with the
factors and levels of variation, as well as their codifications. To reduce the margin of error,
all eighteen experiments were repeated twice. The forces in the process were measured
along all three directions of the coordinate axes.

Table 5. The design of experiments using Taguchi orthogonal array L18 (21 × 33).

Case Mat. Code α Code Dp Code s Code Mat. α (◦) Dp (mm) s (mm)

F1 −1 −1 −1 −1 PA 50 6 0.50
F2 −1 −1 0 0 PA 50 8 0.75
F3 −1 −1 1 1 PA 50 10 1.00
F4 −1 0 −1 0 PA 55 6 0.75
F5 −1 0 0 1 PA 55 8 1.00
F6 −1 0 1 −1 PA 55 10 0.50
F7 −1 1 −1 1 PA 60 6 1.00
F8 −1 1 0 −1 PA 60 8 0.50
F9 −1 1 1 0 PA 60 10 0.75

F10 1 −1 −1 −1 PE 50 6 0.50
F11 1 −1 0 0 PE 50 8 0.75
F12 1 −1 1 1 PE 50 10 1.00
F13 1 0 −1 0 PE 55 6 0.75
F14 1 0 0 1 PE 55 8 1.00
F15 1 0 1 −1 PE 55 10 0.50
F16 1 1 −1 1 PE 60 6 1.00
F17 1 1 0 −1 PE 60 8 0.50
F18 1 1 1 0 PE 60 10 0.75

Depending on the purpose of the experiments, different signal-to-noise (S/N) ratios
can be selected as follows: “smaller is better”, “larger is better” and “nominal is better”.
For this study, as already mentioned, the “smaller is better” option was chosen for all forces
present in the process.

The numerical results of the measurements, namely the mean value, standard de-
viation, S/N ratio and variation coefficient for all three types of forces are presented in
Tables 6–8.

The force variation graphs for the F2, F9, F11 and F18 cases, two for polyamide
(F2 and F9) and two for polyethylene (F11 and F18), obtained from the design using the
Taguchi orthogonal array for the three directions of the coordinate axis system, are shown
in Figures 4–15.

Figure 4. The Fz force variation for the parts produced from PA, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F2).
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Table 6. The results and the statistical processing for the Fz forces.

Cod Mat.α (◦) Dp (mm) p (mm) Fz1 (kN) Fz2 (kN) Fz Mean (kN)
Standard
Deviation

S/N Ratio
Coefficient
of Variation

F1 PA 50 6 0.5000 0.6857 0.6806 0.6831 0.0036 3.3099 0.0053
F2 PA 50 8 0.7500 0.9381 0.9348 0.9365 0.0023 0.5703 0.0025
F3 PA 50 10 1.0000 1.2168 1.2178 1.2173 0.0007 −1.7081 0.0006
F4 PA 55 6 0.7500 0.7742 0.7751 0.7746 0.0006 2.2181 0.0008
F5 PA 55 8 1.0000 1.0643 1.0717 1.0680 0.0053 −0.5715 0.0049
F6 PA 55 10 0.5000 0.9321 0.9569 0.9445 0.0176 0.4949 0.0186
F7 PA 60 6 1.0000 0.8565 0.8586 0.8575 0.0015 1.3351 0.0017
F8 PA 60 8 0.5000 0.8276 0.8060 0.8168 0.0153 1.7570 0.0187
F9 PA 60 10 0.7500 1.0995 1.0955 1.0975 0.0028 −0.8081 0.0026
F10 PE 50 6 0.5000 0.4518 0.4225 0.4371 0.0208 7.1825 0.0475
F11 PE 50 8 0.7500 0.6598 0.6554 0.6576 0.0031 3.6409 0.0048
F12 PE 50 10 1.0000 0.9084 0.9459 0.9272 0.0265 0.6552 0.0286
F13 PE 55 6 0.7500 0.4901 0.4937 0.4919 0.0026 6.1623 0.0053
F14 PE 55 8 1.0000 0.6612 0.6645 0.6628 0.0023 3.5718 0.0035
F15 PE 55 10 0.5000 0.6514 0.7126 0.6820 0.0433 3.3155 0.0634
F16 PE 60 6 1.0000 0.5424 0.4969 0.5197 0.0322 5.6772 0.0620
F17 PE 60 8 0.5000 0.5641 0.5700 0.5670 0.0042 4.9278 0.0074
F18 PE 60 10 0.7500 0.7226 0.7391 0.7308 0.0117 2.7235 0.0160

Table 7. The results and the statistical processing for the Fx forces.

Cod Mat. α (◦) Dp (mm) p (mm) Fx1 (kN) Fx2 (kN) Fx Mean (kN)
Standard
Deviation

S/N Ratio
Coefficient
of Variation

F1 PA 50 6 0.5000 0.3238 0.3183 0.3211 0.0039 9.8674 0.0121
F2 PA 50 8 0.7500 0.4523 0.4496 0.4509 0.0019 6.9181 0.0043
F3 PA 50 10 1.0000 0.5627 0.6189 0.5908 0.0398 4.5613 0.0673
F4 PA 55 6 0.7500 0.4002 0.3974 0.3988 0.0020 7.9853 0.0050
F5 PA 55 8 1.0000 0.5265 0.5313 0.5289 0.0034 5.5321 0.0065
F6 PA 55 10 0.5000 0.4767 0.4667 0.4717 0.0071 6.5262 0.0150
F7 PA 60 6 1.0000 0.4811 0.4836 0.4823 0.0018 6.3332 0.0037
F8 PA 60 8 0.5000 0.3735 0.4258 0.3996 0.0370 7.9479 0.0925
F9 PA 60 10 0.7500 0.5143 0.5915 0.5529 0.0546 5.1263 0.0987
F10 PE 50 6 0.5000 0.2065 0.2067 0.2066 0.0001 13.6975 0.0007
F11 PE 50 8 0.7500 0.3216 0.3287 0.3252 0.0050 9.7578 0.0154
F12 PE 50 10 1.0000 0.4589 0.4524 0.4556 0.0045 6.8273 0.0100
F13 PE 55 6 0.7500 0.2712 0.2736 0.2724 0.0017 11.2965 0.0063
F14 PE 55 8 1.0000 0.3869 0.3830 0.3850 0.0028 8.2911 0.0072
F15 PE 55 10 0.5000 0.3491 0.3500 0.3496 0.0006 9.1298 0.0017
F16 PE 60 6 1.0000 0.3438 0.3444 0.3441 0.0004 9.2655 0.0013
F17 PE 60 8 0.5000 0.2844 0.2822 0.2833 0.0015 10.9544 0.0054
F18 PE 60 10 0.7500 0.4108 0.4073 0.4091 0.0025 7.7641 0.0061

Table 8. The results and the statistical processing for the Fy forces.

Cod Mat.α (◦) Dp (mm) p (mm) Fy1 (kN) Fy2 (kN) Fy Mean (kN)
Standard
Deviation

S/N Ratio
Coefficient
of Variation

F1 PA 50 6 0.5000 0.3592 0.3089 0.3340 0.0356 9.4993 0.1064
F2 PA 50 8 0.7500 0.4844 0.4263 0.4553 0.0411 6.8159 0.0903
F3 PA 50 10 1.0000 0.5311 0.6373 0.5842 0.0751 4.6330 0.1286
F4 PA 55 6 0.7500 0.3935 0.4084 0.4009 0.0106 7.9370 0.0264
F5 PA 55 8 1.0000 0.5151 0.5408 0.5280 0.0182 5.5454 0.0345
F6 PA 55 10 0.5000 0.4646 0.4785 0.4715 0.0099 6.5285 0.0209
F7 PA 60 6 1.0000 0.4803 0.4832 0.4817 0.0020 6.3441 0.0042
F8 PA 60 8 0.5000 0.3782 0.4430 0.4106 0.0458 7.7050 0.1116
F9 PA 60 10 0.7500 0.4944 0.5997 0.5471 0.0745 5.1993 0.1361
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Table 8. Cont.

Cod Mat.α (◦) Dp (mm) p (mm) Fy1 (kN) Fy2 (kN) Fy Mean (kN)
Standard
Deviation

S/N Ratio
Coefficient
of Variation

F10 PE 50 6 0.5000 0.2060 0.2062 0.2061 0.0002 13.7193 0.0008
F11 PE 50 8 0.7500 0.2877 0.3663 0.3270 0.0555 9.6468 0.1699
F12 PE 50 10 1.0000 0.4405 0.4737 0.4571 0.0235 6.7941 0.0514
F13 PE 55 6 0.7500 0.2715 0.2721 0.2718 0.0005 11.3140 0.0017
F14 PE 55 8 1.0000 0.3696 0.4127 0.3911 0.0305 8.1406 0.0780
F15 PE 55 10 0.5000 0.3491 0.3512 0.3501 0.0015 9.1154 0.0042
F16 PE 60 6 1.0000 0.3417 0.3461 0.3439 0.0031 9.2719 0.0091
F17 PE 60 8 0.5000 0.2816 0.2848 0.2832 0.0023 10.9581 0.0081
F18 PE 60 10 0.7500 0.4125 0.4083 0.4104 0.0029 7.7351 0.0072

Figure 5. The Fz force variation for the parts produced from PE, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F11).

Figure 6. The Fx force variation for the parts produced from PA, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F2).

Figure 7. The Fx force variation for the parts produced from PE, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F11).
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Figure 8. The Fy force variation for the parts produced from PA, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F2).

Figure 9. The Fy force variation for the parts produced from PE, with Dp = 8 mm, s = 0.75 and
α = 50◦ (case F11).

Figure 10. The Fz force variation for the parts produced from PA, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F9).

Figure 11. The Fz force variation for the parts produced from PE, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F18).
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Figure 12. The Fx force variation for the parts produced from PA, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F9).

Figure 13. The Fx force variation for the parts produced from PE, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F18).

Figure 14. The Fy force variation for the parts produced from PA, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F9).

Figure 15. The Fy force variation for the parts produced from PE, with Dp = 10 mm, s = 0.75 and
α = 60◦ (case F18).

52



Materials 2022, 15, 6453

The force in the Oz direction (Fz) increases for both materials, with local maxima and
minima from the first contact of the punch with the blank, as can be seen in
Figures 4, 5, 10 and 11. The local maxima occur in the areas where the punch penetrates
the material by one step, while the minima occur in the moment prior to this moment.
However, a slightly different behavior is observed for the two materials. In the case of
polyamide, the force increases with a steeper slope, reaching a maximum value somewhere
towards the middle of the working stroke and then remains relatively constant or even
decreases slightly when using punches with smaller diameters. This is most noticeable
when the punch has a 6 mm diameter (cases F1, F4 and F7). When it comes to polyethylene,
the force increases with a less steep slope, slowly reaching its maximum value somewhere
at the end of the working stroke, where it remains relatively constant. When using a 10 mm
diameter punch (cases F12, F15 and F18), the force increases continuously all the way to
the end.

Forces in the Ox and Oy directions (Fx) and (Fy) have a somewhat similar variation
from each other, but different to that of the Fz force. Basically, the two forces increase
and decrease around zero, reaching local maxima and minima with every circle the punch
travels in the horizontal plane, as can be seen in Figures 6–9 and 12–15. The behavior of
the two analyzed materials is slightly different here also. For polyamide, like for the Fz
force, the local maxima of the Fx and Fy forces also increase to about half the stroke value
and then stabilize until the end of the process. In the case of polyethylene, the stagnation
towards the end of the working stroke is not so evident, with the values of the local maxima
rising continuously until near the end. After the manufacturing process, the incrementally
formed parts were CT scanned. The results of the scanning process for cases F9 and F18 are
presented in Figure 16.

Figure 16. The CT scan of the parts obtained for cases F9—polyamide (a) and F18—polyethylene (b).

As can be seen in Figure 16, using the same trajectory for both materials, different
geometries are obtained. The polyamide part results with a geometry similar to a frustum
of cone (as it is desired), while the polyethylene part results with a concave geometry. For
this reason, even though the parts have the same depth, the diameter of the section is
smaller for polyethylene than for polyamide. It is for this reason that the variation of the
forces follows a different pattern for the two polymeric materials.

The maximum values of the forces are always higher in the case of polyamide than in
the case of polyethylene, for both the Fz force and the Fx and Fy forces. Thus, the maximum
value of the Fz force occurs in case F3 (1.2173 kN), while those of the Fx and Fy forces are also
obtained in case F3, with 0.5842 kN for Fx and 0.5908 kN for Fy, respectively. The minimum
values of the forces occur in case F10—polyethylene (Fz = 0.4371 kN, Fx = 0.2066 kN and
Fy = 0.2061 kN, respectively). Two parts made of polyamide and polyethylene with a
frustum of pyramid type trajectory were also made, with the following input parameters:
Dp = 8 mm, s = 0.75 mm and α = 50◦, corresponding to cases F2 and F11 in Table 8. The
variation graphs of the six forces (three for each material) are shown in Figures 17–22.

The analysis of the graphs for the frustum of pyramid type parts leads to the same
conclusions as those for the frustum of cone type parts, i.e., in the case of polyamide the
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force reaches its maximum value at about half of the working stroke, after which it stays
constant or even decreases, as shown in Figure 17, while in the case of polyethylene it
increases constantly until close to the end of the working stroke, as shown in Figure 18.

Figure 17. The Fz force variation for the frustum of pyramid parts produced from PA, with
Dp = 8 mm, s = 0.75 and α = 50◦.

Figure 18. The Fz force variation for the frustum of pyramid parts produced from PE, with Dp = 8 mm,
s = 0.75 and α = 50◦.

Figure 19. The Fx force variation for the frustum of pyramid parts produced from PA, with
Dp = 8 mm, s = 0.75 and α = 50◦.
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Figure 20. The Fx force variation for the frustum of pyramid parts produced from PE, with
Dp = 8 mm, s = 0.75 and α = 50◦.

Figure 21. The Fy force variation for the frustum of pyramid parts produced from PA, with
Dp = 8 mm, s = 0.75 and α = 50◦.

Figure 22. The Fy force variation for the frustum of pyramid parts produced from PE, with
Dp = 8 mm, s = 0.75 and α = 50◦.

The maximum Fz force values obtained for the frustum of pyramid type parts are
lower for both polyamide (0.8810 kN) and polyethylene (0.6083 kN) than those obtained
for the frustum of cone type parts (0.9365 kN—polyamide, 0.6576 kN—polyethylene). The
maximum Fx force values obtained for the frustum of pyramid type parts are also lower
for both polyamide (0.3876 kN), as shown in Figure 19, and polyethylene (0.3087 kN),
as shown in Figure 20, compared to those obtained for the frustum of cone type parts
(0.4509 kN—polyamide, presented in Figure 12, 0.3252 kN—polyethylene, presented in
Figure 13). The same applies in the case of the Fy force, where the values for polyamide
(0.3879 kN), presented in Figure 21, and polyethylene (0.3076 kN), presented in Figure 22,
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are lower than those obtained for the frustum of cone type parts (0.4553 kN—polyamide,
as shown in Figure 14, 0.3270 kN—polyethylene, as shown in Figure 15).

The mean response values of the signal-to-noise ratios (S/N) for the Fz force (with the
“smaller is better” condition) are shown in Table 9.

Table 9. Response Table for Signal-to-Noise Ratios for the Fz force (with the “smaller is better” condition).

Level Polymeric Material Wall Angle Punch Diameter Step

1 0.733 2.275 4.314 3.498
2 4.271 2.532 2.316 2.418
3 2.602 0.779 1.493

Delta 3.538 0.327 3.535 2.004
Rank 1 4 2 3

Table 9 provides the mean response values of the S/N ratios, which analyze the effect
of the influencing factors (MAT, α, Dp and p) on the force in the z-direction (Fz). It shows
the optimal levels (based on the S/N ratios) for which the control factors result in the lowest
value of Fz. These are: level 2 for MAT (S/N = 4.271), level 3 for α (S/N = 2.602), level 1
for Dp (S/N = 4.314) and level 1 for s (S/N = 3.498). Delta and rank determine which of
these four factors has the greatest impact on the response. Delta measures the magnitude
of impact by subtracting the lowest mean response value of a factor from its highest value.
Rank assigns an order number to the factors, from the highest to the lowest impact, based
on their delta values. For Fz, the material has the highest impact (delta: S/N = 3.538 and
rank = 1), but the punch diameter also has a very similar impact (delta: S/N = 3.535 and
rank = 2), while α has the lowest impact (delta: S/N = 0.327 and rank = 4).

The mean response values of the signal-to-noise ratios (S/N) for the Fx force (with the
“smaller is better” condition) are shown in Table 10.

Table 10. Response Table for Signal-to-Noise Ratios for the Fx force (with the “smaller is better” condition).

Level Polymeric Material Wall Angle Punch Diameter Step

1 6.566 8.605 9.741 9.687
2 9.665 8.127 8.234 8.141
3 7.899 6.656 6.802

Delta 3.099 0.706 3.085 2.885
Rank 1 4 2 3

Similar to the case presented for the Fz force, Table 10 indicates the optimal levels of
the control factors for which the lowest value of Fx is obtained. Thus, the optimal values
are obtained for MAT at level 2 (S/N = 9.665), α at level 1 (S/N = 8.605), Dp at level 1
(S/N = 9.741) and s at level 1 (S/N = 9.687). The material has the highest impact for Fx as
well (delta: S/N = 3.099 and rank = 1), with the punch diameter again having a similar
impact (delta: S/N = 3.085 and rank = 2), while α has the lowest impact (delta: S/N = 0.706
and rank = 4).

The mean response values of the signal-to-noise ratios (S/N) for the Fy force (with the
“smaller is better” condition) are shown in Table 11.

Table 11. Response Table for Signal-to-Noise Ratios for the Fy force (with the “smaller is better” condition).

Level Polymeric Material Wall Angle Punch Diameter Step

1 6.575 8.518 9.681 9.588
2 9.633 8.097 8.135 8.108
3 7.869 6.668 6.788

Delta 3.058 0.649 3.013 2.799
Rank 1 4 2 3

An analysis of Table 11 leads to the optimal values resulting in the lowest value of
Fy: MAT at level 2 (S/N = 9.633), α at level 1 (S/N = 8.518), Dp at level 1 (S/N = 9.681)
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and s at level 1 (S/N = 9.588). For Fy, as for Fx, the material has the highest impact
(delta: S/N = 3.058 and rank = 1), followed by the punch diameter (delta: S/N = 3.013 and
rank = 2), with α having the lowest impact (delta: S/N = 0.649 and rank = 4).

The graphical representation (the graph showing the main effects for the signal-to-
noise (S/N) ratios) of the factor levels in Tables 9–11 for the three forces (Fz, Fx and Fy) is
shown in Figures 23–25.

Figure 23. The main effects plot for S/N ratios for Fz force.

Figure 24. The main effects plot for S/N ratios for Fx force.

Figure 25. The main effects plot for S/N ratios for Fy force.

The graphs of the main effects show the optimal values of the control factors that lead
to the lowest values of the forces. The main effect is also called the difference between
means, caused by the different levels within a factor. If the graph line is horizontal, then
there is no main effect for the levels of a factor, but a line with a greater slope or difference
between vertical points will have a greater main effect.

For all three categories of forces, the main effect graphs for the material (MAT) and
for the punch diameter (Dp) display graph lines with larger slopes, therefore having the
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largest main effect. The main goal of the experimental investigations is to find the control
factor levels that minimize the impact of the noise factors on the responses. The optimal
parameters for minimizing the forces can be easily determined from these graphs.

The best level for each control factor was found based on the highest S/N ratio in the
levels of these input parameters (control factors). The range of the control factors through-
out the experiments was mentioned earlier in this chapter. The analysis of Tables 9–11, as
well as of the graphs showing the main effects, leads to the optimal values for which the
Fz, Fx and Fy forces can be kept as low as possible. Thus, the optimal values for which the
Fz force is minimal are the following: 6 mm for Dp, polyethylene for MAT, 0.5 mm for s
and 60◦ for α. Minimum Fx and Fy forces are obtained with the following optimal values:
Dp = 6 mm, MAT—polyethylene, s = 0.5 mm and α = 50◦.

3.2.2. Analysis of Variance for the Forces during the Incremental Forming of
Polymeric Materials

For further robustness of the results obtained by the Taguchi method based on the
S/N ratios, an ANOVA statistical model is used. Unlike the Taguchi method, it calculates
the contribution of each factor involved. In addition, ANOVA analysis also allows the
assessment of interactions between different factors. For the present case, the interactions
between the material and the technological factors, namely the diameter of the punch and
the step, were chosen. The significance of the control factors in the ANOVA analysis is
determined by comparing the F-values of each control factor. These tables were calculated
with a 5% significance level and a 95% confidence level. If the p-value of the factor is greater
than 0.05, then it will be considered a non-significant factor. Table 12 shows the ANOVA
table for the Fz force.

Table 12. Analysis of Variance for Means (Fz force).

Source
Degree of
Freedom

Adjusted Value of
the Sum of the

Squares
F Value p Value Contribution (%)

MAT 1 54.2855 382.8200 0.0000 51.0400
α 2 0.3556 1.2500 0.3510 0.3300

Dp 2 37.7085 132.9600 0.0000 35.4600
s 2 12.0801 42.5900 0.0000 11.3600

MAT*Dp 2 0.9885 3.4900 0.0990 0.9300
MAT*s 2 0.0848 0.3000 0.7520 0.0800

Residual
error 6 0.8508 0.8000

Total 17 106.3540

An analysis of the p-values in Table 12 shows that a p-value greater than 0.05 occurs
in the case of the part angle and of two interactions (material * punch diameter and
material * step). These factors are therefore non-significant for the Fz force. Table 13 shows
the ANOVA table for the Fx force.

The p-values in Table 13 indicate a p-value greater than 0.05 for only two interactions
(material * punch diameter and material * step). Therefore, all other factors are significant
for the Fx force. Table 14 presents the ANOVA table for the Fy force.

Considering the p-values in Table 14, only two interactions (material * punch diameter
and material * step) have a p-value greater than 0.05, as in the case of the Fx force.

The percentage contribution in the ANOVA tables shows the magnitude of the influ-
ence of the parameters. The contribution of the material is 51.04%, of the punch diameter is
35.46%, of the step is 11.36% and of the angle is only 0.33% for the value of the Fz force.
Similarly, for the value of the Fx force, these percentages are 40.3% for the material, 30.21%
for the punch diameter, 26.47% for the step and 1.65% for the angle. As for the value of the
Fy force, the percentage contributions are 41.94% for the material, 29.31% for the punch
diameter, 25.32% for the step and 1.4% for the angle. The most significant parameter for all
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three responses is the blank material. The percentage of error was considerably low, 0.8%
for Fz, 0.59% for Fx and 0.57% for Fy, respectively.

Table 13. Analysis of Variance for Means (Fx force).

Source
Degree of
Freedom

Adjusted Value of
the Sum of the

Squares
F Value p Value Contribution (%)

MAT 1 38.0950 407.5000 0.0000 40.3000
α 2 1.5591 8.3400 0.0190 1.6500

Dp 2 28.5578 152.7400 0.0000 30.2100
s 2 25.0207 133.8200 0.0000 26.4700

MAT*Dp 2 0.5526 2.9600 0.1280 0.5800
MAT*s 2 0.1841 0.9800 0.4270 0.1900

Residual
error 6 0.5609 0.5900

Total 17 94.5302

Table 14. Analysis of Variance for Means (Fy force).

Source
Degree of
Freedom

Adjusted Value of
the Sum of the

Squares
F Value p Value Contribution (%)

MAT 1 38.9774 440.0500 0.0000 41.9400
α 2 1.3016 7.3500 0.0240 1.4000

Dp 2 27.2472 153.8100 0.0000 29.3100
s 2 23.5355 132.8600 0.0000 25.3200

MAT*Dp 2 0.8809 4.9700 0.0530 0.9500
MAT*s 2 0.4722 2.6700 0.1480 0.5100

Residual
error 6 0.5315 0.5700

Total 17 92.9463

3.2.3. Regression Analysis for the Forces during the Incremental Forming of Polymeric
Materials

In order to obtain the mathematical relationships of the forces in the process for the
input parameters, the two materials had to be separated and one relationship had to be
obtained for each of them. Thus, this study resulted in finding relationships between the
three response variables (forces Fz, Fx and Fy) and the three input variables (α, Dp and s).
These are obtained by using the regression analysis. Three linear regression equations were
modeled for each material. Several important parameters for evaluating regression models
are R-sq (describes how much variation is present in the response), R-sq (adj) (is a modified
R-sq that has been adjusted for the number of expressions), and R-sq (pred) (indicates how
well the model predicts responses for new measurements). For the regression model to be
of best performance, these values must be high.

Following the regression analysis performed with Minitab, the data given in Table 15
was obtained for the Fz force in polyamide.

Table 15. The coefficients of the regression analysis of the Fz force for polyamide.

Variable Coefficient SE Coefficient T Value p Value

Constant term 0.0740 0.1090 0.6700 0.5300
Wall angle (α) −0.0022 0.0018 −1.2000 0.2830

Punch diameter (Dp) 0.0787 0.0045 17.4300 0.0000
Step (s) 0.4656 0.0361 12.9000 0.0000
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As can be seen from the p-values obtained, the coefficients of the angle α and of the
constant in the regression equation are not significant, having values greater than 0.05.
These coefficients are consequently excluded, and the analysis is repeated. The regression
equation is then obtained by Equation (1):

Fz_PA = 0.07511·Dp + 0.4442·s (1)

An excellent predictability of the proposed mathematical model was achieved (R-sq
(pred) = 99.89%). A regression analysis was then performed for the Fz force in the case of
polyethylene, the results of which are shown in Table 16.

Table 16. The coefficients of the regression analysis of the Fz force for polyethylene.

Variable Coefficient SE Coefficient T Value p Value

Constant term 0.2000 0.1740 1.1500 0.3020
Wall angle (α) −0.0068 0.0029 −2.3800 0.0630

Punch diameter (Dp) 0.0742 0.0072 10.3600 0.0000
Step (s) 0.2823 0.0573 4.9200 0.0040

In this case also, the p-values indicate that the coefficients of the angle α and of the
constant in the regression equation are not significant, since they are greater than 0.05.
Therefore, again, these coefficients are eliminated, and the analysis is repeated, leading to
the following regression equation, Equation (2):

Fz_PE = 0.06062·Dp + 0.2004·s (2)

Excellent predictability of the proposed mathematical model (R-sq (pred) = 99.09%)
was also obtained in this case. Following the regression analysis performed with Minitab,
the data presented in Table 17 for the Fx force in polyamide was obtained.

Table 17. The coefficients of the regression analysis of the Fx force for polyamide.

Variable Coefficient SE Coefficient T Value p Value

Constant term −0.1460 0.0347 −4.2100 0.0080
Wall angle (α) 0.0024 0.0006 4.2000 0.0090

Punch diameter (Dp) 0.0344 0.0014 24.0600 0.0000
Step (s) 0.2731 0.0114 23.8500 0.0000

As can be seen from the p-values, all coefficients are significant, with values less than
0.05. This generates the following regression equation, Equation (3):

Fx_PA = −0.1460 + 0.002402·α+ 0.03443·Dp + 0.2731·s (3)

The value of R-sq(pred) is 98.51%, which means that again a good predictability of the
regression model was obtained. A regression analysis was then conducted for the Fx force
in polyethylene, with the results presented in Table 18.

Table 18. The coefficients of the regression analysis of the Fx force for polyethylene.

Variable Coefficient SE Coefficient T Value p Value

Constant term −0.1867 0.0320 −5.8300 0.0020
Wall angle (α) 0.00164 0.0005 3.1000 0.0270

Punch diameter (Dp) 0.0326 0.0013 24.6600 0.0000
Step (s) 0.2302 0.0106 21.7700 0.0000
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Similar to the Fx force in polyamide, it is observed that all coefficients are signifi-
cant, with values less than 0.05. The following regression equation is then obtained by
Equation (4):

Fx_PE = −0.1867 + 0.001637·α+ 0.03260·Dp + 0.2302·s (4)

In this case too, a good predictability of the proposed mathematical model is found
(R-sq(pred) = 98.32%). The regression analysis performed with Minitab resulted in the data
shown in Table 19 for the Fy force in polyamide.

Table 19. The coefficients of the regression analysis of the Fy force for polyamide.

Variable Coefficient SE Coefficient T Value p Value

Constant term −0.0987 0.0224 −4.4000 0.0070
Wall angle (α) 0.0022 0.0004 5.9200 0.0020

Punch diameter (Dp) 0.0322 0.0009 34.7300 0.0000
Step (s) 0.2518 0.0074 33.9700 0.0000

The p-values show that all coefficients are significant. Therefore, the regression equa-
tion is as follows:

Fy_PA = −0.0987 + 0.002193·α+ 0.032176·Dp + 0.2518·s (5)

The value obtained for R-sq(pred) is 99.15%, again indicating a good predictability of
the regression model. The regression analysis for the Fy force in polyethylene leads to the
results shown in Table 20.

Table 20. The coefficients of the regression analysis of the Fy force for polyethylene.

Variable Coefficient SE Coefficient T Value p Value

Constant term −0.1891 0.0238 −7.9600 0.0010
Wall angle (α) 0.0015 0.0004 4.0200 0.0100

Punch diameter (Dp) 0.0330 0.0010 33.6200 0.0000
Step (s) 0.2351 0.0079 29.9500 0.0000

Again, all coefficients are significant, having values less than 0.05. The regression
equation obtained is:

Fy_PE = −0.1891 + 0.001577·α+ 0.032989·Dp + 0.23512·s (6)

The value of R-sq(pred) is 99.07%, which means that this model also has a good
predictability.

Both the Taguchi method and the analysis of variance led to the same conclusion:
the most important influence on the maximum value of the force belongs to the material,
followed by the diameter of the punch, the vertical step and finally the wall angle of the
part for all three types of forces. In fact, the analysis of variance shows that the influence of
the wall angle is 0.33% for the Fz force, 1.65% for the Fx force and 1.4% for the Fy force, and
it can therefore be concluded that the angle of the part has almost no impact on the values
of the three types of forces.

Knowledge of how the analyzed input parameters influence the force variation in
the single point incremental forming process, and more importantly knowing the optimal
values that lead to minimizing the values of these forces, is of great importance for the
academic-scientific community of sciences and engineering. This is because it allows us
to choose the optimal forming machine for the process, or in case the machine cannot
be changed, it helps us to choose the optimal values of the input parameters in order to
minimize the forces in the process, as well as the afferent energy consumption. As is well
known, in material forming processes, unlike machining processes, the machine (press) is
chosen on the basis of the force required in the process and not on the basis of the power
available, which obviously leads to solving an important problem in this process. The most
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significant difference between the Taguchi method and the other methods consists of the
manner in which noise is taken into account in an experiment. While the other statistical
methods attempt to eliminate the noise, the Taguchi method uses a composite performance
indicator, the signal to noise (S/N) ratio, which is used to identify the optimal combinations
of input parameters that are most insensitive to noise.

The optimum values leading to minimum forces in the incremental forming of poly-
meric materials must be correlated with minimizing the defects of the polymeric parts. For
this reason, this study needs further updating with a follow-up considering the influence
of the input parameters (polymeric materials, wall angle, punch diameter and vertical step)
with respect to the springback, wrinkles and twist defects.

4. Conclusions

The main objective of the paper was to determine the optimal values of the input
parameters for which the forces during the single point incremental forming of polymeric
materials are minimal. Based on the study on the signal-to-noise ratio of the Taguchi method
and on the analysis of variance, it was found that the main forming force, perpendicular
to the initial plane of the table, decreases the smaller the punch diameter, the smaller the
value of the step and the larger the value of the wall angle of the part, while the forces on
the directions of the initial plane of the table decrease the smaller the punch diameter, the
smaller the value of the step and the smaller the value of the wall angle of the part. Another
observation shows that the forces obtained in the case of polyethylene are always lower
than in the case of polyamide when manufactured under the same forming conditions (the
same punch diameter, step and wall angle).
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Abstract: The main regularities in the impact of varying intensity impact-oscillatory loading on the
variation of the mechanical and structural properties of the VT23 high-strength two-phase transverse-
rolled sheet titanium alloy have been found. The intensity of the impulse introduction of energy into
the alloy under the dynamic non-equilibrium process (DNP) was estimated by εimp (the increment
of dynamic strain). The pulse intensity was found to change the shape of the static strain diagram
with further tensioning, as compared to the initial state. This indicates the effect from the structure
self-organization inherent in the VT23 titanium alloy upon the DNP. After the DNP (εimp = 1.44%),
with further static deformation, the tensile diagram revealed yield sites up to 6.5% long. In most cases,
the DNP was found to have a negative effect on the variation of the mechanical properties of the
VT23 titanium alloy, especially if the latter was rolled in the transverse direction. The optimal DNP
intensity is εimp~1.5%. In this case, the DNP can be used as an effective plasticization technology for
the VT23 titanium alloy (regardless of the rolling direction) in the stamping of high-strength titanium
alloys. Changes in the mechanical and structural condition of the VT23 titanium alloy subjected to
the DNP were confirmed by the fractographic investigation of specimen fractures.

Keywords: titanium alloy; dynamic non-equilibrium process; mechanical properties; fracture

1. Introduction

Titanium alloys are widely used for various-purpose air transport and aerospace
systems, special equipment, and deep-sea submarines [1–3]. Their high strength, corro-
sion resistance, and wide temperature range make it possible to significantly reduce the
structure’s weight and enhance the reliability of its operation.

Products made of titanium alloy can be subjected to dynamic loads over a wide
range of strain rates. Therefore, many works are dedicated to changes in the mechanical
properties of titanium alloys depending on the load rate and temperature [4–27]. Notably,
the ability to self-organize inherent in the structure of high-strength titanium alloys upon
the DNP has not been given proper attention so far [28]. The DNP is associated with
the fast energy exchange between the system and the environment, and some features of
the mechanical system’s parameters, mainly their natural frequency. These differences
(features) are mostly transient; they appear instantly due to a particular initial condition
and vanish when the balance between the system and the environment is attained. The
term “self-organization” has been generally accepted since the middle of the 20th century. It
was introduced by the works of Haken, Ebeling, Nikolis and Prigogine to denote the main
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characteristic of a well-ordered structure formed in conditions of thermodynamic systems
far from equilibrium. In Solid State Physics, it refers to the possibility of a well-ordered
defect formed in a structure to promote the hydrodynamic plastic flow that reduces the
dislocation slide. More specifically, it characterizes the hydrodynamic plastic flow rather
than the dislocation slide [29]. Interestingly, such processes can be realized in materials of
any statically indeterminate mechanical system when additional force energy is introduced
into this system in a pulsed manner, for instance, due to the application of additional
impulse loads. Given its great practical and scientific value, testing materials under the
DNP requires further research.

Chausov et al. [30–32] propose the DNP realization method using impulse force loads
under impact-oscillatory loading and tested it on materials of different classes. The basis
for the method’s development was the fact that strain rates of various materials, at which
self-organizing processes are taking place, with new spatial dissipative structures being
formed under impact-oscillatory loading, have their ranges. In particular, the Phantom
v711 high-speed camera (maximum registration speed: 1,400,000 k/s) helped reveal two
stages of the low- and high-speed processes responsible for the formation and development
of a dissipative structure in materials under impact-oscillatory loading. The mean strain
rate at the first stage of the process is 1–3 s−1 for aluminum alloys D16 and 2024-T3 [32]
and 1–2 s−1 for stainless steel 12Kh17, respectively [33]. In the second stage, where the
newly formed dissipative structure is likely to spread across the specimen’s volume, a
sharp increase in the strain rate is observed in local areas up to 50–60 s−1 for aluminum
alloys D16 and 2024-T3 [32] and up to 6–10 s−1 for the 12Kh17 stainless steel [33]. That
is, these processes primarily depend on the mechanical and structural properties of the
material under study. We should also note that these processes occur at relatively low
rates of additional impulse loads, when the mass transfer occurs in the absence of the
energy dissipation in the classical sense (conversion of mechanical energy into heat). The
oscillating load frequency, which occurs during the DNP of materials according to the
proposed method, was found to be in the range of 1–2 kHz [32]. An experiment found
that polycrystals have specific intensity ranges for introducing impulse energy into the
material, which under further loading can show an increase or decrease in its ductility,
toughness and static impact toughness. We should note that these effects may affect the
strength of materials. Although most experiments were conducted at room temperature,
many studies on titanium and aluminum alloys exposed specimens to temperatures of 77 K
prior to the impulse introduction of energy into the specimen under the DNP and after this
procedure [34,35]. The mechanical behavior patterns of materials after the DNP observed
in the experiment indicate:

- The hazardous nature of additional impulse loads when applied to load-bearing struc-
tures during operation, as their mechanical properties can deteriorate significantly;

- The possibility of developing a technology for improving the mechanical properties of
the source material using a simple operation of preliminary introduction of impulse
energy in a given intensity range.

The authors performed many experiments to evaluate changes in the mechanical and
structural parameters of high-strength two-phase titanium sheet alloys VT22, VT23, and
VT23M under the DNP. However, most experiments were performed on specimens cut out
of titanium sheets rolled in the longitudinal direction [36]. Given that all titanium alloys
are anisotropic materials, it is advisable to study the DNP effect on specimens of titanium
alloys rolled in the transverse direction.

This research aims to evaluate and generalize the anisotropy effect on the variation of
the mechanical and structural properties (α + β) of titanium alloy VT23 after the DNP.

2. Materials and Methods

The mechanical testing technique was implemented based on a modified ZD-100Pu
(WPM, Leipzig, Germany) hydraulic installation for static testing and is described in detail
in [30–32]. The proposed technique’s main idea consists of high-speed tensioning of the
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material with the imposition of a high-frequency (1–2 kHz) oscillatory process, which
corresponds to the natural frequency of the testing machine. Structurally, this is achieved
by an inner contour introduced into the testing machine in addition to the outer contour
(loaded frame of the testing machine). The inner contour is the simplest statically indeter-
minate structure in the form of three parallel elements loaded simultaneously—the central
specimen and two satellites (brittle samples) of different cross-sections made of hardened
steels 65 G or U8–U12. When this structure is tensioned, the satellites are destroyed, and
the energy is introduced into the specimen under study in a pulsed manner. Satellites may
get involved in the operation at any stage of preliminary static tension, making it possible
to study the effect of the impulse introduction of energy on the degradation of mechanical
properties by the material getting damaged in the process of static tension. By changing
the initial diameter of the satellites, it is possible to control the intensity of the impulse
introduction of force energy into the material.

Mechanical tests were performed on specimens (Figure 1) made of the VT23 sheet
industrial titanium alloy with a thickness of 3 mm at a room temperature. The strain mea-
surement base was 16 mm. In this case, a standard 0.5 accuracy class extensometer manufac-
tured at the Antonov aircraft production plant, Ukraine, was used for strain measurements.

 

Figure 1. Test specimen (dimensions indicated in mm).

The value of εimp under the DNP was controlled by the optical method [32].
The initial mechanical properties of the alloy rolled in different directions are given in

Table 1.

Table 1. The mechanical properties of titanium alloy VT23 depend on the rolling direction.

Rolling Direction
Mechanical Properties

σys, MPa σus, MPa δ, %

longitudinal 1060–1080 1120–1180 16

transverse 960–980 1040–1080 15

The chemical composition of alloy VT23 is given in Table 2.

Table 2. Chemical composition of alloy VT23.

Fe Cr Mo V Ti Al

0.5–0.8 1.0–1.4 1.8–2.5 4.3–5 86–89.3 4.4–6.3

The content of the α and β phases (in %) in the VT23 titanium alloy in the initial state
was evaluated according to the data of radiographic studies [36]. The diffractometric study
showed that the β phase occupies 43% of the mass in the VT23 titanium alloy, and the
α phase occupies 57%. Characteristically, both phase components have a texture in the
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crystallographic direction of the specimen (002). This may be due to rolling or subjecting
the specimens to another mechanical impact.

Fractographic studies of specimen fractures to detect morphological differences in the
fracture micromechanisms were performed on the Zeiss EVO-40XVp (ZEISS International,
Oberkochen, Germany) scanning electron microscope. An automated method for analyzing
the shape and size of dimples of ductile tearing formed during static and impact fracture of
titanium alloys VT23 was used. The method is based on the analysis of the image topol-
ogy. The method contains the operations of smoothing the initial fractographic image; its
convolution with a filter to identify topological ridges; thresholding with subsequent skele-
tonization to identify boundaries between dimples; clustering to isolate the connected areas
that represent the sought objects—dimples. For each dimple, the following quantitative
characteristics were calculated: dimple equivalent diameter deq and shape parameter Kc.

To determine to what degree the shape of dimples approaches the circle, calculated
the coefficient of roundness for each i-th object. Kci is the percentage of object pixels that
fall in a circle with the same area, whose center is combined with the center of mass of the
object [37]:

Kci =

fi
∑

m = 1
g
(→

rm, di

)
fi

·100%, g
(→

rm, di

)
=

⎧⎨
⎩

1, при
∣∣∣→rm

∣∣∣ ≤ di/2

0, при
∣∣∣→rm

∣∣∣ > di/2
(1)

where fi is the number of object pixels; di is the diameter of the equivalent circle; g
(→

rm, di

)
is the indicator function that shows whether the m-th pixel of the object falls within the
boundary of the equivalent circle;

→
rm is the radius vector directed from the center of the

equivalent circle Ci(xci, yci) to the m-th pixel of the object with coordinates (xcm, ycm) [38,39].

3. Results

3.1. Mechanical Properties

Figure 2 shows stress–strain diagrams of specimens from the VT23 titanium alloy
loaded by static tensioning. The specimens are cut out of the sheet material and rolled in
different directions. The effect of structural anisotropy on mechanical properties is revealed.
It is noteworthy that in the longitudinal direction of rolling, the stress–strain diagram has
almost no hardening area of the alloy. Immediately after attaining the tensile strength, a
yield site occurs, after which the material is strengthened. In the transverse direction of
rolling, the VT23 titanium alloy has a lower strength, but the diagram has a fairly long
hardening area of the alloy, which indicates its strong load-bearing capacity.

 
Figure 2. Static tensioning of specimens: 1—longitudinal rolling; 2—transverse rolling.
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The alloy’s total plasticity in different rolling directions is relatively uniform. Given
these differences in the mechanical properties of the specimens rolled in different directions,
we should expect significant differences in the variation of the mechanical and structural
parameters after the DNP. For a detailed analysis of the DNP effect, the dynamic strain
increments (εimp) of specimens in the process of impulse introduction of energy were set
as (εimp = 0.8–5.5%). Given that at ε = 5.5%, the material’s ultimate strength is nearly
attained on the static tension diagram of the specimens, the maximum εimp was chosen.
Previous DNP studies have shown that at such high stresses, the repeated static tensioning
of titanium alloys has revealed deterioration of their mechanical properties.

Figure 3a–e give examples of the stress–strain diagrams obtained for specimens of the
VT23 alloy rolled in the transverse direction after the DNP and repeated static tension. For
comparison, all the graphs show a stress–strain diagram of the alloy in the initial state.

   
(a) (b) (c) 

 
(d) (e) 

Figure 3. Stress–strain diagrams of the VT23 titanium alloy rolled in the transverse direction after
the DNP and subsequent static tensioning, as compared to the static tensioning in the initial state
(curve 1): (a) (2—εimp = 0.81%); (b) (3—εimp = 1.44%); (c) (4—εimp = 2.56%); (d) (5—εimp = 4.56%);
(e) (6—εimp = 5.5%).

The analysis of the results shows that at εimp > 2.56%, the mechanical properties of
the VT23 titanium alloy deteriorated significantly with repeated static tensioning. Most
interesting effects were found at εimp = 1.44% when yield sites up to 6.5% long were formed
on the stress–strain diagram with further static tensioning. At the same time, the yield
strength of the alloy increased to 1000 MPa, that is, by 5–6%, compared to the initial state.
The ultimate strength of the alloy decreased by approximately the same percentage, and
the total ductility remained unchanged. The stress–strain diagram of the VT23 titanium
alloy (rolled in the longitudinal and transverse directions) under the DNP (εimp = 1.44%)
and subsequent static tension were compared Figure 4.

The research findings indicate that after the DNP of the same intensity, one can obtain
stress–strain diagrams similar in shape for specimens of the VT23 titanium alloy cut in
different directions of rolling. At the same time, they both have significant yield areas. This
effect can be used for technological purposes.
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Figure 4. Stress–strain diagrams of the VT23 alloy after the DNP: 1—transverse direction of rolling,
εimp = 1.44%; 2—longitudinal direction of rolling, εimp = 1.5% [36].

3.2. Fractographic Research Results

Characteristic changes in the mechanical properties of the VT23 titanium alloy at
different DNP intensities (see Figure 4) are directly related to the characteristic structural
changes, as evidenced by the results of fractographic research (Figure 5).

The research was carried out both in the central zones of the specimens, where the
fracture occurred by the dimple separation mechanism, and in the lateral areas character-
ized by shear fracture mechanisms. Figure 5 presents their images. The DNP changed
the fracture micromechanisms of the VT23 titanium alloy under study. Thus, at low εimp,
static tensioning diagrams are characterized by a slight strengthening of the alloy on the
ascending branch of the stress–strain diagram (see Figure 3a). This, in turn, causes an
increase in the fibrous cup zone characterized by a significant number of small dimples
(Figure 5a,b) in the central zone of the specimen separation. At the same time, apart from
viscous chipping areas that occur in different directions, many dimples of different sizes
formed on the lateral walls indicate a significant ductility of the alloy’s fracture.

An increase in εimp (see Figure 5c–f) causes the formation of local micro separation
areas in the central zones of the specimen separation. The relief formed by dimples of
different sizes changes appreciably, as evidenced by the depth of separation dimples. All
this indicates that the accumulated defects that merge into pores and microcracks dominate
the descending branches of the stress–strain diagrams, which primarily affects their length
(see Figure 3c,d). The flat chipping areas on the lateral walls of the specimens indicate a
decrease in the fracture toughness of the alloy with an increase in the DNP intensity.

Above is the qualitative analysis of the fractographic research findings. For their
quantitative analysis, the authors used the designated, highly efficient computer diagnostic
system for the automated processing of the images obtained [37,40]. Figure 6 shows the
fractographic images of the fracture microrelief formed on specimen surfaces, and their
binarized mappings.

It is noteworthy that during the DNP followed by static tensioning, the central fracture
zones of specimens made of the VT23 alloy are characterized by dimple microrelief under
all loading conditions considered; however, its morphology is somewhat different due to
the varying intensity of the impulse energy introduction. In particular, at εimp = 0.81%,
412 dimples were found within the area analyzed, the diameters of which were mostly up
to 5 μm, with the maximum size reaching 8 μm. Of particular note is the shape coefficient
parameter, the value of which (Kc = 70–80, according to the approximation) indicates the
homogeneity of the dimple geometry and its closeness to the circular shape (see Figure 7a).
These data indicate a relatively high ductility and crack resistance of the alloy in this
structural state.
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 5. Fracture micromechanisms of specimens from titanium alloy VT23 rolled in the transverse
direction after the DNP and subsequent static tensioning: (a,b)—εimp = 0.81%; (c,d)—εimp = 2.56%;
(e,f)—εimp = 4.56%.

The fracture of specimens after the realization of the DNP (εimp = 2.56%) is also charac-
terized by a dimple structure, which, however, differs significantly from the previous one.
The dimples found on the surface do not have a clearly defined shape, as evidenced by the
value of the shape coefficient (Kc = 25–85, according to the approximation). A significant
scatter of size is inherent in the dimples, while their diameter may reach 16 μm. In addi-
tion, zones of elongation [41] were found around the dimples, indicating the alloy strain
localization. The presence of such elements and a significantly larger area of membranes
between the dimples indicate a decreased microplastic deformation and increased brittle
component in the specimen fracture.
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(b) 

  
(c) 

Figure 6. Fractograms of fracture surfaces of specimens made of the VT23 alloy rolled in the transverse
direction, and their binarized mappings obtained after the impulse energy introduction under
impact-oscillatory loading followed by static tensioning: (a)—εimp = 0.81%; (b)—εimp = 2.56%;
(c)—εimp = 4.56%.
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(c) 

Figure 7. Histograms of dimple diameters and diagrams of dimple shape coefficients on fracture
zones of specimens made of the VT23 alloy rolled in the transverse direction after the introduction of
impulse energy due to impact-oscillatory loading followed by static tensioning: (a)—εimp = 0.81%;
(b)—εimp = 2.56%; (c)—εimp = 4.56%.
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Fracture of specimens after the DNP (εimp = 4.56%) results from the combined effect of
the DNP and relaxation processes in the alloy in case of a significant intensity of introduction
of impulse energy. On the one hand, the DNP activates deformation processes and fractions
(fragments) the original β phase of the alloy, as shown earlier [42]. On the other hand, with
a significant intensity of introduction of impulse energy into the alloy, relaxation processes
occur in the alloy. Apart from the smaller structural elements formed (grains, subgrains,
fragments), these relaxation processes are associated with the activation of rather intense
dislocation redistributions, the consequence of which is the annihilation of intra-volume
dislocations [42]. This caused the formation of the fracture surface similar to that shown in
Figure 6a (the dimple diameter was mostly up to 5 μm, with the maximum size reaching
8 mm), however, with a different shape coefficient of the dimples (Kc = 65–80, according
to the approximation). In addition, the number of dimples with sizes larger than 5 μm is
different, and one can see that all the dimples have a flat bottom (the dimple diameter is
much larger than its depth, compare Figure 6a,c). This indicates the presence of a brittle
component in the micromechanism of fracture. Sharp boundaries between the dimples,
which are clearly visible on the binarized image, also testify to an appreciable embrittlement
of the material (see Figure 6c). Thus, fractographic research indirectly indicates significant
structural changes in the alloy caused by the previous impulse introduction of energy
of different intensities into the VT23 titanium alloy, which is associated with the self-
organization of the alloy structure during the DNP. It should be noted that a similar
procedure for evaluating the differences in the fracture relief of specimens made of the
VT23 titanium alloy rolled in the longitudinal direction after the DNP of varying intensity
was previously described in [43].

4. Discussion

To evaluate the effect of anisotropy on the variation of the mechanical properties of
the alloy under the DNP, the authors used the previously obtained results for the VT23
titanium alloy rolled in the longitudinal direction [36] (Figure 8) and the test data obtained
for specimens cut in the transverse rolling direction described in this article.

 

Figure 8. Dependence of the maximum strain of the VT23 alloy rolled in different directions on
the increase in the dynamic strain increment εimp of specimens during the DNP: 1—longitudinal
direction. [36]; 2—transverse direction.

Here, the abscissa shows the intensity of impulse energy introduced into the alloy, and
the ordinate shows the maximum total deformation of the alloy after repeated static tension.

The transverse direction of rolling. In most cases, the previous DNP deteriorated the
mechanical properties of the VT23 titanium alloy obtained by subsequent static tension.
In addition, specimens cut in the transverse direction of rolling are more sensitive to
this phenomenon than those cut in the longitudinal direction [44–47]. At the same time,
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a narrow εimp range was found, in which the ductility of the VT23 titanium alloy can
be improved. This range is provided at εimp~1.5% (see Figure 4), when yield areas of
significant length appear on the static stress–strain diagrams. An increase in εimp causes a
deterioration in ductility and strength (see Figure 3).

The longitudinal direction of rolling. The maximum plastic properties were achieved at
εimp = 4% while maintaining the strength properties for the specimens cut in the longitudi-
nal direction of rolling. With DNP intensity εimp~1.5%, the total deformation of the VT23
titanium alloy increased by 18% (see Figures 2 and 4) due to the yield areas formed, while
the strength properties also remained unchanged.

In the authors’ opinion, the range of the impulse introduction of energy (εimp~1.5%)
described is optimal in terms of improving the initial mechanical properties of the VT23
titanium alloy rolled in different directions, and can be used as a basis for developing the
alloy plasticization technology [48,49].

5. Conclusions

The main regularities in the plastic anisotropy effect on the variation of the mechan-
ical and structural properties of the VT23 high-strength two-phase titanium sheet alloy
subjected to the DNP are established. For specimens of the VT23 titanium alloy rolled in
the transverse direction, the DNP was found to be more harmful than for those rolled in
the longitudinal direction. The strength and plastic properties of the VT23 titanium alloy
deteriorated over nearly the entire DNP range (εimp = 0.8–5.5%) investigated. However, at
εimp~1.5%, the positive effects of yield areas (up to 6.5% long) were revealed, practically
without reducing the total plasticity of the source material. Notably, the impulse introduc-
tion of energy into the alloy rolled in the longitudinal direction led to the improved plastic
properties of the alloy in a wide range of the εimp parameter variation (εimp = 1–7%). In
particular, at εimp = 1.5%, the VT23 titanium alloy’s ductility increased by 18% compared to
the initial state. Moreover, specimens rolled in the longitudinal direction at a given DNP
intensity were also characterized by yield areas up to 8% long.

Therefore, the optimal DNP range for the VT23 titanium alloy (εimp~1.5%) was found,
in which the initial mechanical properties of the alloy rolled in different directions are
improved simultaneously, making it possible to use this result for technological purposes.
In particular, for developing the stamping technology for high-strength titanium alloys.
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Abstract: Friction is one of the most important technological phenomena and has a large influence
on the flow characteristics of a deformed material. A strip drawing friction test was used to evaluate
the friction characteristics of 0.8 mm thick DC04 steel sheets in a sheet forming operation. Friction
tests were carried out using a specially designed friction simulator and uniaxial tensile tests were
carried out to determine the mechanical properties of the specimens. In addition, measurements of
the sheet surface topography were carried out to identify the tribological properties of the specimens.
The friction tests were conducted under different pressure and lubrication conditions. A comparative
analysis of the results of the friction tests revealed different changes in the surface topography of
the test sheets which can be associated with specific friction mechanisms. It was found that the
effectiveness of lubrication depends on the lubricant viscosity and nominal pressure. Increasing the
nominal pressure intensifies the phenomenon of asperity flattening and reduces the volume of closed
pockets of lubricant.

Keywords: coefficient of friction; deep drawing; sheet metal forming; steel sheet

1. Introduction

Friction and wear is an indispensable physical phenomenon accompanying the move-
ment of two bodies in relation to each other. Holmberg and Erdemir [1] found that ~23%
of world energy consumption comes from tribological contacts. It commonly assumed
that 20% of this energy is used to overcome friction, and 3% is the cost of regenerating
worn parts due to failure or wear. The phenomenon of friction occurring in the processes
of sheet metal forming (SMF) differs significantly from the phenomena occurring at low
loads and in the kinematic nodes of machines. Strong plastic deformation and high temper-
atures can intensify many tribological phenomena in the contact zone [2,3]. The amount of
frictional resistance depends on the surface roughness of the contacting surfaces and on
the contact pressures, the value of which may significantly exceed the yield stress of the
deformed material [4]. Friction is a phenomenon that has a key impact on the flow of the
sheet metal [5,6], the surface finish of the product [7], and also directly affects the wear of
tools [8].

Friction in SMF is a complex function of the physical and mechanical properties of the
tool and workpiece, process parameters, contact conditions (type of lubricant, oil viscosity)
and surface topography of the workpiece and tool [9,10]. Deep drawing is one of the most
important technologies, particularly in the engineering, automotive and aircraft industries.
During SMF, the relative frictional movement of the tool against sheet metal changes the
mechanical properties of the deformed material (e.g., hardness, directional topography
and surface roughness) and requires specific properties of the tool surface (e.g., texture,
protective coating, thermal-mechanical properties) [11,12]. In order to optimally design
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the SMF process and control tribological phenomena, it is necessary to understand the
interactions between the tribological and surface engineering aspects [13,14]. In order
to fully describe the role of friction in sheet metal forming processes, it is necessary to
understand the mutual interactions of the tribological system [15], which consists of four
main elements—the technological and mechanical parameters of the deformed material
and the tool, the lubricant properties, the forming parameters and the characteristics of the
tool material [16–18].

The strip drawing test is used to model frictional conditions in the flange area of the
drawpiece. In this test, the surfaces of the countersamples representing the tool surface
are pressed against the sheet metal strip, which is simultaneously drawn [19]. The sheet
metal strip is pulled between non-rotating countersamples, which are flat [20] or have a
cylindrical shape [19,21]. The possibility of direct measurement of the friction (tangential)
and normal force allows high accuracy to be achieved when measuring the value of the
coefficient of friction (COF). A change of friction conditions is produced by changing the
sliding speed, normal pressure, shape and radius of the countersamples, surface roughness
of the countersamples and lubrication conditions [22,23].

The strip drawing test is the most common method of testing the COF and wear of
sheet metals. Severo et al. [24] tested the tribological behaviour of W-Ti-N coatings in strip
drawing tests. For industrially deposited coatings, a lower COF was measured in dry
friction tests for low loads. Tavares et al. [25] studied the friction of commercially coated
forming tools. The strip drawing tests showed that the CrN/TiN (HV0.2 = 354 kgf·mm2)
and VN (HV0.2 = 229 kgf·mm2) coatings presented lower and more stable COF values,
leading to more favourable tribological conditions. Schell et al. [26] used the strip drawing
test to study the influence of the wear performance and friction of different lubricants on
a die surface. The results revealed that oil and solid lubricants show distinct behaviour
characteristics in the high temperature forming of aluminium sheets. The results from
the strip drawing tests conducted by Sutcliffe et al. [27] show a significant effect of the
lubrication regime while the properties of the different die materials are less important.
Trzepieciński and Fejkiel [19] tested the COF of pre-strained deep drawing quality steel
sheets in the strip drawing test with cylindrical countersamples. They concluded that the
COF of samples decreases with increasing nominal pressure of the countersamples under
both dry and lubricated conditions (machine oil). Trzepieciński [22] tested 0.8 mm thick
DC04 steel sheets between two non-rotating countersamples with radii of 10 and 200 mm in
lubricated conditions using lubricants based on a combination of boric acid and bio-based
oils. The high viscosity of heavy-draw oil (1157 mm2·s−1) suggested that for low pressures
it creates conditions for the formation of a stable lubricant film completely separating the
friction surfaces. In another paper, Bazan and Trzepieciński [2] investigated the influence
of the surface parameters of the strip specimens, surface parameters of the countersamples
and nominal pressure on the COF in the strip drawing friction test. In lubricated conditions
with machine oil, the decrease in value of the kurtosis Sku parameter was greater than in
dry friction conditions. The lubricated conditions also caused a smaller reduction in the
skewness of the Ssk surface roughness parameter than for dry friction conditions.

The aim of this paper is to study of the effect of lubrication conditions and nominal
pressure on the frictional properties of low-carbon DC04 steel sheets in the sheet metal–
blankholder interface. Commonly available oils were used as lubricants. These oils are
relatively cheap compared to professional deep-drawing lubricants used in sheet metal
forming. Friction analysis using the strip drawing test is mainly carried out on cylindrical
or rounded surface specimens. However, there are a limited number of papers on friction
testing using the flat die strip drawing test. Flat countersamples are closer to a real-life
model of the friction conditions of the contact properties in the sheet metal–blankholder
interface. Therefore, in this article, it was decided to present the results of friction tests
of DC04 low-carbon steel sheets with the use of a specially designed simulator which
allows the COF to be determined when pulling a sheet strip between flat countersamples.
Measurements of the sheet surface topography have been carried out to describe the
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tribological properties of the specimens. The friction tests have been conducted under
different nominal pressure and lubrication conditions in order to find the effect of these
parameters on lubrication efficiency and the change in the surface roughness parameters of
the specimen surface under contact geometry reflecting friction in the blankholder zone in
a conventional deep-drawing process.

2. Material and Methods

2.1. Test Material

Strip samples for the friction test, approximately 130 mm long and 20 mm wide, were
cut along the rolling direction from DC04 (thickness g = 0.8 mm) sheet metal. DC04 (1.0338)
is a grade of low-carbon cold-rolled deep-drawing plate mainly intended for use in the
automotive industry. The quality requirements for the chemical composition of DC04 steel
in accordance with EN 10130:2006 [28] are presented in Table 1.

Table 1. Chemical composition of DC04 in accordance with the requirements of EN 10130: 2006
(in wt.%).

C (Max.) Mn (Max.) P (Max.) S (Max.) Fe

0.08 0.4 0.03 0.03 balance

The values of the basic mechanical parameters of the test sheets (Table 2) were deter-
mined in a uniaxial tensile test in accordance with ISO 6892-1: 2020 [29]. The samples cut
along the rolling direction of the sheet were subjected to uniaxial stretching. Based on the
results of the tensile test conducted with three repetitions, the mean values of the follow-
ing parameters were determined: yield stress Rp0.2, ultimate tensile strength Rm, strain
hardening coefficient K, and strain hardening exponent n, elongation A50 and percentage
reduction of area Z. The relation of the true plastic strain and yield stress of DC04 sheets
(Figure 1) is exponential and described by the Hollomon equation σ = K·εn.

Table 2. Basic mechanical parameters of DC04 steel sheet.

Rp0.2, MPa Rm, Mpa A50, % Z, % K, Mpa n

165.2 309.3 37.1 45.7 526.9 0.23

 
Figure 1. True stress vs. true strain curves for the DC04 steel sheet.

The hardness of the as-received specimens was tested using the Vickers hardness
tester series Qness 60 EVO at a test force of 49.03 N. The average hardness was found to be
97 HV5. A view of the test point image is shown in Figure 2.
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Figure 2. Test point image.

The topography of the DC04 sheet in the as-received state is shown in Figure 3a. The
surface topography of the sheet before and after the friction process was measured with
a Hommel-Etamic T8000RC stationary profilometer in accordance with the requirements
of the ISO 25178 standard. The basic height parameters of the geometric structure of
the surface were determined: arithmetical mean height Sa, skewness Ssk, kurtosis Sku,
maximum profile peak height Sp, maximum profile valley depth Sv, maximum height
Sz and root mean square deviation Sq. Surface roughness parameters of the as-received
surface are as follows: Sa = 1.55 μm, Ssk = −0.0307, Sku = 2.68, Sp = 8.02 μm, Sv = 6.93 μm,
Sz = 15.0 μm and Sa = 1.26 μm. The morphologies of the sheet surfaces subjected to friction
were examined using a MIRA 3 TESCAN scanning electron microscope (SEM). The MIRA
3 Tescan microscope with a Schottky field emission gun was equipped with a four-quadrant
BSE detector. The morphology of the as-received sheet surface is shown in Figure 3b. The
surfaces of as-received sheet metals have a granular structure resulting from the sheet
manufacturing process (sheet rolling).

 

 

(a) (b) 

Figure 3. (a) Topography of the DC04 sheet and (b) SEM micrograph of the in the as-received state.

2.2. The Friction Test Process

The strip drawing test consists in pulling a sheet metal strip between two countersam-
ples with a flat working surface. The model and view of the specially designed tester are
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shown in Figure 4. The presence of frictional forces on the two contact surfaces is conducive
to obtaining greater accuracy of the average value of the COF. The device has the advantage
that it is a simple structure with an uncomplicated measurement of the force parameters
during the test.

 
(a) (b) 

  
(c) (d) 

Figure 4. Geometric model of the friction tester in (a) top and (b) isometric views, (c) an actual photo
and (d) friction tester mounted in Zwick/Roell Z100 testing machine.

The body of the apparatus was mounted in the lower holder of a Zwick/Roell Z100
testing machine. After the sample was placed between the countersamples, the upper free
end of the sample was clamped in the upper holder of the testing machine. The technical
parameters of the Zwick/Roell Z100 (Zwick/Roell, Ulm, Germany) testing machine are as
follows: maximum testing force −100 kN, traverse speed between 0.0005 and 600 mm/min,
accuracy of set rate 0.003% Vnom, force measurement accuracy with load cell-from 0.2 KN
class 1 (from 1 kN class 0.5), resolution of crosshead travel 0.0083 μm/impuls and position
accuracy ±2 μm.

The value of the clamping force of the countersamples was set in static conditions
(before starting the sample movement) with the help of the adjusting screw (Figure 3a).
The normal (clamp) force was measured with a Kistler type 9345B force sensor with a
measuring range ±10 kN. Its high resolution allows measurement of the slightest dynamic
changes in large forces and torques in non-rotating elements. LabVIEW 2016 software
(National Instruments, Austin, Texas, USA) was used to record the clamping force of
the countersamples. The value of the tangential (friction) force was measured using the
measuring system of the Zwick/Roell Z100 testing machine. Values of both friction and
normal forces were correlated in the LabVIEW program based on a Megatron Series SPR18
potentiometric linear transducer.

The samples in the form of sheet strips were cut from the same piece of metal sheet. The
strips were tested in as-delivered surface condition [22,23,30]. In general, during friction
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tests related to sheet metal forming it is assumed [19,22,23,30–34] that samples cut from the
same piece of metal sheet have the same surface roughness. These conditions correspond
to industrial sheet metal forming, where the surface topography of the workpiece is not
strictly the same when forming a series of products.

The sample was pulled through the countersample set with a constant travel speed of
the top grip of the testing machine of 2 mm/s. The tests were carried out with the following
nominal pressures p 3, 6, 9, 12 MPa. The values of these pressures are within the range
of pressures prevailing in sheet metal forming [35,36]. The average value of the COF was
determined according to dependence (1), disregarding the transient range r1 + r2 (Figure 4)
related to the change of static friction conditions into kinematic friction.

μ =
FT

2FN
(1)

where: FT—friction (pulling) force, FN—normal (clamping) force.
In the first range (r1 in Figure 5), plastic deformation of the highest peaks of the asperi-

ties occurs with the formation of large stresses in the material (Figure 6a). At the moment
of starting the movement, the deformation of the summits of the asperities increases. At
the same time, as a result of the strain hardening phenomenon, their mechanical strength
is significantly increased. In such conditions, when a certain stress value is exceeded, the
material cracks (Figure 6b). The cracking of the material releases some of the energy accu-
mulated in the material, as a result of which the nominal pressure decreases (the broken
particles fill the spaces in the valleys of the asperities (Figure 6c). As a result, the coefficient
of friction decreases (r2 in Figure 5). In the area of stabilised friction, all asperities of the
sheet surface along the length of the contact path with the countersamples are subjected to
the flattening mechanism. In the stabilised range r3 of the COF (Figure 5), the shear of the
summits of asperities occurs at the entrance to the countersample zone. The mean value of
the COF was determined for the stabilised range r3.

 
Figure 5. Variation of the friction force, normal force and coefficient of the friction during friction test
(dry friction, P = 3 MPa).

Apart from specialist greases intended for plastic working, many greases and oils
manufactured with the intention of being used in mechanical transmissions, engines and
hydraulic systems are commonly used in sheet metal forming processes to reduce the value
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of frictional resistance [37]. The tests were carried out under dry friction conditions (in the
as-received sheet metal state) and during lubrication with Castrol Axle EPX 80W-90 gear
oil and Castrol EDGE 5W-30 engine oil. EPX 80W-90 is a multi-purpose axle oil which
may be used in differentials, final drives and other applications in passenger cars and
commercial vehicles. Castrol EDGE with Fluid Strength Technology TM 5W30 oil is a
fully synthetic engine oil used in conditions requiring lower viscosity and stronger oils for
longer oil change intervals. The criteria for selecting the oils were their general availability
and relatively low cost. The viscosity grade of these oils is standardised according to the
Society of Automotive Engineers (SAE) and many manufacturers produce oils with the
same physico-chemical characteristics. The oils used are generally available and several
times cheaper than professional oils intended for deep-drawing operations. Previous
investigations on friction of titanium alloy sheets [38] confirmed the effectiveness of typical
engine and gear oils in reducing the COF.

 
Figure 6. Character of the contact between the surfaces of the hard tool and the soft workpiece: (a) no
movement, (b) initiation of motion and (c) in motion.

The lubrication procedure complies with the guidelines of Payen et al. [39]: apply oil
with a soft brush, regularise the deposit with the brush emptied of excess oil (i.e., no drop
forms at the end of hairs if weighting brush downward), let the sheet strip stand up for
approximately 10 min so that the oil layer homogenises and the excess oil flows away by
gravity. The drawing speed was 0.5 mm/s. The basic physical and chemical properties of
the oils used in the tests are presented in Table 3.
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Table 3. Basic physico-chemical properties of the oils.

Oil Property Test Method Value

Castrol Axle EPX
80W-90

Density at 15 ◦C ASTM D4052 0.896 g/mL
Kinematic viscosity at 40 ◦C ASTM D445 134 mm2/s

Viscosity index ASTM D2270 101
Pour point ASTM D97 −33 ◦C
Flash point ASTM D92 222 ◦C

Castrol EDGE 5W-30

Density at 15 ◦C ASTM D4052 0.851 g/ml
Kinematic viscosity at 40 ◦C ASTM D445 70 mm2/s

Viscosity index ASTM D2270 169
Pour point ASTM D97 −42 ◦C
Flash point ASTM D93 202 ◦C

Countersamples in the form of inserts (Figure 7) with dimensions of 45 mm wide
and 20 mm high incorporated in the construction of the device were made of 145Cr6
(1.2063) cold-worked tool steel. The 145Cr6 steel is recommended for use in forming
tools, including stamping dies, punching dies, wire drawing dies, cutting plates and shear
knives. The countersamples were fabricated to an overall flatness tolerance of 10 μm. The
average hardness was found to be 215 HV10. Twelve measurements were used to calculate
the average value of hardness. The topography of the countersamples and basic surface
roughness parameters are shown in Figure 7b and Table 4, respectively.

 
 

(a) (b) 

Figure 7. (a) Shape and dimensions of the countersamples (units in mm) and (b) topography of the
countersamples.

Table 4. Basic surface roughness parameters of countersamples.

Sa, μm Sq, μm Sku Ssk Sp, μm Sv, μm Sz, μm

0.636 0.810 3.76 −0.544 4.89 5.11 10.0

3. Results and Discussion

There was a trend of a decreasing value of the COF with increasing pressure which
was related to the nominal contact surface area (Figure 8). This relationship applies to all
the friction conditions analysed. This may be a result of the dependence of friction on the
clamping (normal) force, where beyond a certain load the relationship between friction
force and clamping force is nonlinear and the value of the COF is not constant. In other
words, it changes with normal load. This relation was also observed by Kirkhorn et al. [40],
Trzepiecinski et al. [19,41] and Vollertsen and Hu [42]. Friction occurring at high pressure
values may significantly differ from the phenomena occurring at low loads and in the
kinematic nodes of machines due to the large degree of plastic deformation that can intensify
many frictional phenomena in the contact zone. When compared with conventional
kinematic machine nodes, the material strength of one element of the friction pair (tool)
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is assumed to be much greater than the strength of a formed material that undergoes
intentional plastic deformation in the sheet metal forming process. The initial topography
of the sheet surface under the influence of large deformations is constantly evolving
during SMF.

 
Figure 8. Effect of nominal pressure on the value of coefficient of friction.

As confirmed by Kirkhorn et al. [40], ten Thije et al. [43], Trzepieciński and Fejkiel [19]
and Vollertsen and Hu [42], under such conditions the COF (as a coefficient of propor-
tionality between the friction force and the normal force) has no constant value. In other
words, it changes with normal load. It is obvious that the real contact area increases with
increasing nominal load due to the intensification of the asperity flattening mechanism.
However, determination of the real contact area in sheet metal forming is not fully un-
derstood and, due to the random nature of asperities, difficult to precisely determine
experimentally. For this reason, the literature on friction testing in SMF is focused on the
analysis of nominal pressure.

To determine the influence of the lubricant on the change of friction conditions, an
effectiveness of lubrication coefficient WL was introduced as the ratio between the COF
determined for dry friction μdry and that for lubricated conditions μoil [19]:

WL =
μdry − μoil

μdry
·100% (2)

During the plastic working of metals, initially there is a small and effective contact area.
In elastic contact the surfaces only stick to each other with the summits of the asperities. As
the load is increased, there is an increase in the real contact area. The roughness asperities
are plastically deformed until the contact surface created in this way is sufficient to transfer
the load [44,45]. For smooth surfaces, adhesion is the dominant tribological phenomenon
occurring during metallic contact. The asperities of the surface are flattened and sheared
which increases the real contact area. A clear flattening of the surface asperities was
observed for all analysed friction conditions (Figure 9a–c). It is obvious that the increase in
pressure resulted in a more intensive flattening of the asperities. As the surface roughness
increases, the influence of adhesion decreases, while the share of the shear mechanism of
the sheet metal surface increases.
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(a) (b) 

(c) 
Figure 9. Surface topography of the specimens after a friction test at a nominal pressure of 6 MPa
in (a) dry friction conditions (Sa = 0.876 μm, Ssk = −1.43, Sku = 5.56, Sp = 2.04 μm, Sv = 6.66 μm,
Sz = 8.70 μm, Sa = 0.635 μm), and with (b) 5W-30 engine oil (Sa = 1.27 μm, Ssk = −0.698, Sku = 3.65,
Sp = 3.47 μm, Sv = 5.38 μm, Sz = 8.85 μm, Sa = 0.965 μm) and (c) 80W-90 gear oil (Sa = 1.05 μm,
Ssk = −1.36, Sku = 4.78, Sp = 2.46 μm, Sv = 5.88 μm, Sz = 8.34 μm, Sa = 0.782 μm).

The COF was in the range between 11.24% and 15.7% (Figure 10). With 5W-30 engine
oil, which has a kinematic viscosity lower by about 50% compared to gear oil, there is a
lower ability to reduce frictional resistance (3.84–8.87%). The effectiveness of lubrication
depends on two basic factors: the viscosity of the lubricant and the value of the pressure
acting on the surface, which determines the real area of contact. At low pressure, the
dominant friction mechanism is the mechanical engagement of the summits of the asperities,
and at the same time there are open pockets of lubricant which are not able to generate
the appropriate pressure of lubricant separating the mechanical cooperation of the contact
surfaces. Under these conditions, a lubricant that requires high viscosity plays a key role.
With further increase in nominal pressure, the lubrication efficiency decreases (at 6 MPa
for 80W-90 gear oil and at 9 MPa for 5W-30 engine oil). We can discuss a certain optimal
pressure, which is a kind of balance between the mechanism of mechanical interaction
of the summits of the asperities, the adhesion mechanism, and the volume of closed
lubricant pockets generating sufficient hydrostatic pressure to create boundary lubrication.
Such favourable conditions can be observed for a pressure of 9 MPa, for lubrication with
5W-30 engine oil. With a further increase in pressure, despite the favourable conditions
for creating a “lubricant pad” separating the rubbing surfaces, the real contact area is so
large that the mechanism for the flattening of the relatively soft sheet material by the tool
material of much greater hardness is intensified. As a consequence, the value of the COF
increases for lubrication with 5W-30 engine oil.
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Figure 10. Effect of nominal pressure on the effectiveness of lubrication.

Figure 9 adds to the understanding of Figure 7, i.e., that the effectiveness of lubrication,
WL, increases as the nominal pressure increases, when the lubricant is less viscous (oil
5W-30). Conversely, WL decreases as the nominal pressure increases, when the lubricant
is more viscous (oil 80W-90) although the average value of WL is still greater. There
are oscillations in WL, but they are probably attributable to experimental errors. If the
experiment were repeated sufficient times such that the size of the error bars would be
clear, then the oscillations would be wiped out, or highlighted.

The pressure–viscosity coefficient α refers to the relationship between the load placed
on the oil film (pressure) and the thickness of the oil film (viscosity) at that load, when
all other factors (pressure, sliding speed, geometry, temperature) are constant. The units
of the pressure–viscosity coefficient α, are mm2/N, which are units of area over force.
They derive from the relation between viscosity and pressure, commonly expressed by the
Barus equation ηp = η0eαp, where ηp is viscosity at pressure p (N/mm2), η0 is viscosity at
atmospheric pressure (N/mm2) and α is pressure–viscosity coefficient (mm2/N). When a
is multiplied by pressure with units N/mm2, the units cancel giving the nondimensional
exponent of the natural number e. An increase in pressure over a confined lubricant
results in increasing the lubricant’s viscosity. Such changes in viscosity under mechanical
pressure are also known as piezo-viscous effects. This situation exists in certain regimes
such as mixed lubrication. Accordingly, as pressure increases—which for a constant force
implies a reduced contact area—so does the viscosity, though the relation is not necessarily
linear. Additionally, in the case of granular media, it is known that a viscosity increase is
accompanied by an increased friction coefficient.

Under dry friction conditions, the values of average roughness Sa and root mean
square roughness Sq parameters decrease in the pressure range between 3 and 6 MPa
(Figure 11a,b) as a result of the flattening mechanism. Increasing the pressure activates
the ploughing mechanism involving the mechanical interaction of the highest summits
of the tool surface with the flattened surface of the sheet metal. As a result, the COF
increases slightly. Under lubricated conditions, the adhesion phenomenon in the areas of
real contact practically does not occur, while the flattening and ploughing mechanisms
are limited by the hydrodynamic interaction of the lubricating film accumulated in the
valleys of the surface topography. When lubricating the sample surfaces with the oils
investigated, there is a clear tendency to a reduction of the Sa and Sq parameters with
increasing nominal pressure.
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(a) (b) 

(c) (d) 

(e) 
Figure 11. Effect of nominal pressure on variation of the (a) Sa, (b) Sq, (c) Sku, (d) Ssk, (e) Sp parameters.

For engine oil lubrication conditions, the surface slope coefficient, named kurtosis Sku,
increases almost linearly with increasing nominal pressure (Figure 11c). In the remaining
two friction conditions analysed, after a sharp increase in this parameter during a change
in pressure from 3 to 6 MPa, kurtosis decreases.

A positive value of the surface asymmetry coefficient, named skewness Ssk, reduces
the COF, while in the case of negative skewness, the friction is more intense. Hence, the most
unfavourable friction conditions related to the skewness parameter occur at pressures of
3 MPa, 6 MPa and 9 MPa, for the lubrication conditions with 5W-30 engine oil, 80W-90 gear
oil and lack of lubrication, respectively (Figure 11d).

The occurrence of the flattening phenomenon during the cooperation of the sheet
surface with the countersample surface is evidenced by the reduction of the highest peak
of the surface Sp by over 50% in relation to the as-received surface. There is also a certain
correlation between the character of changes in the parameters Sq (Figure 11b) and Sp
(Figure 11e).
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During loading, the summits of the asperities deform elastically and plastically, chang-
ing the surface topography. In the case of elastic–plastic metals, the increase in pressure
during the forced sliding movement causes an increase in the real contact surface, which
may lead to a reduction in the volume of open pockets of lubricant [46]. Closed pockets
of lubricant are separated from the outer edges of the material and store the lubricant in
the closed volume of the valleys. Under load, the pressure of the lubricant increases. This
forms a kind of hydrostatic cushion, which takes over part of the load [46].

SEM micrographs of the sheet surface after friction tests carried out under the nominal
pressure P = 3 MPa and P = 12 MPa are shown in Figures 12 and 13, respectively. The
summits of the surface were deformed creating flattened areas on the surface of the sheet
(Figure 12). Increasing the nominal pressure increases the surface roughness of the sheet
with clear traces of flattening. At the same time, in these areas, the impact of the ploughing
phenomenon is intensified, especially in dry friction conditions when there are favourable
conditions for revealing the scuffing mechanism (Figure 13a).

 
(a) (b) 

 
(c) 

Figure 12. SEM micrographs of the sheet surface after friction tests carried out under the following
conditions (nominal pressure P = 3 MPa): (a) dry friction, (b) 5W-30 oil and (c) 80W-90 oil.
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(a) (b) 

 
(c) 

Figure 13. SEM micrographs of the sheet surface after friction tests carried out under the following
conditions (nominal pressure P = 12 MPa): (a) dry friction, (b) 5W-30 oil and (c) 80W-90 oil.

4. Conclusions

This article presents the results of friction tests of low-carbon DC04 steel sheets des-
tined for deep-drawing operations. Based on the strip drawing test that simulates the
friction phenomena in the area of the blankholder of the stamping die, the following
conclusions can be drawn:

• The value of the COF decreases with increasing nominal pressure for all analysed
friction conditions.

• Use of 80W-90 gear oil ensured, depending on the value of the pressure, a reduction
in the value of the COF in the range between 11.24% and 15.7% compared to dry
friction conditions.

• In the entire range of nominal pressures examined, the engine oil decreased the value
of the COF by only 3.84–8.87%.

• In dry friction conditions, the average roughness Sa and the root mean square rough-
ness Sq decrease in the pressure range of 3–6 MPa, and then an increase in these
parameters is observed as a result of the intensification of the ploughing mechanism.
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On the other hand, when lubricating the sample surfaces there was a clear trend to a
reduction of the Sa and Sq parameters with increasing nominal pressure in the whole
range of pressures investigated.

• The occurrence of the flattening mechanism during cooperation of the relatively
soft surface of the sheet metal with the hard surface of the countersamples causes
a reduction in the highest peak of the surface Sp by over 50% in relation to the as-
received surface.
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Abstract: Thermo-mechanical process of nickel-based oxide dispersion strengthened (ODS) superal-
loys is critical to produce desired components. In this study, an efficient method of consolidating
powder is introduced to optimize the preparation process, microstructure and properties of nickel-
based ODS superalloys. The influences of consolidation temperature, strain rate and ball milling
time on the hardness of nickel-based superalloys were studied. The relationship among process,
microstructure and hardness was established, the nanoparticles strengthening and grain boundary
strengthening in nickel-based ODS superalloys were discussed. The results indicate that long ball
milling time, moderately low consolidation temperature and high strain rates are beneficial to im-
proving properties of nickel-based superalloys. Moreover, dispersion strengthening of nanoparticles
and grain boundary strengthening play important roles in enhancing nickel-based ODS superalloys.

Keywords: nickel-based ODS superalloys; consolidation; strengthening; hardness

1. Introduction

Nickel-based oxide dispersion strengthened (ODS) superalloys have been considered
as promising candidate materials such as gas turbines, heat exchanger tubes and nuclear
reactors due to their excellent radiation resistance, comprehensive mechanical proper-
ties and high temperature creep strength [1–5]. These enhanced properties are mainly
attributed to high number density nanoscale particles, which can pin grain boundaries
and dislocations [6–8]. The addition such as YH2 and Y2O3 is dissociated to Y during
the mechanical alloying (MA) process, then Y reacts with and Al or Ti in the matrix to
form nanoscale Y-Al-rich or Y-Ti-rich oxides (e.g., YAlO3, Y3Al5O12,Y4Al2O9, Y2Ti2O7,
Y2TiO5) in consolidation process [9]. The hot extrusion (HEX) and hot isostatic pressing
(HIP) are commonly used consolidation processes to prepare nickel-based ODS superalloys.
However, the preparation of ball milling and consolidation of powder usually takes several
months and thus it is costly, which limits the development of ODS superalloys.

It is well known that the properties of nickel-based superalloys including nickel-based
ODS superalloys are strongly dependent on the processing parameters. For example, Kim
et al. [10] investigated the influence of several processing parameters including milling tem-
perature, rotation speed, and consolidation temperature on microstructure and properties
of 14Cr ODS steels alloy. As milling temperature decreases, milling speed increases, and

Materials 2022, 15, 4087. https://doi.org/10.3390/ma15124087 https://www.mdpi.com/journal/materials95



Materials 2022, 15, 4087

HIP temperature decreases, the microstructures of samples become finer and more uniform,
and considerable improvement of tensile strength was noticed. Kishimoto et al. [11] and
Odette et al. [12,13] reported that with the increase of HIP temperature the grain size of the
alloy grew significantly, and the dislocation density decreased, the average particle size
of oxides increased and the density of oxides decreased. Tan et al. [14] studied the effects
of HIP temperature and pressure on the grain in PM superalloy FGH96, and it was found
that temperature and pressure played different roles in controlling prior particle boundary
(PPB) precipitation and grain structure during HIP, the tendency of grain coarsening under
high temperature could be inhibited by increasing HIP pressure which facilitated the re-
crystallization. It is essential to optimize the processing parameters to obtain components
with desired microstructure and properties. Therefore, to accelerate the development of
nickel-based superalloys, some efficient experimental methods need to be developed [15].

In this study, a new efficient thermal consolidation method was used to prepare nickel-
based superalloys with and without ODS. It takes only a few minutes and a few grams of
powder to prepare a sample by this method, which dramatically shortens the preparation
cycle and reduces the cost. In addition, the influences of consolidation temperature, strain
rate and ball milling time on the hardness of nickel-based superalloys were studied, and the
relationship of process, microstructure and properties was established, the strengthening
mechanism of nickel-based superalloys with and without ODS were discussed.

2. Materials and Experiment Methods

The chemical composition of two nickel-based powders (PA1 and PA2) prepared
by argon atomization in this work was given in Table 1. MA powder was prepared by
ball milling PA powders and 0–0.6 wt.% YH2 powders for 0–36 h with speed 350 rpm in
high-energy planetary mill filled with high purity argon gas (99.999%). The ball-to-powder
mass ratio was 8:1 and 0.5 wt.% ethanol was added as process control agent. The MIX
powder was prepared by mixing MA and PA powder at ratio 1:2 (wt.%) for 12 h with speed
60 rpm. The laser particle size analyzer (Mastersizer 3000, Malvern Panalytical, Malvern,
UK) was adopted to detected the particle size distribution of powder.

Table 1. Chemical compositions of PA1 and PA2 powder in wt.%.

Al Cr Fe Ti Y C Ni

PA1 0.25 20.5 0.67 0.56 0 0.054 Bal.
PA2 0.25 21 0.85 0.57 0.68 0.059 Bal.

The powder was sealed in stainless steel container with 10 mm diameter and 15 mm
height, vacuum electron beam welding is adopted to welded container under a vacuum
of 10−2 torr. Thereafter, the container was compressed by Gleeble 3180D at temperatures
ranging from 850 ◦C to 1150 ◦C with strain rates 0.1 s−1–5 s−1. Carbon sheets and lubricant
were placed between specimen and dies to make the deformation more uniform during
compression. The specimens were originally heated to certain temperatures with a rate
of 5 ◦C/s and held for 3 min to homogenize temperature of specimen. To monitor the
temperature during the compression, the thermal-couples were welded at the longitudinal
center of the specimen surface. Finally, the specimen was compressed according to the pre-
set procedure and immediately water quenched to freeze the deformation microstructure.
All specimens were compressed to a total engineering strain of 80% with constant strain
rates. The process flow diagram of specimens prepared is indicated in Figure 1, and the
processing methods of specimens have been compared in Table 2.
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Figure 1. Flow-process diagram of samples preparation.

Table 2. Comparison of processing methods of specimens.

Specimen Powder Mill Time/h Temperature/◦C Strain Rate/s−1

PA1 PA1 powder 0

850/950/
1050/1150

0.1/1/5

MA1-24h PA1 powder and 0.6%YH2 powder 24
MA1-36h PA1 powder and 0.6%YH2 powder 36
MIX1-36h MA1-36h powder and PA2 powder (ratio 1:2) 12 (mixed)

PA2 PA2 powder 0
MA2-24h PA2 powder 24
MA2-36h PA2 powder 36
MIX2-24h MA2-24h powder and PA2 (ratio 1:2) 12 (mixed)

The phases of powder and alloys were investigated using X-ray diffractometer (XRD,
D/MAX 2500, RIGAKU, Tokyo, Japan) with Cu Kα radiation of 0.15405 nm. The diffraction
Angle (θ) ranges from 20◦ to 80◦ with scanning rate of 1 ◦/min.

The Vickers microhardness measurements were performed by using vickers hardness
tester (THV-10, TEST-TECH, Shanghai, China) at a load of 3000 g and a dwell time of 10 s.
The standard deviation was calculated based on 10 measurements.

The characterization of microstructure alloys was observed by optical microscopy
(OM, DM4000M, LEICA, Germany) and field-emission SEM (Quanta 650, FEI, Hillsboro,
OR, USA) equipped with an electron backscatter diffraction (EBSD), the central of samples
was used to analyzed, as shown in Figure 1. The specimens were mechanically polished
by abrasive papers and 50 nm aluminium oxide, the specimens for OM observation were
etched by a solution of 100 mL ethanol + 100 mL HCl + 5 g CuCl2, and the specimens
for EBSD observation were vibration polished for 3–8 h. The vibration polishing was
conducted on Buehler vibratory polisher VibroMet 2 (Buehler, USA) with 30% amplitude.
The EBSD was conducted at 20 kV accelerating voltage, 0.05 or 1 μm step size, the data was
analyzed via HKL Channel 5 software and the equivalent grain size was determined based
on grain area A, 2

√
A/π.
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Transmission electron microscope (TEM, Themis Z 3.2, FEI, USA) observation with
energy dispersive spectrometer (EDS) was used to characterize the structure of specimens,
under 200 kV accelerating voltage. The TEM samples were polished to a thickness of
50 μm by abrasive papers, and sectioned to diameter 3mm. Then the slices were twin-jet
electropolished at −25 ◦C and 40 V in the corrosive solution of 90% ethanol and 10%
perchloric acid.

3. Results and Discussion

3.1. Morphologies of Powder Analysis

Figure 2a,c show the SEM images of precursor powders, it is evident that PA powder
is spherical or subspherical, the EBSD inverse pole figure (IPF), grain distribution and grain
misorientation are shown in Figure 2b–f. The grain size ranges from 0.5 μm to 18 μm, the
average grain size of PA1 and PA2 powder is 4.8 μm and 5.8 μm, and the average grain
misorientation of PA1 and PA2 powder is 33.8 and 31.4, respectively.

The microstructure and particle size distribution of powder with different ball milling
time are shown in Figure 3. The particle size of PA powder ranges in 1–170 μm, the
powder particle is irregular morphology after ball milling, because of the repeated and
high-speed collision between powder and powder or powder and ball milling medium
during MA. Large plastic deformation of powder after crushing during the ball milling
process. Within ranges of 20–600 μm, the particle size increases with the increasing ball
milling time, specifically, the average particle sizes of PA1 and PA2 powder are 182 μm
and 224 μm after ball milling 24 h, and these of PA1 and PA2 powder increase to 205 μm
and 245 μm after 36 h ball milling. The average particles size of powder increases due to
welding of powders during ball milling.

3.2. Macroscopic Cracking Analysis

96 specimens were prepared at temperatures ranging from 850 ◦C to 1150 ◦C with
strain rates of 0.1–5 s−1. The shapes of the specimens after hot compression are shown
in Figure 4. From macroscopic perspective, most of the specimens are regular pie with
obvious bulging in the middle, which is due to the non-uniform deformation caused by the
friction between the specimen and workpiece during hot compression [16]. Some specimens
with obviously macroscopic failure features (marked by the red box) are observed, these
specimens are compressed at the low temperature, the cracking percentage of the samples
is 14.6% and 5.2% compressed at 850 ◦C and 950 ◦C, respectively. No macroscopic cracking
was observed in samples consolidated at 1050 ◦C and 1150 ◦C.

Figure 5 depicts some typical features of PA1 and MA1-36h alloys consolidated at
different temperatures with strain rate of 0.1 s−1. The microscopic cracks along the PPB
are observed in PA1 alloys and MA1-36h alloys at 850 ◦C corresponding to Figure 5a,c,
respectively. Generally, PPB are difficult to be broken and eliminated at low temperature,
which facilitates the crack nucleation and propagation during thermal consolidation [17].
The microcrack along the PPB are mainly caused by local stress concentration [18,19].
With the increase of consolidation temperature, the thermal activation of the material
increases, the atomic diffusion rate accelerates, and the kinetic energy of the atoms increases,
weakening the binding force between atoms, the softening effect of the material becomes
obvious. The PPB is broken and eliminated quickly at elevated temperature and high stress,
replaced by dynamic recrystallized grains, and good metallurgical bonding between the
powder particles is achieved [20]. No PPB and macroscopic cracks are observed in PA1 and
MA1-36h alloy consolidated at 1050 ◦C.

98



Materials 2022, 15, 4087

Figure 2. The SEM and EBSD IPF images of powders: (a,b) PA1; (c,d) PA2; (e) grain size distribution;
(f) grain misorientation.
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Figure 3. The microstructural feature and particle size distribution for (a) PA1, (b) MA1-24h, (c) MA1-
36h, (d) MIX1-36h, (e) PA2, (f) MA2-24h, (g) MA2-36h, (h) MIX2-24h, respectively.
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Figure 4. The shapes of specimens compressed at different conditions: (a) PA1; (b) PA2; (c) MA1-24 h;
(d) MA2-24 h; (e) MA1-36 h; (f) MA2-36 h; (g) MIX1-36 h; (h) MIX2-24 h.
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Figure 5. The SEM images of failure specimens consolidated at different temperatures with strain
rate 0.1 s−1: (a) PA1: 850 ◦C; (b) PA1: 1050 ◦C; (c) MA1-36h: 850 ◦C; (d) MA1-36h: 1050 ◦C.

The formation of crack in hot compression are described by the three steps in the
schematic, as shown in Figure 6. At initial stages, loose powder began to slide and rear-
rangement under low pressure. Thereafter, as the stress increase, the plastic deformation
of powder gradually happens, when the stress reaches the yield point of the powder. As
hot compress continue, strain increases gradually, dynamic recrystallization (DRX) occurs.
However, when hot compression temperature is low, PPB can hardly be broken, and gradu-
ally is stretched into ellipsoid as strain increases [20], leading to the concentration of stress
at PPB, microcracks generates and expands along the PPB, leading to the formation of
macroscopic cracks eventually.
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Figure 6. Schematic illustration of formation of compression cracks during hot compression. (I) prior
to deformation, (II) deformation, (III) the formation of cracks.

3.3. XRD of the Powder and Alloys Analysis

Figure 7a shows the XRD patterns of precursor and ball milling powder. γ-Ni and
YH2 diffraction peaks are visible in the mixture powder of PA and YH2 powder. After
ball milling 36 h, only γ-Ni diffraction peak are observed in MA powder, YH2 is unstable
and dissociated to Y and H during the MA, which is consistent with other studies [21].
Meanwhile, the impact energy generated by the ball milling results in a reduction of grain
size and an accumulation of the lattice strain, which leads to the decrease of diffraction
peak intensity, increase of width and angular deviation [22]. The XRD patterns of PA1 and
MA1-36h alloy consolidated at 1050 ◦C/0.1 s−1 is illustrated in Figure 7b, the diffraction
peaks of Y4Al2O9 and TiO2 are detected in MA1-36h alloy, only the diffraction of TiO2 can
be found in PA1 alloy.

Figure 7. XRD patterns of (a) powders milled for different times and (b) samples consolidated at
1050 ◦C/0.1 s−1.

3.4. Microstructure Characterization

The grains at center regions of PA1 and MA1-36h alloy consolidated at different
conditions are presented by EBSD IPF, as shown in Figures 8 and 9. Generally, the samples
consolidated at higher temperatures and lower strain rates have large average grain size.
Significant grain growth happens when the temperature excesses 950 ◦C, especially at low
strain rate. As the consolidation temperature increases from 850 ◦C to 1150 ◦C at strain rate
of 0.1 s−1, the average grain size of PA1 alloy increases from 2.76 μm to 16.5 μm, and that
of the MA1-36h alloy increases from 0.18 μm to 0.31 μm. The grain evolution is generally
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controlled by dynamic recovery (DRV), DRX, and grain growth processes [23–26]. For the
PA1 alloy, comparing with the initial microstructure of precursor powder of PA1 (Figure 2b),
grains are not uniform and some large grains only deform under stress rates of 0.1 s−1 and
1 s−1 at 850 ◦C. Grains of alloy consolidated at 950 ◦C are more uniform than that of the
samples consolidated at 850 ◦C, with the increase of thermal activation. Grain growth plays
a dominating role during the microstructure evolution when the temperature excesses
950 ◦C. Comparing with microstructure of the PA1 alloys, the grains of MA1-36h alloys
consolidated at 850–950 ◦C keep fine during consolidation, and the average grain size
fluctuates slightly. The grains grow gradually in samples as the consolidation temperature
increasing to 1050 ◦C. Moreover, it is clear that the grains decrease from micron to submicron
by comparing PA1 alloy with MA1-36 alloy, the grains are refined by ball milling. The grain
growth rate of PA1 alloy is more rapidly than that of MA1-36h alloy with the temperature
above 1050 ◦C, mechanism behind that will be discussed thereafter. In terms of strain
rate, the strain rate has ambiguous effects on the grain evolution at 850–950 ◦C, as the
consolidation temperature excesses 1050 ◦C, the average grain size of samples consolidated
at 5 s−1 is smaller than that of other strain rates, and at a certain temperature, grains in
alloys deformed at 5 s−1 are more uniform than these of the counterparts consolidated at
other strain rates. Accordingly, the consolidation temperature of near 1050 ◦C with strain
rate of 5 s−1 is suggested, to obtain homogeneous distributed fine-grains.

Figure 10 shows the grain misorientations of PA1 and MA1-36h alloys consolidated
at different conditions. The influence of consolidation conditions on the grain evolution
can be reflected by grain boundary misorientation [27]. The dislocation occurs in the
process of consolidation, which leads to the misorientation in grains, and forming low
angle grain boundaries (LAGBs, <15◦). The higher the dislocation density, the larger the
proportion of LAGBs. DRX is triggered, when the dislocation density reaches critical
dislocation density. The dislocation is absorbed during the grain growth, resulting in the
decrease of dislocation density, the fraction of LAGBs decreases. With sufficient driving
force and time, DRX continues to occur and the dislocation density decreases further. For
the PA1 alloy, comparing with PA1 powder (Figure 2), the average grain misorientation of
samples decreases, as shown in Figure 10a. Generally, As the consolidation temperature
increases from 850 ◦C to 1050 ◦C, the thermal activation increases, the fraction of high
angle grain boundary (HAGBs, >15◦) and the average grain misorientation of samples
increases. However, the average grain misorientation decreases at 1150 ◦C, it is speculated
that the grain growth leads to the decrease of the grain quantity in the same area. For the
MA1-36h alloy, the average grain misorientation of samples increases with the increase of
temperature except 1150 ◦C/1 s−1 (Figure 10b).

In addition, Figure 11 shows the TEM bright field images of PA1 and MA1-36h alloy
consolidated at 1150 ◦C/5 s−1. Figure 11a shows a large-grain region with a high dislocation
density in the PA1 alloy. The dislocations have long, relatively straight-line segments, with
sharp corners and a serrated appearance in the other locations. Figure 11b illustrates the
microstructure of MA1-36h alloy, significant nanoparticles and dislocations are noticed in
sample, the dislocations interact with the nanoparticles, indicating that they are strongly
pinned by nanoparticles. The nanoparticles are distributed in grain and grain boundary,
ranging in size from a few nanometers to tens of nanometers.
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Figure 8. Cont.

105



Materials 2022, 15, 4087

Figure 8. EBSD maps at center region of (a) PA1 and (b) MA1-36h alloys consolidated at different
conditions.
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Figure 9. The equivalent grain size distributions and average grain sizes of (a,c) PA1 and
(b,d) MA1-36h alloys consolidated at different conditions.
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Figure 10. Cont.
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Figure 10. The grain misorientations of (a) PA1 and (b) MA1-36h alloys consolidated at different
conditions.
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Figure 11. TEM photographs of (a) PA1 and (b) MA1-36h alloy compressed at 1150 ◦C/5 s−1.

The grain growth rate of MA1-36h alloy is retarded comparing with PA1 alloy. Since
nanoparticles detected as Y4Al2O9 by XRD are dispersed in MA1-36h alloy, which prevent
DRV and grain growth via pinning dislocations and grain boundaries [28], the grain
boundaries of MA1-36 h alloy are more stable than that of PA1 alloy, even at very high
temperature [29].

The local misorientation images of PA1alloy and MA1-36h alloy consolidated at differ-
ent conditions illustrate the hardening status of grains, as presented in Figure 12. In general,
the specimens consolidated at higher temperature shows lower local misorientation. The
strain hardening of PA1 consolidated at 850 ◦C is significant, as shown in Figure 12a, which
is related to dislocation accumulation in materials. With the increase of temperature, the
strain hardening gets relieved by DRV at higher temperature, which also facilitates the
DRX via subgrain formation [30]. In addition, as the strain rate increases from 0.1 s−1 to
5 s−1, the PA1 alloy presents lower local misorientation except at 1050 ◦C. However, the
strain rate has ambiguous effects on the local misorientation evolution in MA1-36h alloy, as
shown in Figure 12b.

EBSD maps in Figures 13 and 14 depict the deformed, substructured and recrystallized
grains in the specimens consolidated at different conditions. In general, with the increase
of consolidation temperature, the frequency of deformed grains deduces gradually, while
fractions of the recrystallized grains get larger at the same strain rates. In general, the
deformed grains of PA1 alloy decreases gradually with consolidation strain rate increasing
from 0.1 s−1 to 5 s−1. Astonishingly, the substructured grains in MA1-36h alloy consolidated
at strain rates of 1 s−1 are more than the counterparts consolidated at strain rates of 0.1 s−1

and 5 s−1.
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Figure 12. Cont.
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Figure 12. EBSD maps showing local misorientation in grains of (a) PA1 and (b) MA1-36h alloys
consolidated at different conditions, wherein different colors ranging from 0◦ to 5◦ correspond to
different misorientations as indicated by the color bar.
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Figure 13. Cont.
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Figure 13. EBSD images showing the distributions of recrystallized, substructured, and deformed
grains in (a) PA1 and (b) MA1-36h alloys consolidated at different conditions.
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Figure 14. Relative frequency of deformed, substructured and recrystallized grains in (a) PA1 and
(b) MA1-36h alloys consolidated at different conditions.

3.5. The Variation of Hardness

The hardness of specimens manufactured at different conditions is shown in Figure 15.
The hardness of PA alloy and MA alloy ranges in 154.8–344.9 HV and 421.1–697.3 HV,
respectively. As expected, the hardness of MA alloy is significantly higher than that of PA
alloy, and the hardness increases with the ball milling time prolonging. In addition, the
hardness of samples is also strongly dependent upon temperature. The hardness of samples
decreases with the increase of the consolidation temperature. For example, the hardness
of PA1 alloy decreases from 288.6 HV to 166.3 HV, with the consolidation temperature
increases from 850 ◦C to 1150 ◦C at strain rate of 5 s−1. The effect of strain rate on the alloy
hardness is also presented. In general, the hardness of samples increases with increasing
strain rate, especially at 1050–1150 ◦C. High deformation rate is conducive to the formation
of high-density dislocation, higher energy storage and refine grain size, improving the
properties of the alloy, which is consistent with the other literature reports [31–38].
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Figure 15. The hardness of alloys prepared at different ball milling time and consolidation process.

4. Discussion

4.1. Microstructure Evolution during Consolidation

The grain evolution during thermal consolidation is generally controlled by DRV, DRX
and grain growth [23–26]. The strain hardening is significant in specimens compressed at
850 ◦C, adequate energy is stored in materials by dislocation accumulation to trigger DRX,
as illustrated by the local misorientation maps in Figure 12. As temperature increasing,
the strain hardening gets relieved, the improved temperature enhances the formation of
DRX nucleation via subgrain formation, the initiation of DRX is faster at higher temper-
ature [30,39]. In general, the improved temperature increases the average grain size of
samples based on Figures 8 and 9. The improved temperature can also enhance the DRV
and grain growth which relief the dislocation accumulation and consume the stored energy,
making it less sufficient to trigger sufficient recrystallization.

In addition, in terms of strain rate, the grain growth is relatively slackened and average
grain size drops during consolidation as the strain rate increases from 0.1 s−1 to 5 s−1,
specially at 1050–1150 ◦C. The higher strain rate inhabits DRV and limits the time of
boundary migration, DRX nucleation via coalescence of subgrain and the strain induced
boundary migration is retarded [39,40].

4.2. Strengthening Mechanism of Nickel-Based ODS Superalloys

The hardness HV of samples can be divided into the matrix hardness H0, grain bound-
ary strengthening Hg, solid solution strengthening Hss, oxides strengthening Hp and dislo-
cation strengthening Hd, it can be expressed by [41]:

HV = H0 + Hg + Hss + HP + Hd (1)
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In this work, the difference of PA alloy and MA alloy can be estimated by equation:

ΔHV = ΔHg + ΔHPs + ΔHDis (2)

The contribution of dislocation strengthening is given by Equations (3) and (4) [42,43]:

ΔHd = αMGb
√

ρd (3)

ρd = 2θ/μb (4)

where M is Taylor factor equal to, G is shear modulus, b is Burgers vector, α is the dislo-
cation strengthening coefficient, ρd is the dislocation density, μ is the unit length, θ is the
misorientation angle estimated by the local misorientation maps (Figure 12).

The grain boundary strengthening is related to the average grain size D, which can be
determined by the Hall-Petch equation [44]:

ΔHg =
k√
D

(5)

where k is the Halle-Petch strength constant. It is clear that the hardness of MA1-36
alloy is higher than that of PA1 alloy by comparing with the average grain size based on
Figures 8 and 9.

In addition, nano-oxides plays an important role in ODS superalloy, as shown in
Figure 11. Based on Orowan strengthening mechanism [45,46], homogeneously dispersed
oxide particles can suppress effectively dislocation movement, as well as grain boundaries
migration [47,48]. Therefore, high hardness of MA1-36h alloy comes mainly from grain
boundary strengthening and nano-oxides strengthening.

5. Conclusions

In summary, nickel-based superalloys with and without ODS have been fabricated
by ball milling and efficient consolidation method. The relationship among the prepara-
tion process, microstructure and properties of alloy are studied. Basically, the following
conclusions can be reached:

(1) The PPB of nickel-based superalloys is difficult to be broken and eliminated at low
temperature, which facilitates the crack nucleation and propagation during thermal
consolidation. With increasing of temperature, the thermal activation of the material
increases, the PPB is broken and eliminated quickly at elevated temperature and high
stress.

(2) The grain size is sensitive to the consolidation temperature, the average grain size
increases with the increase of consolidation temperature. The average grain size of
samples consolidation at strain rate 5 s−1 decreases and more uniform than low strain
rate, since higher strain rate inhabits DRV and limits the time of boundary migration.

(3) The hardness of nickel-based superalloys decreases with the increase of the con-
solidation temperature, strain rate, and the hardness increases after ball-milled for
longer time. In addition, the hardness of nickel-based ODS superalloys is significantly
higher than that of nickel-based superalloys without ODS due to the grain boundary
strengthening and nano-oxides strengthening.

(4) Basically, in order to obtain fine-grains, excellent properties and less cracking risk,
consolidation temperature of near 1050 ◦C and strain rate of 5 s−1 are suggested.
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Abstract: The paper analyses the forming of the surgical instrument handles made of Grade 2 titanium
sheets. Sheet metal forming is a technology ensuring high strength and light weight of products.
Replacing stainless steels with titanium further reduces instrument weight and additionally provides
the required resistance to corrosive environments typical for surgeries. The low instrument weight
is important to prevent fatigue of surgeons and allow them to maintain high operational accuracy
during long term surgeries. The numerical analysis of the technological process was performed in
order to adapt it to forming tool handles using titanium sheets instead of steel sheets. The numerical
calculations were experimentally verified. It was found that, in the case of titanium handles, it is
necessary to use a blank holder in the first forming operation to eliminate sheet wrinkling in the
flange area. The shape and dimensional accuracy of the drawn part after trimming were high enough
and the 4th forming operation became unnecessary. Moreover, the process modification included
lubrication using rapeseed oil with the addition of boric acid, which effectively prevents the galling
of titanium on the working surfaces of the steel tools and ensures a more uniform distribution of
plastic strains in the drawn part.

Keywords: sheet titanium forming; Grade 2 titanium; environmentally benign lubricant; numerical
analysis; medical instruments

1. Introduction

Medical instruments are mostly made of highly-alloyed stainless steels, including
martensitic, ferritic and austenitic steels. Only in justified cases, materials such as platinum,
titanium, tantalum and their alloys are used [1]. In the case of gripping parts, used for
holding instruments in the operator’s hand, aluminium alloys and, recently, plastics, as well
as composite materials are also used. In order to increase their corrosion resistance, as well
as antibacterial and antiviral properties, instruments are subjected to surface treatment [2].
In [3], Xue et al. summarised the latest advances in surface modification techniques,
especially titanium and its alloys, for biomedical applications. The surface techniques
include plasma spray, physical vapor deposition, sol-gel, micro-arc oxidation, etc. The
conditions in which medical instruments are used, namely long-term contact with organic
tissue, body fluids and disinfectants are the reasons why the materials used for medical
instruments should have good corrosion resistance. As emphasised by Gherlone et al. [4],
in the light of the COVID19 pandemic, when CoV-2019 can be transmitted not only directly
from person to person by respiratory drops, but also by direct contact with contaminated
material, it is important that medical instruments were made of materials resistant to
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disinfectants. Frequent sterilisation accelerates corrosive processes and induces corrosive
wear of the tools.

The second very important factor taken into account when choosing materials for
medical instruments is their weight. The light weight of surgical instruments is of par-
ticular importance during long-term surgical operations, often requiring high precision.
In addition, parts of medical instruments, such as the working and gripping parts and
connectors, must exhibit appropriate mechanical properties ensuring the transfer of loads
occurring during the work of instruments, without changing the functional characteris-
tics of individual parts of the instruments. The normative recommendations relating to
materials used for medical instruments are described in [5,6].

The use of gripping parts made of thin-walled elements is a solution that allows the
weight of medical instruments to be reduced. Among the various manufacturing techniques
such as machining, casting or 3D printing, metal forming provides the greatest strength to
thin-walled elements [7]. Products manufactured by sheet metal forming, despite the small
thickness of the walls of the drawn part, are characterised by high strength due to strain
hardening taking place during cold working. In work [8,9], discussing the latest trends in
metal working, sheet metal forming is indicated as a process enabling the production of
light and durable products, so desired in many areas of life, including the medical industry.
To advance the rehabilitation efficacy and shorten the recovery period of patients, Cheng
et al. [10] proposes incremental sheet titanium forming for the production of biomedical
implants. However, this flexible forming technique still requires a great deal of effort to
increase the geometric accuracy to make the drawn part fit properly. Scratches and marks,
caused by the forming tool, pose problems which are difficult to overcome, so the process
is still in the experimental phase.

An additional reduction in the mass of drawn parts, while maintaining appropriate
strength, can be obtained by using sheets of light and high-strength materials such as
titanium and its alloys. Up to 600 ◦C, titanium alloys have the highest strength-to-weight
ratio among all construction metals [11]. Biocompatibility is an additional advantage of
titanium regarding medical applications, especially due to postoperative complications in
the case of using implants and surgical instruments made of materials sensitising patients,
which the authors of article [12] pay attention to. According to [13,14], titanium does not
cause an undesirable biological interaction in contact with living tissue. The beginnings
of using titanium and its alloys for structural elements date back to the end of the 1940s.
With the development of implants in the 1960s, the first surgical titanium instruments
also appeared [15]. Somewhat later, in the 1980s, titanium started to be used to reduce
the weight of car parts [16]. However, due to the high cost of producing and processing
titanium materials, their use in civil applications is still limited, mainly to produce implants
and high-end sports equipment, as well as in the automotive industry for high-end cars
and racing ones. Furthermore, although at the beginning of the 1980s titanium sheets
began to enter the construction market mainly as roofing materials, curtain walls and
ventilation shafts [17,18], the aviation industry is still the largest customer of titanium
products. Unfortunately, at ambient an temperature, sheets made of materials with high
specific strength, such as titanium alloys, are characterised by low formability. Among
titanium materials, only Grade 1 and Grade 2 commercially pure titanium sheets can be
relatively easily formed in ambient temperatures with typical dies used for sheet steel
forming [11,19]. Other commercially pure titanium (Grade 3 and 4) as well as titanium
alloys belong to hard-to deform materials in ambient temperatures. To solve this problem,
hot forming is applied. Wang et al. [20] propose Fast light Alloys Stamping Technology
(FAST), where fast heating is employed to maintain the post-form strength but not impairing
the formability. Moreover, Tian and Li [21] studied the hot stamping process for forming
complex-shaped titanium alloy components, combining heat treatment and fast stamping.
Although hot forming improves the drawability, it requires more expenditure on heating
and the use of protective atmospheres to prevent increased gas (oxygen, hydrogen and
nitrogen) absorption by titanium.
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The literature review shows that works in the field of cold forming titanium and its
alloys, especially sheet metal forming, are almost unique materials, what is also emphasised
in the work [22] from 2021. Scientific works mainly concern the study of titanium properties
and microstructure, heat and surface treatment, as well as corrosion problems. These
publications mainly emphasise the advantages of titanium and its alloys compared to steel,
especially the favourable mechanical strength in relation to titanium density, high resistance
to most common corrosive environments and good biocompatibility. Usually, the research
concerns the drawn part with simple geometry, such as a spherical cup. There is no detailed
information on the process parameters of cold forming titanium sheets. In [22], plastic
behaviour and formability of the commercially pure titanium CP Grade 2 hcp-titanium T40
was examined. The Authors paid attention to the significant influence of sheet anisotropy on
the occurrence of instability and distribution of plastic strains. Chinapareddygari et al. [23]
assessed the stretchability of Grade 4 commercially pure titanium sheets on the basis of
tensile tests (yield strength, ultimate tensile strength, elongation), the plastic strain ratio
(r-value) and forming limit diagram (FLD). Lin et al. [24], when analysing the deep drawing
behaviour of commercially pure titanium at room temperature, pointed out that earing is a
result of planar anisotropy and tension-compression asymmetry (TCA). TCA reduced the
thickness of the deep drawn sections, increased the earing ratio, and influenced the drawing
force. The earing profiles depended strongly on the texture evolution. Pham [25,26]
examined both experimentally and numerically the anisotropic yielding behaviour and
the distortional hardening behaviour of commercially pure titanium sheets during the
hydraulic bulge test. Chen and Chiu [27] stated that the low ductility of commercially pure
titanium at room temperature results from its hexagonal close-packed crystal structures,
and thermal activation is required to increase its ductility and formability. Mohanraj and
Elangovan [28] also showed that the formability of Grade 2 titanium sheets can be improved
at elevated temperatures. However, the manufacturing process at room temperature is
always preferred for the reason of cost-effectiveness. Therefore, scientists are constantly
looking for new methods of the cold forming of sheets of hard-to-deform materials. Adamus
and Lacki [29,30] indicate the possibility of improving the drawability of titanium sheets
thanks to the use of semi-flexible tools. Aydogan et al. [31] used hydroforming with a
membrane diaphragm to shape Grade 2 commercially pure titanium. They pointed out
that hydroforming reduces the springback value of the sheets and gives a more uniform
strain distribution comparing to other forming methods due to the smooth action of fluid
pressure. However, hydroforming is an inefficient and very demanding process. It requires
high-capacity presses, a qualified workforce, etc. Kumar [32] underlined that material
formability depends on intrinsic material properties and prevailing process parameters,
especially lubricating conditions. Kakulite [33] added that galling is one of the major
disadvantages of friction, which is commonly observed in sheet metal forming, and that
the use of suitable lubricants and coatings can be two of the easiest, most economical
and efficient methods to mitigate galling. Adamus and Dyja [34] achieved good results in
decreasing the coefficient of friction during sheet-titanium forming thanks to the application
of lubricants based on vegetable oils with an additive of boric acid. In [35], the authors
concluded that anti-adhesive coatings put on the working parts of the dies are additional
protection against galling when the lubricant film breaks under the high unit pressure
occurring in the sheet-titanium forming process. The authors’ experience to date has shown
that tool geometry, especially the die and punch fillet radii and the blank holder force are
also key factors in sheet metal forming.

In this paper, an analysis of the forming process of the gripping part of a surgical
instrument previously made of steel 1.4021 [36] was carried out. Grade 2, the most com-
monly used commercially pure titanium in technology and medicine, was selected as the
material for handle production. This choice was made due to its biocompatibility, quite
good formability resulting from the ratio of yield point to tensile strength of about 0.7
and elongation of about 20%, low density of 4500 kg/m3, almost half that of steel, high
corrosion resistance, and good weldability. As Grade 2 titanium belongs to α alloys which
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undergo strain hardening sheet thinning occurring during plastic forming, and will be
compensated by material hardening. Due to the fact that the drawn part has an elongated
rather complex shape, it is important to take into account the sheet plastic anisotropy and
the appropriate location of the blank in relation to the rolling direction.

Theoretical analyses of the sheet metal forming processes were carried out with the
commercial PAMStamp 2G [37] programme, dedicated to sheet metal forming processes.
The results of the numerical analyses were experimentally verified.

The novelty of the work refers to the use of grade 2 titanium on parts usually made
of steel, which allows for a weight reduction of about 47%, and the use of technological
lubricant based on vegetable oil with an additive of boric acid, which effectively lowered
the frictional resistance during forming from 0.4 in dry conditions to 0.1 with lubrication.
This lubricant completely eliminates the galling phenomenon, which allows for forming
titanium handles with the use of rigid steel tools. What is very important also, is that
the lubricant does not pose a threat to the environment. An additional advantage of
titanium products is the possibility of colouring them by performing anode oxidisation to
the titanium, thanks to which it is easy to distinguish tools during a surgical procedure.

2. Materials and Methods

2.1. Aim and Scope of Work

In the work, the cold forming of the components of a surgical instrument handle,
which are presented in Figure 1, is analysed. The main goal of the study is to modify the
technological process, which is currently used for forming steel handles, in order to make it
possible to produce them from titanium sheets.

 

Figure 1. View of handle parts of surgical instruments.

The handle consists of two parts formed from sheet metal, which are then joined by
welding. In order to reduce the instrument weight, it was proposed to make these parts
from Grade 2 commercially pure (CP) titanium sheet (Table 1), produced by Kobe Steel,
LTD, Kakogawa, Japan according to EN 10204 -Material Certificate 3.1 [38]. Its chemical
composition was confirmed using energy-dispersive X-ray spectroscopy (EDS)—Ti and
Fe—99.8 and <0.1 wt.%, respectively (Figure 2). Until now, these parts were made of 1.4021
steel sheet (Stahl Krebs, Solingen, Germany).

The analyses include:

− experimental forming of the drawn parts in industrial conditions;
− numerical simulations of the sheet metal forming process, using the PAMStamp 2G
programme, based on the finite element method (FEM).

Mechanical properties (Young’s modulus E, yield stress Rp0.2, tensile strength Rm)
and technological ones (Lankford coefficient r, strength coefficient K and strain hardening
exponent n) of the analysed sheet were determined in the static uniaxial tensile test in
accordance with [39]. The tests were carried out on Zwick Z50 (Zwick Roell Polska Sp.zoo.
Sp.k., Wroclaw, Poland) tensile testing machine. To determine forming limit diagram (FLD)
of the sheet, ARAMIS 5M System was used. It is a non-contact measuring system based on
digital image correlation and photogrammetry. To determine coefficient of friction, a strip
drawing test was applied. Strip drawing test is used to model friction condition in sheet
metal forming, i.e., between the punch/die and deformed sheet.
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Table 1. Nominal chemical composition of Grade 2 CP titanium.

Element Ti Fe O C N H

Content,
wt.% ≥98.9 ≤0.30 ≤0.25 ≤0.09 ≤0.03 ≤0.015

 

Figure 2. EDS spectrum of Grade 2 CP titanium.

2.2. Experimental Tests

Tests of sheet metal forming were performed on typical steel rigid tools used for
the production of steel sheet handles. The tool was mounted in UPV80 hydraulic press
(Figure 3) with pressure of 80 T, which is used in the Factory of Medical Instruments
CHIRMED, Rudniki, Poland for mass production of different drawn parts. The manufac-
turing process of the handle part to date used in the factory consists of four operations:
initial and supplementary forming, trimming the flange and final forming. All the forming
operations are performed in a tool consisting of a die and a punch. Rectangular Grade 2
titanium sheet blanks with dimensions of 85 mm × 57 mm × 1 mm were used to form
the drawn parts. The forming speed was 5 mm/s. To reduce the forming resistance and
to prevent titanium sticking to the working surface of the steel tools in the subsequent
forming operations, a vegetable oil-based lubricant with the addition of boric acid was
used. According to [34], using this lubricant when forming titanium sheets significantly
reduces the coefficient of friction between the deformed material and the working surface
of the tool from 0.4 in the absence of lubrication to 0.1 in the presence of the lubricant.

 

Figure 3. View of forming tool installed in UPV80 hydraulic press.
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2.3. Numerical Model

Numerical models of the individual forming operations were developed on the basis
of the actual geometry of the forming tools. In the calculations, the process parameters
used in the experimental tests were assumed. The Solidworks System was used to create
the tool geometry. Then the geometry was exported to the PamStamp 2G System. The
working surfaces of the tools and the sheet metal surface were meshed with four-node shell
elements (see Figure 4).

  
(a) (b) 

  
(c) (d) 

Figure 4. Numerical model of forming handle part (with mesh of finite elements): (a) initial forming;
(b) supplementary forming; (c) flange trimming; (d) final forming.

In the case of the initial forming operation, two variants of numerical simulations were
analysed:

1. forming without a blank holder;
2. forming with a blank holder.

In the numerical calculations, the friction and lubrication conditions were described by
the coefficient of friction. In the case of forming without the blank holder, the coefficient of
friction μ = 0.1 was assumed on the contact surfaces between the die and the deformed sheet
to reflect the lubrication conditions prevailing during tests in industrial conditions. In the
case of forming with the blank holder, two different coefficients of friction were assumed:

- μ = 0.1 for lubricated contact surfaces, i.e., on the contact “die-deformed material-blank
holder”;

- μ = 0.4 for unlubricated contact surfaces.
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In the analysed numerical models, the following boundary conditions were assumed:
the dies were deprived of all degrees of freedom, while the punch and the blank holder
could move in the Z direction. Velocity vector Vp was assigned to the punch, while force
vector Fb was applied to the blank holder. The blank sheet had all degrees of freedom. The
rolling direction of the sheet was assumed in accordance with the X axis parallel to the
longer edge of the blank.

In the numerical calculations, an elastic-plastic Hill model for the deformed material
with nonlinear strain hardening described by Hollomon’s law was adopted:

σp = Kεn, (1)

where: K—strength coefficient, n—strain hardening exponent.
The basic strength parameters, including the strength coefficient and strain hardening

exponent of the Grade 2 titanium sheet, were determined in the static uniaxial tensile
test in accordance with the PN-EN ISO 6892-1 standard. Normal anisotropy ratios rα
were also determined experimentally in the tensile test of sheet metal strips cut along (0◦),
transversely (90◦) and at an angle of 45◦ in relation to the rolling direction of the sheet, in
accordance with [40]. The material data for the Grade 2 sheet, which were assumed in the
calculations, are given in Table 2.

Table 2. Material data for Grade 2 commercially pure titanium sheet t = 1 mm.

Young’s modulus E, GPa 105.00
Yield stress Rp0.2, MPa 354.30

Tensile strength Rm, MPa 472.40
Poisson’s ratio ν, - 0.34
Density ρ, g/cm3 4.50

Lankford coefficient
r0, - 2.49
r45, - 4.50
r90, - 5.20

Strength coefficient K, MPa 724.40
Strain hardening exponent n, - 0.144

The forming limit diagram (FLD) of a Grade 2 titanium sheet with thickness t = 1
mm, which is presented in Figure 5, was determined experimentally according to the
methodology described in [41].

 

Figure 5. Forming limit diagram for Grade 2 titanium sheet, t = 1.0 mm.
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3. Results

3.1. Experimental Test Results

The results of the forming process are presented in Figure 6.

 

Figure 6. Subsequent stages of forming handle part from Grade 2 titanium sheet: (a) initial forming
with magnification of wrinkling area; (b) supplementary forming; (c) trimming; (d) final forming.

The experimental tests showed that it is possible to produce the handle parts of Grade
2 titanium sheet with standard steel tools. However, the lack of a blank holder in the initial
forming process results in the wrinkling of the sheet, both in the flange of the drawn part
and on its surface (Figure 7a). On the other hand, forming with the blank holder in dry
conditions very often leads to fracture (Figure 7b). Moreover, the experiments showed a
high tendency to create titanium protrusions on the working surfaces of the steel die, which
in turn leads to galling (Figure 7b) and deterioration of the quality of the drawn part surface.
Titanium protrusions cause scratches and dents that cannot be removed in subsequent
forming operations. Therefore, lubrication was necessary to separate the rubbing surfaces
(i.e., the deformed material—titanium—and the die). Lubricant based on rapeseed oil with
an additive of boric acid [42] was used. The use of the blank holder and technological
lubricant, made it possible to obtain a good-quality titanium drawn part (Figure 7c).

 

Figure 7. Results of forming: (a) with no blank holder—visible wrinkling, (b) with blank holder in
dry conditions—visible crack and marks of galling, (c) with blank holder and lubrication—there are
no defects.

To eliminate this defect, it was decided to modify the forming process using numerical
simulations.

3.2. Numerical Calculations Results-Discussion

The results of the numerical calculations in the form of plastic strain distribution, as
well as thickness distribution in the drawn parts for all the stages of forming the titanium
handle are presented. Additionally, the distribution of quality zones in comparison with
the FLD of the deformed sheet are given. The simulation results of forming the handle parts
in conditions corresponding to the experimental tests, i.e., without a blank holder during
initial forming and with lubrication of the die surface, which are presented in Figure 8, are
in good agreement with the experimental tests (also see Figure 6).
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Figure 8. Strain distribution (zones by quality) in comparison with forming limit diagram.

During the initial forming operation, the areas with a strong tendency to wrinkle are
visible in the flange as well as on the drawn part surface. This tendency also continues
during subsequent forming operations. The use of the blank holder, as demonstrated by the
numerical simulations, eliminated the wrinkling phenomenon. Simulations were carried
out under various friction conditions between the sheet material and the working surfaces
of the tool, i.e., with and without lubrication. The results are presented in Figures 9–12. The
thickness distributions in the drawn parts after the initial, supplementary and final forming
operations are presented in Figures 9 and 10, respectively, for forming in dry conditions
and with lubrication.

 

Figure 9. Thickness distribution in drawn part wall after: (a) initial forming; (b) supplementary
forming; (c) final forming in dry conditions.

 
Figure 10. Thickness distribution in drawn part wall after: (a) initial forming; (b) supplementary
forming; (c) final forming performed with lubricant.
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Figure 11. Plastic strain distribution in comparison with forming limit diagram (variant: forming
with blank holder and without lubrication).

 

Figure 12. Plastic strain distribution in comparison with forming limit diagram (variant: forming
with blank holder and with lubrication).

Greater thinning of the drawn part walls is observed in the case of forming in dry
conditions. The greatest thinning occurs on the edges of the handle, in the area with the
small fillet radius. The application of lubricant (μ = 0.1) causes a more uniform thickness
distribution—the wall thinning is smaller.

During forming without lubrication, significant material deformation along the edge
of the drawn part occurs, which results in excessive thinning of the sheet and can lead to
its fracture. This is reflected in the points in the marginal zone just below the forming limit
curve (Figure 11). In this area, cracking occurred during the actual forming process (see
Figure 7b).

Introducing lubricant between the rubbing surfaces decreases the frictional resistance.
All the points representing strain values are below the FLD in the safe zone (see Figure 12).
This means that the risk of cracking is eliminated.

On the other hand, the tendency to wrinkling grows because lubrication decreases fric-
tional resistance in the contact zone: “die-deformed material–blank holder” makes material
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flow to be easier. In the actual forming process, when both lubrication and the blank holder
were used to tend to, wrinkling was not observed. Moreover, the lubricant prevented
the sticking of the deformed material (titanium) to the forming tools, as evidenced by the
smooth surface of the drawn part shown in Figure 13.

 
Figure 13. View of drawn part formed in presence of lubricant and blank holder.

Moreover, the numerical analyses show that the forming parameters, such as the blank
holder force and lubrication, have an impact on the dimensional accuracy of the obtained
parts. The values of springback occurring after flange trimming are shown in Figure 14.

 

Figure 14. Springback after flange trimming: (a) initial forming without blank holder, (b) initial
forming with blank holder and lubrication.

The highest springback is observed after trimming the flange in the case of forming
without the blank holder (Figure 14a). The maximal distance between the nominal and
formed drawn part is about 0.7 mm. Applying the blank holder force of 20 kN reduced
this distance to about 0.3 mm. No effect of lubrication on springback was observed. If the
forming process is performed with the blank holder, the forth operation, i.e., final forming,
increases the shape and dimensional accuracy of the drawn part only slightly. Thus, if it
were decided to modernise the process and introduce the blank holder in the initial forming
operation, then final forming after trimming can be omitted. The use of the blank holder is
advisable in view of eliminating sheet wrinkling, which makes it difficult to further form
the handle parts of the instrument.

3.3. Experimental Verification of Numerical Results

The results of the numerical calculations, namely the wall thicknesses of the drawn
part, were compared with thicknesses of the actual drawn part (Figure 15). For this purpose,
the final drawn part was cut with a wire EDM machine, and then the wall thicknesses were
measured at the selected points (along the wall of the drawn part every 1 mm—Figure 15c)
using a light microscope.
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Figure 15. Thickness distribution: (a) comparison of experimental and numerical results; (b) numeri-
cal calculation results; (c) experimental verification.

Modification of the technological process, consisting in the use of blank holder force in
the first operation (Fb = 20 kN) and lubrication with rapeseed oil with an additive of boric
acid (coefficient of friction μ = 0.1), resulted in obtaining a titanium drawn part with the
required shape and dimensions. The maximal difference in thickness of the drawn part
walls between the numerical and experimental results is about 2%. Moreover, there was no
tendency of the sheet to wrinkle or scratches on the outer surface of the drawn part (see the
forming results in Figure 13). Additionally, forming with the proposed lubrication protects
the working surfaces of the tool against the galling of the titanium.

4. Conclusions

On the basis of the experimental and numerical studies the following conclusions can
be drawn:

1. There is a possibility of forming shallow drawn parts, such as the analysed handle of
surgical instruments, of Grade 2 CP titanium sheets using standard steel tools, usually
used for forming steel drawn parts.

2. The use of Grade 2 CP titanium sheet reduces the handle weight of by about 47%,
which significantly improves the comfort of using the tools during surgery.

3. The blank holder force has a dominant influence on the dimensional accuracy of the
drawn part; according to the numerical calculations, the blank holder force equals
20 kN.

4. Although the numerical calculations show a small effect of the lubrication on the
dimensional accuracy of the drawn parts, the experimental tests demonstrate that
lubrication must be used to avoid galling.

5. The blank holder force and lubrication synergy result in a more uniform plastic strain
distribution (compare Figures 11 and 12), thus decreasing the risk of fracture of the
drawn part.
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6. The use of lubricant facilitates flow of the deformed material and improves smooth-
ness of the drawn part surface, which improves the quality of the product.

7. The lubricant, applied to the sheet surface according to patented method [42], is
environmentally friendly and has no harmful effect on people
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9. Trzepieciński, T. Recent developments and trends in sheet metal forming. Metals 2020, 10, 779. [CrossRef]
10. Cheng, Z.; Li, Y.; Xu, C.; Liu, Y.; Ghafoor, S.; Li, F. Incremental sheet forming towards biomedical implants: A review. J. Mater. Res.

Technol. 2020, 9, 7225–7251. [CrossRef]
11. Adamus, J. Selected Problems of Forming Parts from Steel, Aluminum and Titanium Sheets; In Polish: Wybrane Problemy Kształtowania

Wytłoczek z Blach Stalowych, Aluminiowych i Tytanowych; Polish Scientific Publishers: Warsaw, Poland, 2018.
12. Vinci, R.; Teté, G.; Lucchetti, F.R.; Capparé, P.; Gherlone, E.F. Implant survival rate in calvarial bone grafts: A retrospective clinical

study with 10 year follow-up. Clin. Implant Dent. Relat. Res. 2019, 21, 662–668. [CrossRef]
13. Harloff, T.; Hönle, W.; Holzwarth, U.; Bader, R.; Thomas, P.; Schuh, A. Titanium allergy or not? “Impurity” of titanium implant

materials. Health 2010, 2, 306–310. [CrossRef]
14. Ali, S.; Rani, A.M.A.; Baig, Z.; Ahmed, S.W.; Hussain, G.; Subramaniam, K.; Hastuty, S.; Rao, T.V.V.L.N. Biocompatibility and

corrosion resistance of metallic biomaterials. Corros. Rev. 2020, 38, 381–402. [CrossRef]
15. Jackson, M.J.; Ahmed, W. (Eds.) Titanium and Titanium Alloy Applications in Medicine. In Surface Engineered Surgical Tools and

Medical Devices; Springer: Berlin/Heidelberg, Germany, 2007.
16. Takebe, H.; Takahashi, K. Applications of titanium and its alloys for weight reduction of automobiles. Nippon Steel Tech. Rep. 2019,

122, 181–185.
17. Adamus, J. Applications of titanium sheets in modern building construction. Adv. Mat. Res. 2014, 1020, 9–14. [CrossRef]
18. Features of Titanium Building Materials; Nippon Steel Corporation: Tokyo, Japan, 2019; Available online: https://www.nipponsteel.

com/product/catalog_download/pdf/T003en.pdf (accessed on 22 February 2022).
19. Beal, J.D.; Boyer, R.; Sanders, D. Forming of titanium and titanium alloys. In ASM Handbook; Semiatin, S.L., Ed.; 14B: Metalworking:

Sheet, Forming; ASM International: Cleveland, OH, USA, 2006; pp. 656–669. [CrossRef]
20. Wang, K.; Kopec, M.; Chang, S.; Qu, B.; Liu, J.; Politis, D.J.; Wang, L.; Liu, G. Enhanced formability and forming efficiency for

two-phase titanium alloys by Fast light Alloys Stamping Technology (FAST). Mater. Des. 2020, 194, 108948. [CrossRef]
21. Tian, F.; Li, L. Investigation of the Feasibility of a Novel Heat Stamping Process for Producing Complex-shaped Ti-6Al-4V Panel

Components. Procedia Manuf. 2020, 47, 1374–1380. [CrossRef]

133



Materials 2022, 15, 1735

22. Revil-Baudard, B.; Cazacu, O.; Massoni, E. Room-temperature plastic behavior and formability of a commercially pure titanium:
Mechanical characterization, modeling, and validation. Int. J. Solids Struct. 2021, 69, 195–206. [CrossRef]

23. Chinapareddygari, T.M.; Ravishankar, C.; Thangaraj, K.; Albert, S.K.; Borah, U.; Vesangi, A.K.; Gupta, R.K. Stretchability of
commercial purity titanium sheet. Met. Mater. Trans. A. 2019, 50, 5602–5613. [CrossRef]

24. Lin, P.; Hao, Y.G.; Zhang, B.Y.; Chi, C.Z.; Cui, X.L.; Shen, J.; Gao, D.S. Planar anisotropy, tension-compression asymmetry, and deep
drawing behavior of commercially pure titanium at room temperature. J. Mater. Eng. Perform. 2019, 28, 1734–1744. [CrossRef]

25. Pham, Q.T.; Lee, M.G.; Kim, Y.S. Effect of distortional hardening behaviour on material responses of pure titanium sheets during
hydraulic bulge test. J. Phys. Conf. Ser. 2018, 1063, 1–6. [CrossRef]

26. Pham, Q.T.; Lee, M.G.; Kim, Y.S. Characterization of the isotropic-distortional hardening model and its application to commercially
pure titanium sheets. Int. J. Mech. Sci. 2019, 160, 90–102. [CrossRef]

27. Chen, F.-K.; Chiu, K.-H. Stamping formability of pure titanium sheets. J. Mater. Process Tech. 2005, 170, 181–186. [CrossRef]
28. Mohanraj, R.; Elangovan, S. Thermal modeling and experimental investigation on the influences of the process parameters on

warm incremental sheet metal forming of titanium grade 2 using electric heating technique. Int. J. Adv. Manuf. Tech. 2020, 110,
255–274. [CrossRef]

29. Adamus, J.; Lacki, P. Investigation of sheet-titanium forming with flexible tool—Experiment and simulation. Arch. Met. Mater.
2012, 57, 1247–1252. [CrossRef]

30. Adamus, J.; Lacki, P. Possibility of the increase in titanium sheets’ drawability. Key Eng. Mat. 2013, 549, 31–38. [CrossRef]
31. Aydogan, C.S.; Hatipoglu, H.A.; Keles, O. Springback prediction of CP2 titanium sheets in hydroforming with membrane

diaphragm process with finite element method. MATEC Web Int. Conf. New Form. Technol. (ICNFT 2018). 2018, 190, 5. [CrossRef]
32. Kumar, A. Experimental analysis of formability of commercially pure titanium under PTFE lubricated conditions. IOP Conf. Ser.

Mater. Sci. Eng. 2018, 455, 1–7. [CrossRef]
33. Kakulite, K.K.; Kandasubramanian, B. Rudiment of ‘galling: Tribological phenomenon’ for engineering components in aggregate

with the advancement in functioning of the anti-galling coatings. Surf. Interfaces 2019, 17, 1–19. [CrossRef]
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Abstract: The increasing demand for parts with a large specific surface area such as fuel panels has
put forward higher requirements for the plasticity of foils. However, the deformation characteristics
of foils is hard to be illustrated in-depth due to their very short deformation process. In this paper,
the digital image correlation method was applied to investigate the influence of size effect on the
elongation of Ti-2.5Al-1.5Mn foils. The results showed that the elongation of Ti-2.5Al-1.5Mn foils
increased with the decrease in the ratio of thickness-to-grain diameter (t/d value). Then, the macro
deformation distribution of foils was analyzed, combined with their microstructure characteristics,
and it was found that the increasing influence of individual grain heterogeneity leads to the earlier
formation of a concentrated deformation zone, which changes the deformation mode of foils. The
concentrated deformation increases with the decrease in t/d value, thus dominating the trend of
the foil elongation. Furthermore, the homogeneous deformation and concentrated deformation can
be divided into two different zones by a certain critical t/d value. These results provide a basis for
understanding and further exploration of the deformation behavior of titanium foils.

Keywords: foil forming; size effect; digital image correlation; concentrated deformation; critical
t/d value

1. Introduction

With the miniaturization trend of mechanical equipment, the requirements for micro-
parts are increasing significantly [1–5]. Among many manufacturing processes for micro-
parts, the foil-forming process has attracted the most attention due to the high production
efficiency and material utilization, endowing it with competitive advantage in manufactur-
ing parts with a large specific surface area such as fuel panels and corrugated plates [6,7].
However, as the foil thickness decreases continuously, the deformation behavior of foils
exhibits a strong dependence on dimension parameters, resulting in the size effects. The ap-
pearance of the size effects leads to the deterioration of plastic properties of foils, implying
in-depth analyses on the deformation characteristics of foils.

The elongation is an important index to measure the plasticity of foils. In recent years,
extensive studies have been devoted to the influence of size effects on the foil elongation.
In general, they can be divided into two major subsets: the thickness effect and the grain
size effect. The thickness effect on the elongation of CuZn20 foils has been studied via
the tensile experiment, showing that the elongation decreases with the decrease in foil
thickness [8]. This result can be explicated by the surface grain theory, in which the surface
grain acts as a weakening factor during the deformation due to a lack of constraint of the
grain boundaries [9,10]. Therefore, as the foil thickness reduces, the proportion of surface
grains increases, so the fracture strength of the foil decreases, leading to less elongation.
Similar phenomena have also been observed in the CuZn15 foils, CuZn36 foils, aluminum
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foils, etc. [11–13]. On the other hand, the effect of grain size on deformation behavior
has been studied with pure copper foils and increased elongation, with the decrease
in grain size having been demonstrated [14]. It can be explained by the fact that the
grain boundary area is larger in materials with more small grains, so the distance of the
crack propagation is longer before fracture, contributing to more plastic deformation of
materials [15]. Consistent experimental results have been reported on copper alloy foils,
stainless steel 304 foils, etc. [16,17].

To represent the interactive effects between the thickness effect and the grain size
effect, the ratio of thickness-to-grain diameter (t/d value) has been proposed and applied
widely, because it can interpret the experimental phenomenon of smaller sample size
results in weaker deformation behavior [18–20]. However, as the foil thickness decreases to
an order of magnitude of grain size, the heterogeneity of individual grains will dominate
the deformation behavior of foils. Therefore, the individual grain heterogeneity should be
taken into account when analyzing the deformation behavior of foils [21–23].

Taken together, most previous studies focus on the influence mechanism of size effects
on the foil elongation from the perspective of grain numbers or surface grains, but there
is a relative lack of research on the foil macroscopic deformation characteristics. In fact,
the explicit deformation mode of a certain foil depends on comprehensively analyzing
its macro and micro deformation characteristics, contributing to the illustration of the
influence mechanism of size effects on the foil elongation. However, the deformation
process of foils is very short, making it difficult to investigate its macroscopic deformation
characteristics. The digital image correlation (DIC) technology is an optical measurement
based on the calibration information of digital images. DIC has the advantages of non-
contact, real-time, full-field, and local strain measurement. Therefore, it is an effective
and accurate technology for studying lightweight bio-inspired composite materials [24]
and measuring the full-field high-temperature thermal strain [25] and the strain in the foil
deformation process. The Ti-2.5Al-1.5Mn foil is a kind of popular foil in the fuel panels
and micro aircraft fields, but there is still a lack of in-depth study on its size effects during
the micro-forming process. In this work, the macro and micro deformation characteristics
of Ti-2.5Al-1.5Mn foil were first studied with the DIC technology. Then, the influence
mechanism of size effects on the elongation of Ti-2.5Al-1.5Mn foils was explored. This
study would provide a new perspective for understanding the influence of size effects on
the deformation characteristics of foils.

2. Materials and Methods

Ti-2.5Al-1.5Mn foils with a thickness of 50 μm were recrystallized and annealed at a
vacuum of 1.5 × 10−3 Pa at different temperatures and times, so various grain sizes were
obtained. Then, Ti-2.5Al-1.5Mn foils with specific t/d values (Table 1) were selected for
study. The microstructures along thickness direction of foils were observed with an optical
microscope (OM, Novel MR5000), as shown in Figure 1. Tensile specimens were processed
by the Wire Electrical Discharge Machining with annealed Ti-2.5Al-1.5Mn foils.

Table 1. Annealing parameters of Ti-2.5Al-1.5Mn foils.

Number Annealing Parameters Grain Size d (μm) t/d

a 700 ◦C, 1.5 h 3.72 ± 1.23 13.43
b 720 ◦C, 2.5 h 5.34 ± 2.13 9.37
c 750 ◦C, 3.5 h 6.52 ± 2.46 7.68
d 800 ◦C, 3.5 h 9.73 ± 3.15 5.14
e 850 ◦C, 7 h 15.06 ± 4.67 3.32
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Figure 1. Microstructures of Ti-2.5Al-1.5Mn foils: (a) t/d = 13.43, (b) t/d = 9.37, (c) t/d = 7.68,
(d) t/d = 5.14, (e) t/d = 3.32.

The tensile test for various Ti-2.5Al-1.5Mn foils was conducted at room temperature
by using the material testing machine (Shimadzu, AGS-X 5KN, Kyoto, Japan). The cross-
head velocity was 1 mm/min, and the strain rate was less than 1 × 10−3 s−1. The initial
measuring length and width for all specimens were kept constant as 50 and 12.5 mm,
respectively. Six specimens were tested for each group.

As shown in Figure 2, the tensile deformation of Ti-2.5Al-1.5Mn foils throughout
the process was captured with the DIC technology. The DIC system contains a material
testing machine, a charge coupled device (CCD) camera with a 1/2-inch CMOS sensor
and a 2.2 × 2.2 μm pixel size (Saga, SJ-UH500), and the GOM Correlate software. The
measurement error in the DIC was ±0.01 pixels, so the influence of measurement error on
deformation analysis can be neglected. The data acquisition scheme is as follows:

(1) First, a layer of white paint was sprayed on the specimen surface as the background
color, and black speckles were evenly sprayed so achieve each 50% of black and white.
Then, specimens were installed in the material testing machine.

(2) At the same time, when the material testing machine started running, the CCD camera,
which was controlled by the GOM Correlate software, collected specimen images at
the frequency of 1 image per second.

(3) The changes in marked speckle information were calculated via the GOM Correlate
software, and then, the displacement and strain field information were obtained.

Figure 2. Analysis of the foil deformation process with the DIC technology.
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3. Results and Discussion

First, the elongation at the break of Ti-2.5Al-1.5Mn foils was evaluated with respect to
the t/d value referring to the current size effect analysis method. As shown in Figure 3a,
the foil elongation increased with the decrease in the t/d value. When the t/d value
decreased from 13.43 to 3.32, the elongation of foils increased by 4.3%. This result cannot
be explicated by the surface grain theory [9–13].

Due to the thickness of foil specimens being constant at 50 μm, the elongation of
Ti-2.5Al-1.5Mn foils was evaluated with respect to the grain size. According to existing
research results, for most of materials, the larger the grain size, the smaller the material
elongation is [14–17]. However, as shown in Figure 3b, the elongation of Ti-2.5Al-1.5Mn
foils increased as the grain size increased.

Figure 3. The variation of the elongation of Ti-2.5Al-1.5Mn: (a) with t/d value, (b) with grain size.

Furthermore, the scatter of the elongation between different Ti-2.5Al-1.5Mn foil speci-
mens in the same experiment was investigated. In order to quantitatively study the scatter
level of the foil elongation, the coefficient of variation (C.V) value of elongation was intro-
duced. As shown in Figure 4, the C.V value of elongation increased with the decrease in t/d
value, and the degree of this increase intensified markedly, indicating that the uniformity of
the elongation of Ti-2.5Al-1.5Mn foils was becoming worse as the t/d value reduced. From
the microstructures of various foils (Figure 1), the number of grains in the deformation area
of the foil decreased as the annealing temperature increased. Since during the deformation
process, surface grains were very easy to deform, the properties of internal grains played
a significant role in the foil deformation behavior. The microhardness test for individual
grains in the deformation area of foils indicated that the hardness distribution of the foils
is disorderly, and the hardness distribution of foils exhibits block characteristics, which
means that the hard- and soft-oriented grains are randomly distributed in the deformation
area of the foil [8]. Because of the heterogeneity of individual grain properties, that is,
different orientation and shape properties, the influence of individual grain heterogeneity
was stronger for foils with fewer internal grains [20,21]. As shown in Figure 1e, the foil
specimen with the smallest t/d value only owned three grains in the thickness direction,
so its entire deformation behavior heavily depended on the deformation characteristics
of individual internal grains, ultimately leading to the poor consistency of foil elongation.
The drastically increased scatter behavior indicated that individual grain heterogeneity
could be a critical starting point to explore the mechanism of size effects on the elongation
of Ti-2.5Al-1.5Mn foils.
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Figure 4. The change in C.V (δ) with the t/d value.

Compared with hard-oriented grains, soft-oriented grains tend to deform easily due
to their crystal structure characteristics. It is known that the deformation performs in the
manner of minimizing energy consumption. The specimen with fewer grains is prone to
having a section with a large proportion of soft grains [26,27]. Therefore, a concentrated
deformation zone is easy to form if the number of grains in the thickness direction is
less than three. As shown in Figure 1e, if the internal grain 4 is a soft-oriented grain, the
grains 1, 2, 3, 5, and 6 will deform in coordination with grain 4 in all directions to form a
concentrated deformation zone. Once this concentrated deformation zone is developed, it
will lead to the occurrence and concentration of remarkable deformation. Next, the DIC
method is applied to study the influence of the concentrated deformation zone on the
deformation behavior of foils.

A typical equivalent strain profiles during the deformation process of foils were col-
lected with the DIC method, as shown in Figure 5. The original state of speckle calibration
is shown in Figure 5a. Next, in Figure 5b,c, the overall strain distribution is relatively uni-
form, indicating that the foil is dominated by the homogeneous deformation throughout
the region at this stage. In Figure 5d, the strain distribution of the foil appears partitioned,
suggesting the occurrence of deformation stage transition. In Figure 5e,f, the strain distri-
bution exhibits the characteristics of blockiness and concentration, while the rest of the
regions are basically not deformed, which proves that local deformation is prominent at
this time. The graphics of each specimen in each deformation stage corresponded to its
engineering strain.

Figure 5. A typical equivalent strain profile of foils at different stages. (a) Original state, (b,c)
homogeneous deformation stage, (d) transition of deformation stage, (e,f) concentrated deformation
stage.
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Therefore, combining the formation of concentrated deformation zone and the col-
lected strain distribution characteristics with the DIC method, the deformation process of
foils is further subdivided into the homogeneous deformation stage and the concentrated
deformation stage. The critical point is set to the beginning of strain partition in this
research. Accordingly, the foil deformation amount can be divided into the homogeneous
deformation amount and the concentrated deformation amount. As shown in Figure 6,
in the homogeneous deformation stage, the homogeneous deformation amount of foil
specimens decreases with the decrease in t/d value, while in the concentrated deformation
stage, the concentrated deformation amount of foil specimens increases rapidly with the
decrease in t/d value. After calculating the difference values of homogeneous deformation
amount and concentrated deformation amount between foils with adjacent t/d values,
it can be seen that when the t/d value decreases from 5.14 to 3.32, the homogeneous
deformation amount and concentrated deformation of foils amount both change markedly,
suggesting the enhanced influence of concentrated deformation zone at this time. By
comparing the variation degree of homogeneous deformation amount and concentrated
deformation amount, it can be found that as the t/d value decreases, the increase in con-
centrated deformation amount is greater than the decrease in homogeneous deformation
amount. Therefore, the sum of homogeneous deformation amount and concentrated defor-
mation amount is greater for the foil specimen with a small t/d value. This is the reason
why the elongation of Ti-2.5Al-1.5Mn foils increases with the decrease in the t/d value in
this experiment.

Figure 6. The homogeneous deformation and the concentrated deformation of various Ti-2.5Al-1.5Mn
foils.

Ti-2.5Al-1.5Mn foil is a close-packed hexagonal lattice metal, and there are only three
slip systems that can be activated at room temperature, so its deformation behavior is
very sensitive to the change in deformation state. For the foil specimen with a large t/d
value, the concentrated deformation zone is not easy to form because there are numerous
grains inside the deformation zone [8,17]. After the deformation begins, the movable
dislocations in the soft-oriented grains first produce slip stacking, and then, the dislocation
slip is transferred to other grains easily due to the coordination effect between grains.
In other words, both hard-oriented and soft-oriented grains in the deformation area are
involved in the deformation, gradually producing the dislocation pile-up and deformation
hardening [17,18], until forming the concentrated deformation zone. Subsequently, the
foil enters the concentrated deformation stage. Since these grains have already produced
severe dislocation stacking and deformation hardening in the homogeneous deformation
stage, the amount of further deformation that can be generated in the concentrated de-
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formation stage is very small. Finally, the foil quickly reaches the limit and fractures in
the concentrated deformation zone. Therefore, the foil with a large t/d value has a large
amount of homogeneous deformation but a small amount of concentrated deformation.

For the specimen with a small t/d value, the concentrated deformation zone is easy to
form because there are a few grains in the deformation area [17]. After the deformation
begins, the movable dislocations in soft-oriented grains produce slip stacking. Due to
the poor coordination between grains, it is difficult to transfer the dislocation slip in
soft-oriented grains to adjacent grains [27,28], resulting in the premature formation of
concentrated deformation zone in this process. Subsequently, the foil quickly enters the
concentrated deformation stage. Because most grains only deform slightly or do not
deform in the homogeneous deformation stage, they still have a strong ability to further
deform. In addition, the larger the individual grain size, the larger the area of concentrated
deformation zone, which is composed of core soft-oriented grains and adjacent multiple
grains, so greater deformation can be generated. This is the reason why Ti-2.5Al-1.5Mn
foils that own smaller t/d value and larger grain size can produce a greater concentrated
deformation amount.

The percentages of homogeneous deformation and concentrated deformation of Ti-
2.5Al-1.5Mn foils with various t/d values were calculated and summarized in Figure 7.
The results showed that the proportion of homogeneous deformation and concentrated
deformation changes in significantly different trends, resulting in the formation of two
zones, which are divided by a critical t/d value. For Ti-2.5Al-1.5Mn foils, this critical value
is close to 5. In zone 2, the homogeneous deformation accounts for a large proportion
and dominates the variation trend of the foil elongation. Subsequently, the proportion of
concentrated deformation increases as the t/d value decreases. In zone 1, the concentrated
deformation accounts for a large proportion and dominates the variation trend of the
foil elongation. Due to the randomness of the position and deformation ability of the
concentrated deformation zone, the uniformity of parts manufactured by using foils with
the t/d value in zone 1 is poor. Taken together, it can be concluded that the plasticity of the
Ti-2.5Al-1.5Mn foil with a thickness of 50 μm can be elevated by increasing its grain size,
so as to produce parts with large specific surface area. However, foils with the t/d value in
zone 1 should be avoided for manufacturing parts that require high forming uniformity.

Figure 7. The percentage of homogeneous deformation amount and concentrated deformation
amount of various Ti-2.5Al-1.5Mn foils.
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4. Conclusions

In this work, the influence mechanism of size effect on the elongation of Ti-2.5Al-1.5Mn
foil with a close-packed hexagonal crystal structure was studied with the DIC method, and
the following conclusions can be drawn:

(1) The influence of individual grain heterogeneity increases during the deformation
process, which results in the premature formation of concentrated deformation zones,
contributing to the increased role of concentrated deformation in the foil elongation.

(2) The proportion of homogeneous deformation amount and concentrated deformation
amount can be divided into two different zones by a certain critical t/d value, which
is near 5 for Ti-2.5Al-1.5Mn foils.

(3) It is feasible to increase the plasticity of Ti-2.5Al-1.5Mn foils with a thickness of 50 μm
by increasing the grain size, but foils with the t/d value in zone 1 should be avoided
for forming parts that require high uniformity.
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Abstract: When using a unique tool with different controlled path strategies in the absence of a punch
and die, the local plastic deformation of a sheet is called Single Point Incremental Forming (SPIF). The
lack of available knowledge regarding SPIF parameters and their effects on components has made
the industry reluctant to embrace this technology. To make SPIF a significant industrial application
and to convince the industry to use this technology, it is important to study mechanical properties
and effective parameters prior to and after the forming process. Moreover, in order to produce a SPIF
component with sufficient quality without defects, optimal process parameters should be selected.
In this context, this paper offers insight into the effects of the forming tool diameter, coolant type,
tool speed, and feed rates on the hardness of AA1100 aluminium alloy sheet material. Based on the
research parameters, different regression equations were generated to calculate hardness. As opposed
to the experimental approach, regression equations enable researchers to estimate hardness values
relatively quickly and in a practicable way. The Relative Importance (RI) of SPIF parameters for
expected hardness, determined with the partitioning weight method of an Artificial Neural Network
(ANN), is also presented in the study. The analysis of the test results showed that hardness noticeably
increased when tool speed increased. An increase in feed rate also led to an increase in hardness. In
addition, the effects of various greases and coolant oil were studied using the same feed rates; when
coolant oil was used, hardness increased, and when grease was applied, hardness decreased.

Keywords: SPIF; single point incremental forming; sheet forming; hardness; ANN; relative importance (RI)

1. Introduction

Incremental Sheet Forming (ISF) is a sheet-forming technique that produces compo-
nents through a series of small incremental deformations. ISF is a flexible active manufac-
turing process and is economically feasible for low-volume production due to the absence
of a punch and die. SPIF is one of the major types of ISF, and it is known as the simplest
process variant of incremental sheet-forming technologies. SPIF is an emerging process
that has been identified as suitable for use in small-scale production. Trzepieciński et al. [1]
presented a brief overview of state-of-the-art methods of ISF for lightweight materials. The
aim of their paper was to guide and inspire researchers by identifying current development
trends of valuable contributions in the field of Single Point Incremental Forming (SPIF) of
lightweight metallic materials. In SPIF, a rotating tool with a rounded tip at its end is used,
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and the desired shape is formed from clamped sheet metal [2]. In the literature [3], a review
paper on new advances and future opportunities considered single point incremental to
be one of the forming technologies of future-proof materials in aerospace applications.
Furthermore, there is governmental, academic, and business interest in developing new
manufacturing technologies, and there is also interest in ISF’s impact on the environment,
particularly in what ways and to what extent ISF reduces energy needs [4]. Two exergy
analyses of traditional forming and hydroforming of ISF were contrasted by Dittrich et al.
in [5]. After analysing the environmental impact of these forming techniques in the supply
chain, they concluded that ISF is significantly less harmful to the environment, particu-
larly for prototypes and non-mass production. Sustainability guidelines were developed
by Ingarao et al. [6] regarding the advantages and disadvantages of SPIF related to the
amount of energy necessary to form sheets and to economic material use in each process.
Ingarao et al. proved that SPIF supports saving material with respect to CO2 emissions,
because it supports recycling and facilitates novel ways of preparing raw materials. An
overview of the history of ISF was written by Emmens et al. [7], Li et al. [8], and Behera
et al. [9]: they discussed the enormous benefits and many advantages of SPIF and par-
ticularly referenced the flexibility of the process, which allows SPIF to be used in more
applications in industries and processes. Hence, SPIF will be considered an essential
process for the industry in the future.

By studying the mechanical properties of components formed through SPIF and
standardising effective process parameters, the SPIF process can become a significant
industrial application embraced by numerous companies. To set optimal input process
parameters of SPIF with multiple pure copper sheets, Raju and Sathiya [10] utilised a
hybrid optimisation technique by connecting it with Taguchi grey relational analysis and
the methodology of the response surface. They showed that the feed rate is the most
significant parameter, followed by step depth and tooltip diameter. On the other hand,
lubrication plays a vital role in the successful forming of components during the SPIF
process. Lubrication reduces friction at the contact zone of the tool and sheet [11]. Recently,
José et al. [12] studied how mineral oil, sunflower, soybean, and corn lubricants influence
friction and wear effects on aluminium parts manufactured using the SPIF process. Using a
scanning electron microscope, they found the following: the experimental characterisation
of the sample’s surface showed that the worn surface of the metallic material samples
produced using vegetable oils increases surface roughness compared to those produced
with mineral oils. With respect to aluminium alloy foils, Najm and Paniti [13,14] noted that a
flat tool yielded better outcomes than a hemispherical tool in various conditions of the SPIF
process. The best geometric accuracy was achieved when the smallest corner radius flat tool
was used because a decrease in spring-back was observed. ISF-as-a-Service was introduced
by Paniti [15], who distinguished first-order and second-order bottleneck parameters. He
described the main capabilities of an incremental sheet-forming service provider in cloud
manufacturing. The hardening and normal anisotropy coefficients are the most influential
factors on traditional Forming Limit Diagrams (FLDs), as found by Fratini et al. [16] when
studying the relationship between material formability and mechanical properties. On
the other hand, Zhang [17] concluded that the most influential factor on formability is
forming temperature, followed by vertical step depth, sheet thickness, and tooltip diameter.
The above-mentioned results were obtained on Mg alloy sheets formed by using warm
incremental sheet forming. Liu et al. [18] asserted that formability and maximum vertical
force increase when vertical step-down increases, and they linearly increase when sheet
thickness is increased. In their study [19], Li et al. found that mechanical properties and
the thinning rate were affected by three parameters of ISF. It was shown that an increase
in the tool diameter considerably improved the microhardness of the product’s surface.
An increase in the tool diameter and a decrease in the step size ultimately increase the
tensile strength rate. Li et al. claimed that contrary to step size, sheet thickness significantly
affects yield strength. In [20], Manco et al. proved that, due to variations in tool path, tool
trajectory could be considered an essential parameter for the optimisation of process design
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by comparing the smallest thickness of the sheet with predicted thickness using the sine
law. Krasowski et al. [21] analysed and discussed experimental investigations of the effects
of selected SPIF parameters on the formability of DC04 sheets and the susceptibility to
crack formation on truncated cones produced through SPIF, and they found that lubrication
conditions clearly affect the formability of DC04 steel sheets.

At present, many methods of artificial intelligence are used in various applications, in-
cluding the metal forming process. More specifically, ANN generates predictive models for
end-milling machining, powder metallurgy, and high-speed machining [22–24]. Moreover,
machine learning techniques with controlled manufacturing are used to develop various
effective predictive models [25–29]. Trzepieciński et al. [30] presented an analysis of the
interaction between SPIF process parameters and the main roughness parameters. They
found that predictive models of ANNs for Ra and Rz were characterised by performance
measures of R2 values between 0.657 and 0.979. In other studies, different tool materials
and shapes were investigated experimentally to study factors including formability, ge-
ometric accuracy [31], and surface roughness [32] on an AlMn1Mg1 sheet formed using
SPIF under various forming conditions. The researchers evaluated the performance of
an Artificial Neural Network (ANN) and Support Vector Regression (SVR). Two different
ANN models were built in the study: an R-squared value with other validation metrics and
a feed-forward neural network with a backpropagation algorithm were used. A close cor-
respondence was found between predicted roughness, formability, and geometric accuracy
in the experimental results. The researchers derived regression equations to analytically
predict surface roughness in terms of Ra and Rz. Baruah et al. [33] claimed that lubrication
was the largest contributing factor in the process of ISF in all three directions (rolling,
transverse, and angular) when surface roughness in ISF is meant to be reduced. In fact, to
date, the applied lubricant and the viscosity of the lubricants on the ISF process have not
been optimised or discussed, as attested by [5,34,35]. In addition, Kumar and Gulati [34]
claimed that all parameters investigated in their study were significant for forming force
except lubricating oil viscosity, and they also noted that surface roughness decreased when
viscosity increased [35]. According to the literature, ANN is a helpful tool—before starting
new experiments—for predicting and designing predictive models to estimate expected
results, behaviour, or direction based on the use of the parameters of the studied process.
Using ANN before starting an actual experiment has the essential benefits of selecting the
correct parameters, reducing processing time, increasing efficiency, minimising errors, and
comparing actual results with predicted ones so as to reach the best values. In addition,
ANN is considered one of the most powerful tools for solving engineering problems by
predicting experimental data. In addition, ANN can serve as a valuable means to generate
and assess different processes and prepare the final details of tools.

Under normal conditions, the hardness behaviour in SPIF is as follows: formed
parts achieve higher hardness than an unformed sheet. Using different path strategies
and different forming angles, Al-Attaby et al. [36] showed that the tool path affects the
hardness and microstructure of the formed sheet. In all cases relating to the forming angle,
hardness increased. Regarding the two-point incremental forming process, Mostafanezhad
et al. [37] analysed the formability of aluminium 1050: the scholars used the response
surface methodology experimentally. They found that wall angle is the most influential
factor with respect to the thinning ratio; initial thickness, followed by step-down, has a
significant impact on forming force.

The above-detailed issues, the need for well-defined mechanical properties of SPIF
components, and the lack of referent analytical models prompted the authors to investigate
the effects of SPIF process variables on the hardness of truncated cones formed from AA1100
aluminium alloy sheets. Moreover, as a novelty and aim contributing to the significance
of this paper, different regression equations were derived to determine the hardness of
the components of a truncated cone using SPIF. In addition, the Relative Importance
(RI) of parameters of SPIF on hardness was assessed and classified by utilising the joint
partitioning weight of the built neural network. To the best of the authors’ knowledge
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and according to the literature introduced, such an experimental process has not been
reported to date. In this research, the influences of feed rate, various kinds of grease and
coolant oil, spindle speed, and tool diameter on the hardness of the AA1100 aluminium
alloy sheet formed by SPIF were investigated. Conventionally, AA1100 alloy is employed
for radiator components [38]. However, as a final general aim, it was posited that the
appropriate selection of properties would improve the application of the AA1100 alloy.
Furthermore, based on the diver’s mechanism of deformation, Song et al. [39] found three
different regions of deformation (bending/stretching, shear, and stretch/shear). Based on
these research projects, in this study, hardness was measured in three different positions on
the inside wall of the cone, and measured data were compared to the primary hardness of
the sheet involved in the experiment.

2. Material and Methods

2.1. Workpiece Material

Aluminium and aluminium alloys have become attractive materials for application in
the aerospace and automotive industries owing to their beneficial properties. In the experi-
ments conducted in this study, single point incremental forming tests were conducted using
a blank sheet of AA1100 aluminium alloy were produced by Xuzhou Bozhan Aluminum
Technology Co. Ltd, Xuzhou, Jiangsu, China with an initial hardness of 42.87 HV. The
initial thickness of the sheet used is 0.6 mm, with an original surface roughness of 0.29 μm.
AA1100 aluminium belongs to the 1xxx series with less than 1% alloying elements. The
main uses of the 1xxx series aluminium alloys are foil and strip for packaging, chemical
equipment, tank car or truck bodies, spun hollowware, and elaborate sheet metal work
because of their high corrosion resistance and formability [40]. The 1xxx alloys are essen-
tially characterised by superior corrosion resistance, usefulness for fabricating chemical
tanks and piping, or their excellent electrical conductivity, as in bus bar applications. These
alloys have relatively poor mechanical properties [41].

If strength is not an essential factor, AA1100 aluminium is selected to create fuel tanks,
cowlings, and oil tanks of aircraft due to the corrosion resistance and the economic weight.
The before-mentioned grade of aluminium can be utilised to repair aircraft wingtips and
tanks because it is weldable [42]. AA1100 commercially pure aluminium is highly resistant
to chemical attack and weathering. This low-cost material is characterised by excellent
solderability and susceptibility to deep drawing. It is used for high-purity applications
such as chemical processing equipment. In addition, examples of common 1xxx series
aluminium alloy applications include nameplates, fan blades, flue lining, sheet metal
work, spun holloware, and fin stock [43]. It is also used to produce decorative parts,
giftware, cooking utensils, rivets, and reflectors. A SPECTROMAXx optical emission
spectrometer manufactured by SPECTRO, Kleve, Germany was used to determine the
chemical composition of the AA1100 alloy used, and the test of mechanical properties was
conducted with a United testing machine according to the ASTM B557M-15 standard test
methods for tension check. The results of the tests of the aluminium sheet were compared
with the nominal values in the ASM Handbook [44]: these tests show the conformity to the
standard composition of the alloy (ISO 19000 standard). The mechanical properties and the
chemical composition of the sheet material are shown in Tables 1 and 2, respectively.

Table 1. Mechanical properties of the AA1100 aluminium alloy sheet.

Property
Ultimate Tensile

Stress, MPa
Yield Strength, MPa Elongation, %

Actual 110 95 20
Nominal 110 103 25

Standard Deviation, σ 0 4 2.5
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Table 2. Chemical composition of the AA1100 aluminium alloy sheet (in wt.%).

Element Si Fe Cu Mn Mg Cr Ni Zn Ti Pb B Sn V Al

Actual 0.110 0.482 0.004 0.005 0.001 0.0005 0.004 0.021 0.021 0.0005 0.003 0.001 0.014 balance
Nominal 0.5 0.5 0.2 0.04 0.01 Other 0.15 max balance

2.2. Experimental Setup

In this study, a Boxford 300VMCi milling machine built by Boxford in Halifax, UK
with 0.01 mm accuracy was used. The ISO format using G and M codes was used to
program a cone shape with large and small diameters of 80 and 10 mm, respectively. An
inward spiral path strategy was used to deform the cone part, in which case a spiral tool
trajectory is advantageous to the successful forming of the same parts [45]. The strategy
utilised in this study was developed by Skjoedt et al. [46] to overcome the difficulty of
reaching maximum axial loads at each layer (step down) and to prevent the appearance of
a line on the inner side of the formed part. A wall angle of 45◦, a context contour of 0.5 mm
for the step size, and an inward spiral path were applied, as shown in Figure 1.

 
 

(a) (b) 

Figure 1. (a) CAD geometry and dimensions of the experimental product and (b) view of an inward spiral path.

In the SPIF process, only one tool can be used, and the feed rate, spindle speed,
lubricant, and forming conditions should be selected beforehand. Furthermore, in the
current study, the mentioned parameters were considered parametric values and were
changed in the subsequent part forming. A primary step was conducted to select the best
values of these parameters to fix them in the subsequent forming process, and only one of
these parameters was changed in each forming group. To this end, a matrix of 3 factors
with the same levels (feed rate, spindle speed, and tool diameter) was applied in the first
step. The best values of feed rate, spindle speed, and tool diameter were chosen depending
on the best geometrical accuracy and maximum depth. In the second step, the best values
selected from the first step were applied in order to study the coolant type.

Forming tools with different diameters (4, 6, 8, and 10 mm) were used in the experi-
ment, as shown in Figure 2a. The tools used in the experiment are made of carbon steel
with a hardness of 30 HRC and are 100 mm in total length. Plain carbon steel was used
for manufacturing the clamping rig, which was fixed to the CNC machine table with a
simple-to-use fixture system, as shown in Figure 2b.

A digital Vickers microhardness tester supplied by TIME Group Inc., Beijing, China
was used to measure the hardness of the component formed using SPIF (see Figure 3a)
based on Equation (1). For each set, three products were experimentally formed to study
the process parameters of different forming conditions (see Figure 3b). The hardness of
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each part was measured at three zones: the upper, middle, and lower zones along the
inner wall of the formed part. Figure 3c shows a formed part after it was cut to the desired
shape in the proper size for the preparation of the test samples and for establishing the
three zones of the hardness measurement. The hardness measurement was repeated three
times at different points inside each mentioned zone. The hardness value of each zone was
calculated as the average value of the selected zone hardness. The average hardness value
of the three zones was considered the average value of the measured component. The
appropriate piece of the section was mounted by a mounting press device and polished
by a Metaserv type 250/RP device manufactured in (Buehler, Lake Bluff, IL, USA) before
hardness was measured (see Figure 3d).

Hv = 1854.4
F
d2 (1)

where F is penetration force (N), and d is average diagonal distance (d1 + d2)/2.

 
(a) (b) 

 

Figure 2. (a) Forming tools with different diameters, (b) fixture rig on the CNC machine table.

 
Figure 3. (a) Digital microhardness device, (b) formed parts, (c) three zones of hardness measurement,
(d) hardness test sample of the formed part.
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For hardness measurement, the hardness tester was calibrated before testing using
the calibration standard block, and 100 N was applied on the formed part with a Vickers
diamond pyramid indenter for 15 s. The results were recorded automatically on a digital
screen after the adjustment of the rhomb corner had been triggered by the indenter.

There is no internationally accepted term for the definition of Environmentally Ac-
ceptable Lubricants (EALs), and they still lack standardisation. The American Society for
Testing and Materials (ASTM) used “environmentally acceptable” as a phrase for defining
EALs [47]. There is an overall trend towards using EALs. In the present study, different
coolant types (four different grease types, as shown in Figure 4a–d, and one coolant oil)
were used to carry out the experiment. Supergrees EP2 and Kaucuklu grease produced
by Petrol Ofisi, Istanbul, Turkey, Zinol grease from Universal Lubricants (ZINOL) L.L.C,
Sharjah, United Arab Emirates, Gp Grease Calcium type was produced by United Grease
& Lubricants Co. LLC based in Ajman, United Arab Emirates, and the coolant oil was also
by Petrol Ofisi, Istanbul, Turkey. Table 3 lists grease properties based on their commer-
cial name and standard denominations, and Table 4 presents coolant oil properties. It is
worth mentioning that viscosity values of different greases were assumed based on the ISO
3448:1992 standard for viscosity grading systems [48].

 
Figure 4. Different types of grease: (a) EP2, (b) Kaucuklu, (c) Zinol, (d) Gp Grease Calcium.

Table 3. Selected properties of the greases used.

Grease Type ISO Viscosity Grade
Average Dropping Point, ◦C

(at 25 ◦C)
Flash Point, ◦C

Viscosity at 40 ◦C,
mm2/s

EP2 ISO VG 15 90 180 15
Kaucuklu ISO VG 22 88 172 22

Zinol ISO VG 32 88 170 32
Gp Grease Calcium ISO VG 46 58 60 46

Table 4. Selected properties of the coolant oil used.

Acidity, pH Kinematic Viscosity at 29 ◦C, mm2/s Boiling Point, ◦C

1.086 1.086 95

Lubricants cannot be used in forming processes where high loads are applied, and
thus, Syahrullail et al. [49] suggested using an appropriate additive to solve this problem.
Consequently, the difference between using coolant oil and grease is that grease forms
a mixture with small disintegrating particles (debris) of either the formed sheet or, in
rare cases, the tool. Due to heat generation, sometimes the debris repeatedly sticks to the
sheet surface or passes between the tool and the formed sheet. Diabb et al. [50] observed
aluminium flakes in the used lubricant: this phenomenon was caused by wear adhesion on
alloy sheets of SPIF components. In the case of coolant oil, which flows continuously on
the sheet, debris can be washed away from the forming zone. However, when grease is
used, a smoother surface can be produced compared to the scenario where coolant oil is
used due to the flattening and roughening effects exerted by the debris, as stated in [51].
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On the other hand, coolant oil continuously flows during the forming process, whereas
grease is applied on the sheet surface only once at the beginning of the process. In other
words, coolant oil has higher exergy than grease due to the difference in the amount
of material used, which means that an increased environmental impact is observable.
Figure 5a,b illustrate the processes of using grease and coolant oil.

(a) (b) 

Figure 5. (a) Forming process using grease, (b) forming process using coolant oil.

Four different tool rotation speeds (500, 1000, 1500, and 2000 rpm) were used to study
hardness behaviour. In addition, in the scope of the current experiments, four different
feed rates (200, 400, 600, and 800 mm/min) were implemented to investigate the effects of
changes in the feed rate on sheet hardness.

3. Results and Discussion

3.1. Feed Rate

Four different feed rates were used with different lubricants (oil and grease). At the
same time, other experimental parameters were fixed: the tool speed was 2000 rpm, the
tool diameter was 10 mm, and coolant oil was used. Table 5 and Figure 6a,b show the
results of hardness measurements for different feed rates. Changing the lubricant type
resulted in inverse values of hardness: it increased when the feed rate was increased and
coolant oil was used, and it decreased when grease was used.

An increase in feed rate led to an increase in hardness, and this was inversely pro-
portional to formability. The increase in feed rate caused a decrease in formability, as
mentioned in [52]. A decrease in hardness is due to changes in surface asperities because
the peaks of the aspirates formed by the generated debris shoot and break. By attach-
ing the debris to the tool and cultivating the sheet surface, new grooves can be created,
and the sharp peaks of the asperities can likewise be crashed. Finally, through contin-
uous cultivation and crashing, the contact area between the tool and the formed sheet
will increase.

Table 5. Effects of different feed rates on hardness.

Feed Rate,
mm/min

Hardness HV

Coolant Oil Grease

Top Middle Bottom
Standard

Deviation, σ
Top Middle Bottom

Standard
Deviation, σ

200 43.89 40.40 39.02 2.0494 63.30 58.61 50.56 5.2610
400 39.16 43.61 41.78 1.8262 59.80 56.70 49.13 4.4816
600 44.08 46.44 48.22 1.6957 51.29 53.17 44.70 3.6317
800 47.76 53.84 49.54 2.5522 43.99 45.72 45.50 0.7689
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Figure 6. (a) Effects of different feed rates on hardness of formed sheet when using coolant oil, (b) effects of varied feed
rates on hardness of formed sheet when using grease.

Hol et al. [53] mentioned that, in the case of normal forces, the sheet surface asperities
are in the plastic condition, and they are further affected by only a little stress in the
underlying bulk material. They claim that this stress is perpendicular to the normal force
and generates increased plastic deformation of asperities. Finally, because of the enormous
strain of the underlying material, this situation leads to an increased contact area, which is
recognised as a decrease in effective hardness.

3.2. Tool Speed

Table 6 lists different tool rotation speeds with the experimentally obtained hardness
values. Figure 7 shows that an increase in tool speed led to an increase in hardness. High
speed causes the resulting particles to impact the surface of the sheet faster than in the case
of low speeds, and this results in the hardening of the surface. On the other hand, in the
case of high tool speeds, the tool head, in the same contact area, travels on the sheet with
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more passes than a tool at low speeds. Due to stretching with longitudinal deformation,
the sheet material seems to be undergoing cold working conditions. Cold working creates
a different type of crystal deformation, such as compressing, twisting, and bending, and
this results in comparatively uniform plain crystalline particles. New imperfections created
by these movements result in more resistance and, finally, increase hardness.

Table 6. Effect of different speed values on hardness.

Tool Speed, rpm

Hardness HV

Top Middle Bottom
Standard

Deviation, σ

500 45.83 41.78 40.10 2.4050
1000 50.50 47.48 42.75 3.1895
1500 56.83 55.96 45.90 4.9601
2000 61.58 75.51 57.71 7.6439

Figure 7. Effect of different tool speeds on hardness of formed sheet (feed rate: 600 mm/min; tool diameter: 10 mm; coolant: oil).

3.3. Tool Diameter

The effects of tool diameter on hardness are presented in Table 7 and in Figure 8.
Decreases in values are due to increases in tool diameter. McAnulty et al. [54] found differ-
ent behaviours for the effects of changes in tool diameter on formability. Asgari et al. [55]
concluded that a tool diameter of 3 mm results in increased hardness in an aluminium alloy
1100-O sheet relative to 5 or 10 mm tool diameters. A decrease in tool diameter from 10
to 3 mm causes ultimate tensile stress and yield stress to decrease by 7% and 24%, respec-
tively. Furthermore, a reduction in the tool diameter causes a decrease in grain size [55].
Shrivastava and Tandon [56] discussed various parameters of the pre-production sheet
and studied the effects of such parameters on the ISF process and on the final properties
of products. They claimed that the forces needed to form the sheet in ISF are affected by
grain size. Increasing the grain size leads to a decrease in forming forces, yield stress, and
hardness [56]. The researchers used different tools for forming, and all of the formed parts
showed decreased hardness irrespective of the diameter of the applied tools. The results of
this study show that hardness decreased in the case of any diameter of the tool irrespective
of the hardness value at each point. A tool diameter of 4 mm showed higher hardness than
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other diameters at all points. Tool diameters of 10 and 8 mm, on the other hand, produced
lower hardness values than tool diameters of 6 and 4 mm. In addition, larger tools, which
passed through the formed sheet more times than smaller tools, made the material of the
formed part softer (and also caused more heating through increased friction).

Table 7. Effects of different tool diameters on hardness.

Tool Diameter, mm

Hardness HV

Top Middle Bottom
Standard

Deviation, σ

4 75.51 57.71 66.61 7.2668
6 56.33 50.65 53.01 2.3299
8 43.22 40.62 44.26 1.5308

10 41.78 40.10 42.57 1.0300

Figure 8. Effect of different tool diameters on hardness of formed sheet (feed rate: 600 mm/min; tool speed: 2000 rpm;
coolant: oil).

3.4. Grease Grade

Table 8 and Figure 9 show the impact of different greases on the hardness results. The
grease with the highest drop point resulted in the lowest hardness and vice versa. The
grease type named “Gp Grease Calcium-ISO VG 46” provided the highest hardness (with
the lowest drop point): this was due to the fact that this grease entered between the tool
and the formed sheet and cooled the local forming zone faster. Regarding the properties of
different greases, it is shown that the use of the grease with a higher flash point resulted
in a more stable hardness value. In fact, it can be noted that the use of grease rather than
the use of coolant oil produced more homogeneous hardness values at different points of
the same sheet, with a slight difference in this conclusion for coolant oil compared to Gp
Grease Calcium type grease.

3.5. Regression Equations to Calculate the Hardness of SPIF Components

Regression enables one to find an alternative method to quickly and more economi-
cally calculate SPIF components’ hardness, rather than having to resort to an experimental
process. In view of this, in our experiments, regression equations capable of calculating
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the hardness of SPIF were used instead of actual measurements. Consequently, differ-
ent equations were used in this study: Equation (2) Linear Cross-Validation Regression,
(3) Linear Cross-Validation with Multiple Regression of Viscosity, (4) Multiple Regression,
and (5) Equation Based on Biases and Weight. These equations are as follows:

Table 8. Effects of different grease types on hardness.

Grease Type
ISO

Viscosity Grade
Average Dropping Point

(at 25 ◦C)
Flash Point, ◦C

Hardness HV

Top Middle Bottom
Standard

Deviation, σ

Gp Grease Calcium ISO VG 15 58 60 46.81 72.00 56.95 10.3487
Zinol ISO VG 22 88 170 46.34 42.70 40.74 2.3202

Kaucuklu ISO VG 32 88 172 42.73 38.12 40.62 1.8843
EP2 ISO VG 46 90 180 45.81 43.30 38.18 3.1751

Figure 9. Effects of different grease types on hardness of formed sheet (feed rate: 600 mm/min; tool
speed: 2000 rpm; tool diameter: 10 mm).

Linear Cross-Validation Regression:

H =
(

FrCoe f f × Fr + SCoe f f × S + DCoe f f × D + LCoe f f × Lv + C
)

/4
H = (0.0658 × Fr + 0.0028 × S − 9.3993 × D + 0.2829 × Lv + 234.7775)/4

(2)

Linear Cross-Validation with Multiple Regression of Viscosity:

H =
(

FrCoe f f × Fr + SCoe f f × S + DCoe f f × D + (LCoe f f 1 × Lv − LCoe f f 2 × Lv
2
)
+ C)/4

H =
(
0.0749 × Fr + 0.007482 × S − 8.2277 × D +

(
3.5691 × Lv − 0.0950 × Lv

2)+ 217.7624
)
/4

(3)

Multiple Regression:

H =
(

FrCoe f f 1 × Fr − FrCoe f f 2 × Fr2) + (SCoe f f 1 × S − SCoe f f 2 × S2)

+ (DCoe f f 1 × D2 − DCoe f f 2 × D) + (LCoe f f 1 × Lv
2

− LCoe f f 2 × Lv) + C
H = (0.029255 × Fr − 0.000010 × Fr2) + (0.0278 × S − 0.000009 × S2)

− (17.4122 × D − 1.0414 × D2)
− (0.9343 × Lv − 0.0244 × Lv

2) + 87.4763

(4)

Equation Based on Biases and Weights:
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= 3.9206 + 

-

-5.1413
1.2616
0.6642
2.7010
1.5268
-2.5527
0.9677
0.9160
2.3191
-4.4413

 + 

-1.1773 -0.7032 -1.7944 -1.8489 1.2188 2.0108 -0.6296 1.9369 0.7717 0.3779
-1.7346 -1.1106 0.1240 0.7292 0.0289 -0.3600 0.6209 -2.3675 -0.6774 -1.6394
0.3222 -0.2106 -0.1155 1.1132 2.3911 -0.5010 -1.7080 0.0188 0.4250 -0.6822
0.1749 -0.6833 -0.8397 1.7357 -1.2086 -0.6854 -0.8242 1.5373 -1.4357 0.2100

 × 

x

2

 

(5)

where LW = [6.4552 −2.1276 2.7984 7.8625 4.7908 4.3514 −6.4366 −4.2600 2.3087 4.7381],
H is hardness, Fr is feed rate, S is spindle speed, D is tool diameter, LV is viscosity of the
lubricant, C is the intercept, and Coeff is a coefficient.

Many different validation metrics are used for assessing and measuring the agreement
between a predictive model and physical observations with the aim of selecting the best
models or equations, and choosing the proper validation metric can be a crucial point and
a challenge for evaluating results. In this study, the equations developed were compared
and validated with the validation metrics listed in Table 9. In order to check the equations
in question, different validation metrics were used to test performance on the basis of the
results of the equations used in the hardness calculation. The criteria of validation consist
in minimising error. To this end, Root Mean Square Error (RMSE) and Mean Absolute Error
(MAE) were used for validation in this study. RMSE can be more sensitive to the error
in case the MAE is more stable. However, RMSE and MAE are more accurate evaluation
metrics compared to other metrics [57]. The equation’s more reliable performance is
guaranteed by a condition where MAE and RMSE values are close to 0. Nevertheless, the
large variance between RMSE and MAE values represents significant variations in error
distribution. Consequently, Mean Relative Error (MRE) was used to measure the precision
of the equations applied.

Table 9. Assessment of best alternative equations with different validation metrics for hardness calculation.

Validation Metric
Linear Cross-Validation

Regression

Linear Cross-Validation
with Multiple

Regression of Viscosity

Multiple
Regression

Equation Based on
Biases and Weights

Mean Error 0.0000 0.0000 −0.0002 −0.0306
Mean Absolute Error 4.8183 3.6826 2.7811 1.8954
Mean Square Error 40.9419 29.2784 22.0436 20.2431

Root Mean Square Error 6.3986 5.4110 4.6951 4.4992
Mean Relative Error 0.0963 0.0727 0.0555 0.0367

Standard Deviation, σ 6.5955 5.5775 4.8396 4.6376
Standard Error of Mean 1.5996 1.3527 1.1738 1.1248

As can be seen in Table 9, the suggested Equation Based on Biases and Weight shows
much greater reliability compared to other equations, and the next most reliable equation
is the Multiple Regression equation. Consequently, both could be applied to precisely
calculate the hardness of the SPIF component. Figure 10 illustrates the ability of the
developed equations to precisely calculate the hardness of SPIF components compared to
the real values of hardness. The fluctuating and uneven hardness in Figure 10 is normal
because the values are for different components formed in various conditions using SPIF.
All of the hardness data were used in predictions models; by sorting these data from
low to high or vice versa will affect the random selection of data as training and testing
values, which may make it challenging to distinguish the difference between the actual
values of hardness and the predicted values by various models in the figure. The HV of
points 1–4 is related to the feed rate, 5–8 is related to the spindle speed, 9–12 is related to
the tool diameter, and the rest is related to the four types of grease and one coolant oil.
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The significant change in the values is because these values were obtained from different
components formed in various process conditions. The goal is to employ all of these
data to derive different equations despite fluctuations in the data because the mentioned
parameter will have parametric values that can be changed in the equations; in the end, the
best equation is selected based on the predictive values of hardness that are closest to the
actual values with minimum error.

Figure 10. Calculated and real hardness of SPIF components.

The outcomes achieved via the proposed equations versus the real data are presented
in Figure 11a–d. The solid line shows a hypothetical exact fit of actual and calculated
hardness values, over which data are superimposed. Data dispersion and deviation
are based on the ability of the selected equation to predict the hardness values with
minimum errors; i.e., a large number of data points that do not match the approximate
line (superimposed line) means high error, and a large number of points that match this
line means lower error. A satisfactory agreement between the experimental and calculated
values was observed for two equations, represented in Figure 11c and d. This figure
shows that the equations can appropriately estimate hardness. The connection between the
calculated and real data reveals that the calculated values were in agreement with values
from the real experiment.

60

50

40

60

50

40

Figure 11. Actual and calculated values obtained with equations of (a) Linear Cross-Validation
Regression, (b) Linear Cross-Validation with Multiple Regression of Viscosity, (c) Multiple Regression,
and (d) Equation Based on Biases and Weights.
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3.6. Contribution Analysis of Input Variables

Various methods can be used to evaluate the contribution of each parameter indi-
vidually and its effective rate on the output. To generate dependent variables, different
algorithms for determining the RI of different parameters were employed in this study as a
predictor of the predicted output, which is hardness. The algorithms used are Garson’s
algorithm [58] and the Most-Squares (MS) algorithm, which was proposed by Ibrahim [59].
The equations of the mentioned algorithms are defined in Equations (6) and (7). Both of
the algorithms are based on the connection weights of the neurons of the ANN model,
which was built for this purpose using MATLAB R2020a [60]. The network structures
consist of input, hidden, and output layers, and the number of neurons is (4-10-1). As a
mathematical tool for making predictions in machine learning for the purpose of training
multilayer networks, a backpropagation learning algorithm was used: this algorithm is
called “multilayer perceptron” (MLP), the concept of which was established by Werbos in
1974 and Rumelhart, McClelland, and Hinton in 1986 [61]. The Garson method has also
been used in many studies, as presented in [62–67]. Goh [68] applied the Garson algorithm
and claimed that RI estimation requires the partitioning of the hidden output weights into
elements connected to each neuron in the input layers. Nevertheless, a comparative study
of seven different algorithms included the above-mentioned methods to assess relative
importance, as outlined in [59]. The author asserted that the Most-Squares method is a
better method in comparison to the other methods, and the Most-Squares method seems to
outperform all the other methods, as described by the equations below.

RI(%) =

[
∑nh

j=1

(
yvj / ∑nv

k=1 ykj

)
hOj

]
∑nv

y=1

[
∑nh

j=1

(
yvj / ∑nv

k=1 ykj

)
hOj

] (6)

RI(%) =
∑nv

j=1

(
yi

vj − y f
vj

)2

∑nv
j=1 ∑n

v=1

(
yi

vj − y f
vj

)2 (7)

where nv is the number of neurons in the input layer, nh is the number of neurons in
the hidden layer, yj is the absolute value of connection weights between the input and
the hidden layers, hOj is the absolute value of connection weights between the hidden

and the output layers, ∑nv
j=1

(
yi

vj − y f
vj

)2
is the sum squared difference between initial

connection weights and final connection weights from the input layer to the hidden layer,

and ∑nv
j=1 ∑n

v=1

(
yi

vj − y f
vj

)2
is the total of the sum squared difference of all inputs.

The replacement of the input parameters with greater RI significantly influences the
outcomes as compared to changes in the parameters with lower RI values [66,67,69]. In
the current study, the input parameters are the feed rate, spindle speed, tool diameter
and different coolant oils, whereas the outcome is the hardness of the component formed
using SPIF.

With regard to the relative importance and weights analysis, the most significant
factor affecting hardness, as described in Figure 12a, is the feed rate with an RI of 31%,
followed by tool diameter with an RI of 25%. Another interesting observation, based on
Figure 12b, is a slight difference in the RI ratios. The tool diameter with an RI of 29% is
the most influential factor on hardness, followed by feed rate with an RI of 28%. Relying
on the Garson method to assess the contribution, it can be claimed that spindle speed
and viscosity have nearly the same RI, with values of 23% and 21%, respectively. When
the MS method was used, the relative importance of spindle speed and viscosity was
24% and 19%, respectively, the values of which express the effects on hardness. Based
on the above-mentioned facts, it can be asserted that the most significant parameters that
jointly influence SPIF hardness are the feed rate and tool diameter. A slight difference is
acceptable due to the difference in algorithms of the two methods and thanks to the small
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amount of data studied. It is worth mentioning that the Garson method partitions hidden
output connection weights into components associated with each input neuron and uses
absolute values of connection weights. At the same time, connection weights between the
hidden and the output layers were not used in the MS method: instead, connection weights
between the input and hidden layers were used.

 
Figure 12. Relative importance of different input variables according to the (a) Garson and (b) Most-Squares algorithms.

4. Conclusions

In this study, the effects of four process parameters on hardness were investigated
experimentally: the influences of feed rate, spindle speed, and tool diameter on hardness
were successfully analysed. Regression equations were established using both linear
and quadratic functions based on biases and weights generated from the ANN model of
influential forming parameters. Two different methods of RI were used to assess the effects
of SPIF parameters on outputs. The RI values of the Garson and Most-Squares methods
revealed that feed rate and tool diameter are influential factors, impacting hardness by
29.5% and 27% on average, respectively. Based on our study, the effects of four parameters
on hardness can be summarised as follows:

• An increase in the feed rate increases hardness when coolant oil is used. Hardness
decreases when grease is used (which happens by way of filling the grooves between
asperities with debris carried by the grease).

• The hardness of the component increases when tool speed increases.
• Increases in tool diameter result in a decrease in the hardness of components.
• Grease properties are certain to affect hardness values.
• The use of grease instead of coolant oil generates homogeneous hardness values at

different points of the same formed sheet.

From the first four findings, it can be concluded that in order to increase the hardness
of a SPIF component made of AA1100 aluminium alloy, high feed rates and high tool
speed have to be applied, and coolant oil must be used instead of grease if tools smaller
than 8 mm in diameter are used. A significant finding of the study is that the Biases and
Weights-Based model, jointly used with Multiple Regression, yielded the best calculation
of hardness. In the scope of the calculations, the results were assessed using different
validation metrics; in the case of the above-mentioned models, the lowest MRE values were
0.0367 and 0.0555, respectively.

5. Recommendations for Further Research

This research presented many issues that require further investigation. Given this, it
is worth researching the impact of the studied parameters on sheets of different materials
and thicknesses. It is essential to understand whether the mechanical properties of the
forming tool affect the hardness of the components or not. A detailed study and evaluation
of the different microstructures derived from the different processing conditions of the
ISF process should be investigated to examine the impact of the parameters on the grain
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size, which affects the component hardness. In addition, based on the authors’ knowledge,
tool shape and tool material are vital parameters, and the hardness of formed components
might be closely related to these parameters, which also merits investigation. Furthermore,
different cases should be analysed with different parameter values to test and validate the
developed regression equations.

Author Contributions: Conceptualisation, S.M.N., I.P. and S.A.N.; methodology, S.M.N., I.P., S.A.N.,
and Z.J.V.; formal analysis S.M.N., I.P., T.T., S.A.N., Z.J.V., and A.J.; investigation, S.M.N. and S.A.N.;
data curation, S.M.N., I.P., and Z.J.V.; writing—original draft preparation, S.M.N.; writing—review
and editing, S.M.N., I.P., and T.T.; supervision, I.P. and S.A.N.; project administration, I.P.; funding
acquisition, S.M.N., I.P., and Z.J.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The research reported in this paper was supported by the National Laboratory
of Artificial Intelligence funded by the NRDIO under the auspices of the Ministry for Innovation and
Technology and by the European Commission through the H2020 project EPIC (https://www.centre-
epic.eu/) (accessed on 26 November 2021) under grant No. 739592. In addition, this research was
supported by Hungary’s TEMPUS Public Foundation and Stipendium Hungaricum Scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References
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Abstract: In the process of metal cutting, the cutting performance of cutting tools varies with different
parameter combinations, so the results of the performance indicators studied are also different. So in
order to achieve the best performance indicator it is necessary to get the best parameter matching
combination. In addition, in the process of metal cutting, the value of the performance index is
different at each stage of the processing process. In order to consider the cutting process more
comprehensively, it is necessary to use a comprehensive evaluation method that can evaluate the
dynamic process of performance indicators. This paper uses a dynamic evaluation method that
considers the dynamic change of performance indicators in each stage of the cutting process to
comprehensively evaluate the tool parameters and cutting parameters at each level. For the purpose
of high processing efficiency and long tool life, tool wear rate and material removal rate are used as
performance indicators. In the case of specified rake angle, cutting speed and cutting width, titanium
alloy is studied by end milling cutter side milling. The tool parameters and cutting parameters in
milling process are optimized by using a dynamic comprehensive evaluation method based on gain
horizontal excitation. Finally, the parameter matching combination that can make the performance
indicator reach the best is obtained. The results show that when the rake angle is 8◦, the cutting
speed is 37.68 m/min, and the cutting width is 0.2 mm, the tool wear rate and material removal rate
are the best when the clearance angle is 9◦, the helix angle is 30◦, the feed per tooth is 0.15 mm/z,
and the cutting depth is 2.5 mm.

Keywords: cutting performance; matching combination; dynamic change process of performance
indicator; dynamic evaluation method; comprehensive evaluation

1. Introduction

Metal cutting is one of the most widely used metal parts manufacturing methods [1].
However, in the process of machining, the cutting performance of the tool is different under
different parameter combinations, and the required performance indicator results are also
different. Therefore, in order to make the performance indicator reach the optimal value, it
is necessary to study the matching between each parameter in the cutting process, and get
the optimal parameter matching combination of each performance indicator.

At present, many scholars have studied the optimal matching combination among
parameters. Zhang et al. [2] conducted the orthogonal test of high speed milling of aviation
aluminum alloy with end mills, and obtained the optimal combination of milling parame-
ters through range analysis. Kubilay et al. [3] taking the turning of Ti6Al4V with indexable
turning tool as the research object. The average roughness height, maximum roughness
height, and material removal rate were taken as the performance indicators. The param-
eters are cutting speed, feed speed, and cutting depth. The surface response function of
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three performance indicators was obtained by using the surface response method, and the
optimal parameter combination was obtained by multi-objective optimization algorithm.
Tamal et al. [4] proposes a bayesian regularization neural network for agents and the beetle
antenna search algorithm to optimize the algorithm of data driven auxiliary agent opti-
mization algorithm, the algorithm we get the material removal rate, surface roughness and
cutting force on cutter diameter, spindle speed, feed speed, and cutting depth function and
to get the optimized parameters combination. Juan et al. [5] used the orthogonal cutting
simulation method to obtain the relevant performance indicator values as optimization
parameters, and proposed a multi-objective particle swarm optimization algorithm to
optimize the performance indicator values. Zhang et al. [6] used the Markov chain Monte
Carlo method to solve the reliability model of tool life, and then used the multi-objective
optimization algorithm combining grey correlation analysis, radial basis neural network
and particle swarm optimization algorithm to search for the optimal processing parameters
of the whole blade-disc tunnel processing. Mohammed et al. [7] took cutting force and
surface roughness as performance indicators and combined gray correlation method (GRA)
and expectation function analysis (DFA) to optimize the milling parameters in the milling
process of epoxy glass fiber to obtain the best combination of milling parameters. Fang
et al. [8] respectively established the correlation function model of the above performance
indicators on milling times and milling parameters for the energy consumption, processing
cost, and processing time of CNC machine tools in the process of multi-pass milling. On
this basis, an improved adaptive simulated annealing particle swarm optimization algo-
rithm was proposed to solve the optimal solution of milling parameters, and the optimal
combination of milling parameters was obtained. Vimal et al. [9] took surface roughness,
tool wear, and cutting force as performance indicators and used grey-fuzzy evaluation
method to optimize the cutting speed, feed speed, and cutting depth in the turning process
of glass fiber reinforced plastics, and obtained the optimal parameter combination of cut-
ting speed, feed speed, and cutting depth. Viswanathan et al. [10] took PVD coated carbide
turning tools dry turning magnesium alloy as the research object, taking cutting speed,
feed per revolution, and cutting depth as the optimized parameters, and taking cutting
force, material removal rate, flank face wear, and surface roughness as the performance
indicators, then carried out a parameter optimization test. Principal component analysis
(PCA) and grey correlation analysis (GRA) were used to optimize the parameters and
get the best combination of parameters. Suresh et al. [11] taking surface roughness and
material removal rate as performance indicators, the grey-fuzzy comprehensive evaluation
method was used to optimize the cutting speed, feed per revolution, and mass fraction of
SiC-Gr in the turning process of Al-SiC-Gr composites. Gnanavelbabu et al. [12] controlled
turning of aluminum-based boron carbide composites numerically, and the cutting force,
tool wear, and other performance indicators in the turning process are measured. The
optimum parameter combination among spindle speed, feed per revolution, cutting depth,
and B4C mass fraction was obtained by grey-fuzzy comprehensive evaluation method.

Metal cutting is a dynamic process, so the performance indicator values are constantly
changing with the movement of the cutting tool in the cutting process. Based on the
above reference studies, it can be seen that the research methods of parameter matching
include range analysis method, optimization algorithm, and evaluation method to obtain
the best parameter level combination, but these methods do not consider the data dynamic
change process of performance indicator in different stages of cutting process. Therefore,
it is important to use an optimization method that takes into account the data of all
performance indicators and the data dynamic change process of performance indicators in
different stages.

Ti6Al4V is a difficult material to process and is widely used in many industrial
fields because of its good thermodynamic properties [13,14]. However, when cutting
titanium alloy, there will be serious friction between the tool and the workpiece, so there
is a large cutting force and high temperature in the cutting contact area, these problems
lead to accelerated tool wear speed, tool life is low, and ultimately lead to low processing
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efficiency, affecting the application of Ti6Al4V [15,16]. In addition, milling is one of the most
commonly used machining processes because of its ability to produce complex geometric
shapes [17,18]. Therefore, this paper chooses milling as the processing method to be studied.
In this paper, for the purpose of high efficiency and long tool life, this paper takes tool
wear rate and material removal rate as performance indicators, and titanium alloy is milled
by end milling cutter side as the research object. According to the dynamic change of
performance indicator, the dynamic evaluation method based on gain level excitation in
reference [19] was used to comprehensively evaluate each level of tool parameters and
cutting parameters, and finally the optimal level of each parameter on tool wear rate and
material removal rate was optimized.

2. Establishment and Verification of Finite Element Simulation of Milling Process

Finite element method has the characteristics of a simple and clear physical concept, is
easy to grasp, has a simple description, is easy to popularize, is a superior method, and has
a wide application range. In this paper, the tool wear rate and material removal rate are
obtained by finite element method and analytical method under different tool parameter
and cutting parameter combinations at different stages.

2.1. Establishment of Finite Element Simulation Model for Milling Process
2.1.1. Finite Element Simulation Model Establishment Process

Finite element simulation is an effective tool to evaluate metal cutting process. In
recent years, many researchers have carried out finite element simulation analysis on
metal cutting process. Finite element method can be used for chip forming simulation,
cutting force simulation, wear simulation, etc [20]. At present, many software have been
used in metal cutting process simulation research [21]. Deform-3D (Ohio, USA) is a
powerful software for simulation and analysis of metal cutting processes [22]. Finite
element simulation of cutting process using Deform-3D has advantages such as reducing
workpiece cost and machine energy consumption [23]. Deform-3D simulation system is
composed of three main modules, which are the pre-processing module, simulation setting
module, and post-processing module [24]. According to the above three modules, Figure 1
shows the process of establishing the cutting simulation model of Deform-3D software.

Figure 1. Cutting simulation model establishment process of DEFORM_3D software.

2.1.2. Material Constitutive Model

The constitutive equation of titanium alloy includes stress, strain, temperature, and
other parameters [25]. Johnson–Cook material model is simple in form and widely used. It
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is an ideal model of elastic-plastic strengthening. The model is suitable for the temperature
range from room temperature to the melting point of the material [26]. So, the J-C consti-
tutive reinforcement model was selected. The expression form of J-C constitutive model
equation is shown in Equation (1).

σ =
[
A + B(ε)n]·[1 + C ln

ε

ε0

]
·
[

1 −
(

T − Tr

Tm − Tr

)m]
(1)

where σ, ε and ε0 are equivalent flow stress, equivalent plastic strain rate, and reference
plastic strain rate, respectively. T, Tr, and Tm denote the absolute temperature, ambient
temperature and melting temperature of the workpiece material, respectively. A, B, C,
m, and n are the yield strength, hardening modulus, strain rate sensitivity coefficient,
heat softening coefficient, and strain hardening index, respectively. J-C parameters of the
Ti6Al4V constitutive model are presented in Table 1.

Table 1. J-C parameters for Ti-6Al-4V alloy [27].

A (MPa) B (MPa) C m n ¯
ε0 (s−1) Tm (◦C) Tr (◦C)

875 793 0.01 0.71 0.386 1 1560 20

2.1.3. Material Parameters

In the pre-processing of finite element simulation, the material attributes of the tool
and the workpiece need to be set, and the setting of material parameters plays a crucial role
in the accuracy of finite element simulation. The cutter material is carbide, model is YG6,
and the tool is not coated. The workpiece material is Ti6Al4V. Table 2 shows the material
parameters of tool material YG6 and workpiece material Ti6Al4V.

Table 2. Material parameter [28].

Material Parameter YG6 Ti6Al4V

Density (g/cm3) 14.85 4.44
Young’s modulus (GPa) 640 112

Poission’s Ratio 0.22 0.34
Expansion (/◦C) 4.7 × 10−6 9.4 × 10−6

Conductivity (W/m·K) 79.6 6.8
Specific heat (J/(kg·◦C)) 176 565

2.1.4. D Model Establishment, Import and Grid Division

UG is used to conduct 3D modeling of the tool and workpiece, Figure 2a is the model
of integral end milling cutter. Figure 2b is the model of square block workpiece, the length
is 100 mm. Table 3 shows the key parameters of the integral end milling cutter. In order to
speed up the finite element simulation, the 3D model of tool and workpiece is simplified.
Because the research object is the end milling cutter side milling block titanium alloy, the
main study is of the integral end milling cutter side edge, cut end milling cutter only with
a part of the edge, and cut block workpiece in the cutting area of the nearest part of the
workpiece. The height of the cut part of the workpiece is determined by the cutting depth.
After the model is assembled in UG, all parts are exported in the format of stl file. After
all parts are imported into DEFORM-3D software, the original assembly form can still
be obtained. Figure 2c shows the tool model and workpiece model after simplifying and
importing Deform-3D software.
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Figure 2. Simulation model of the side milling process: (a) End milling cutter model, (b) Workpiece
model, (c) 3D models in simulation software and (d) The simulation model.

After importing the 3D model into the DEFORM-3D software, the tool model and
the workpiece model are set as rigid body and plastic body respectively. After that, the
parts are meshed, and the mesh number of the tool model is 30,000. The number of mesh
of the workpiece varies according to the cutting depth. In Figure 2c, the thickness of the
workpiece is 2 mm, so the number of mesh of the workpiece is 20,000. When the cutting
depth is 3 mm, the mesh number of workpiece is 30,000. When the workpiece is meshing,
the workpiece is divided into cutting zone and non-cutting zone. The mesh size of the
cutting zone is 0.2, and the mesh size of the non-cutting zone is 4. The resulting figure after
mesh division is shown in Figure 2d.
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Table 3. The key parameters of the integral end milling cutter.

Num. Parameter Value

1 The blade number 4
2 The cutter diameter 10 (mm)
3 The rake angle 8 (◦)
4 The width of rake face 1.0 (mm)
5 The first clearance angle 12 (◦)
6 The second clearance angle 23 (◦)
7 The width of the first flank face 0.7 (mm)
8 The width of the second flank face 0.8 (mm)
9 The helix angle 35 (◦)

10 The core diameter 6.2 (mm)

2.1.5. Setting of Tool Wear Model in Finite Element Simulation Software

In this paper, the tool wear rate is selected as one of the performance indicators.
Therefore, it is very important to set the tool wear rate in the pre-processing of finite
element simulation software. The tool wear rate in Deform-3D is set in the “Tool Wear”
window of the “Inter-Object” window. Usui wear model and other wear models can be set
in this column. Figure 3 shows the tool wear model setting window.

Figure 3. Tool wear model setting.

2.2. Simulation Parameter Selection and Performance Indicator Setting

In this paper, the tool wear rate and material removal rate as performance indicators.
In this chapter, the data values of tool wear rate and material removal rate are obtained
through finite element simulation and analytical method.

2.2.1. Simulation Parameter Selection

According to the comprehensive evaluation study on the importance of parameters
to performance indicators in the process of titanium alloy side milling by end milling
cutter in the early stage, the clearance angle and helix angle are selected as important tool
parameters, and the feed per tooth and cutting depth are important cutting parameters.
In this paper, the clearance angle, helix Angle, feed per tooth, and cutting depth are the
research objects, and the optimal parameter combination is studied. The values of other
parameters not involved in the study are shown in Table 4.

170



Materials 2021, 14, 6181

Table 4. Table of fixed parameter values.

Rake Angle (◦) Cutting Speed (m/min) Cutting Width (mm)

8 37.68 0.2

According to the selected four parameters with the greatest importance, they are taken
as the horizontal factor of orthogonal test to carry out test planning. Without considering
the interaction between parameters, SPSS software was used to design the orthogonal
test of 4 factors and 5 levels, and the parameter level table of L25(54) orthogonal test was
obtained as shown in Tables 5 and 6 was the orthogonal simulation test table corresponding
to Table 5.

Table 5. Variable parameter levels.

Clearance Angle
(◦)

Helix Angle
(◦)

Feed Per Tooth
(mm/z)

Cutting Depth
(mm)

1 8.00 30.00 0.05 1.00
2 9.00 32.00 0.10 1.50
3 10.00 33.00 0.15 2.00
4 11.00 34.00 0.20 2.50
5 12.00 35.00 0.25 3.00

Table 6. Orthogonal test table.

Clearance Angle
(◦)

Helix Angle
(◦)

Feed Per Tooth
(mm/z)

Cutting Depth
(mm)

1 9.00 32.00 0.20 1.50
2 12.00 30.00 0.10 1.50
3 11.00 30.00 0.15 2.00
4 8.00 32.00 0.25 2.00
5 10.00 30.00 0.20 2.50
6 9.00 33.00 0.15 2.50
7 11.00 32.00 0.10 3.00
8 12.00 32.00 0.05 2.50
9 12.00 34.00 0.20 2.00

10 11.00 34.00 0.25 2.50
11 10.00 34.00 0.05 3.00
12 9.00 34.00 0.10 1.00
13 9.00 30.00 0.25 3.00
14 11.00 33.00 0.05 1.50
15 8.00 33.00 0.20 3.00
16 8.00 30.00 0.05 1.00
17 10.00 32.00 0.15 1.00
18 12.00 35.00 0.15 3.00
19 8.00 34.00 0.15 1.50
20 10.00 35.00 0.25 1.50
21 9.00 35.00 0.05 2.00
22 11.00 35.00 0.20 1.00
23 12.00 33.00 0.25 1.00
24 8.00 35.00 0.10 2.50
25 10.00 33.00 0.10 2.00

2.2.2. Setting Performance Indicators

One of the performance indicators in this paper is material removal rate, and the
research object is milling block titanium alloy with end milling cutter. Therefore, the
formula of material removal rate V within a certain time is shown in Equation (2).

V = v f ·ap·ae =
50·vc· fz·z

3·π·d ·ap·ae (2)
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where vf is feed speed, vc is cutting speed, fz is feed per tooth, z is the number of teeth, d is
cutter diameter, ap is cutting depth, ae is cutting width.

Many scholars have done a lot of research on extending tool life by controlling tool
wear rate [29], so tool wear rate is chosen as the performance indicator. In the metal cutting
process, tool wear is defined as the material loss or deformation of the contact surface
caused by friction between the cutting tool and the workpiece. Generally, the tool wear
can be mainly divided into adhesive wear, abrasive wear, and so on [30]. The tool wear
rate is chosen as one of the performance indicators, so it is extremely important to choose
the right wear model. In the process of carbide cutting tools processing Ti6Al4V, the tool
wear process under the action of cutting force and cutting heat is very complicated. But
adhesive wear will occur regardless of the temperature [31]. Therefore, the adhesive wear
model is selected as the research object for FEM, the adhesive wear rate was calculated
using the adhesive wear model of Usui et al. [32], its expression is shown in Equation (3).

dWAdhesion wear
dt

= Aw·σn·vc·e(
−Bw

273+T ) (3)

where σn is the positive pressure, vc is the chip slip velocity, T is the celsius temperature,
and Aw and Bw are the wear characteristic constants, which can be obtained by tool wear
test. According to reference [33] and reference [34], Aw = 0.0004, Bw = 7000, in which the
values of Aw and Bw need to be input into Deform-3D software.

2.3. Finite Element Simulation Results

After Deform-3D post-processing, the tool wear rate when machining to 10 mm was
obtained. The simulation results are shown in Figure 4, and the dynamic change diagram
of milling simulation is shown in Figure 5. Among them, the cutting length of 10 mm is
divided into 4 sections, respectively marked l1 phase, l2 phase, l3 phase, l4 phase. According
to Equation (2), the material removal rate of titanium alloy processed by end milling cutter
is obtained. Table 7 shows the data table of tool wear rate and material removal rate under
different combinations of tool parameters and cutting parameters in each stage.

Figure 4. Simulation results of tool wear rate.

Figure 5. Dynamic change diagram of milling simulation.
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Table 7. Performance indicator data table.

The First Stage (l1) The Second Stage (l2) The Third Stage (l3) The Fourth Stage (l4)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

1 0.00934 4.8 0.00547 4.8 0.00156 4.8 0.02260 4.8
2 0.07030 2.4 0.04810 2.4 0.06770 2.4 0.13100 2.4
3 0.01680 4.8 0.01240 4.8 0.00945 4.8 0.02470 4.8
4 0.00623 8.0 0.01920 8.0 0.01110 8.0 0.13000 8.0
5 0.03900 8.0 0.14100 8.0 0.03130 8.0 0.02760 8.0
6 0.00718 6.0 0.03550 6.0 0.00378 6.0 0.01050 6.0
7 0.00168 4.8 0.00718 4.8 0.11400 4.8 0.01590 4.8
8 0.02320 2.0 0.01390 2.0 0.01760 2.0 0.01180 2.0
9 0.00508 6.4 0.03820 6.4 0.04800 6.4 0.10500 6.4
10 0.01030 10.0 0.02150 10.0 0.00221 10.0 0.00834 10.0
11 0.00338 2.4 0.22500 2.4 0.00802 2.4 0.05170 2.4
12 0.06360 1.6 0.11400 1.6 0.04850 1.6 0.05840 1.6
13 0.00747 12.0 0.05300 12.0 0.09910 12.0 0.06970 12.0
14 0.01660 1.2 0.04650 1.2 0.01180 1.2 0.07540 1.2
15 0.05810 9.6 0.02610 9.6 0.05140 9.6 0.01940 9.6
16 0.01460 0.8 0.03630 0.8 0.07520 0.8 0.04940 0.8
17 0.00944 2.4 0.03190 2.4 0.07750 2.4 0.00726 2.4
18 0.02010 6.4 0.00564 6.4 0.06460 6.4 0.01400 6.4
19 0.00544 3.2 0.00826 3.2 0.00757 3.2 0.01910 3.2
20 0.03630 6.0 0.09990 6.0 0.03680 6.0 0.03020 6.0
21 0.01550 1.6 0.00282 1.6 0.01850 1.6 0.00993 1.6
22 0.01930 3.2 0.01340 3.2 0.02070 3.2 0.01630 3.2
23 0.01380 4.0 0.03740 4.0 0.01010 4.0 0.00943 4.0
24 0.04980 4.0 0.01570 4.0 0.02950 4.0 0.03220 4.0
25 0.01970 3.2 0.01060 3.2 0.04600 3.2 0.02340 3.2

3. Dynamic Evaluation Method Based on Gain Horizontal Excitation

In different stages under different cutting tool parameters and cutting parameters
combination of tool wear rate and material removal rate for data analysis, using the
dynamic evaluation method based on gain level motivation for evaluating the various
levels, the first parameter is selected by evaluating the parameters of the numerical biggest
level, and so on, to get optimal levels of other parameters, eventually, become the best
parameter combination.

3.1. Dynamic Evaluation Method Based on Gain Level Excitation

The dynamic comprehensive evaluation method based on gain horizontal excitation
is a comprehensive evaluation method that considers the dynamic numerical changes
of performance indicators at different stages. This method is based on the gain of each
evaluated object in different periods, and then calculates the final total dynamic compre-
hensive evaluation value of each evaluated object through this dynamic evaluation method.
Among them, gain represents the change of comprehensive evaluation value in the upper
and lower stages. Level represents the comprehensive evaluation value of each stage;
Motivation represents the guidance from one stage to the next. Figure 6 shows the flow
chart of dynamic comprehensive evaluation method based on gain horizontal excitation.

As shown in Figure 7, the figure shows that the values of performance indicators of
the evaluated object are different in different time periods. The dynamic comprehensive
evaluation method not only takes into account all performance indicators, but also takes
into account the characteristics that performance indicators may have different values in
different stages. In this method, all performance indicators of all evaluated objects are
comprehensively evaluated at time t1 to obtain the comprehensive evaluation value of each
evaluated object at that time, and the same method is applied at other times. Then, the
evaluation values of each evaluation object at different times are unified together, and the
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dynamic evaluation values of each evaluated object are obtained according to the dynamic
evaluation method.

Figure 6. Flow chart of dynamic comprehensive evaluation method based on gain horizontal excitation.

Figure 7. Dynamic change diagram of performance indicators.

3.2. Comprehensive Evaluation of Each Stage Based on Grey-Fuzzy Analytic Hierarchy Process

The purpose of this paper is to optimize the parameter level, so the sequential stereo-
scopic data table of each level of the studied parameter is shown in Table 8. There are n
evaluated objects, that is, each parameter has n levels, si is the ith level of this parameter, m
performance indicators, xij(tk) is the ith (i = 1, 2, . . . , n) evaluated objects at tk (k = 1, 2, . . . ,
T) about the indicator xj (j = 1, 2, . . . , m) observed value.

Table 8. Time series stereoscopic data table.

t1 t2 . . . tT

x1 x2 . . . xm x1 x2 . . . xm . . . x1 x2 . . . xm

s1 x11(t1) x12(t1) . . . x1m(t1) x11(t2) x12(t2) . . . x1m(t2) . . . x11(tT) x12(tT) . . . x1m(tT)
s2 x21(t1) x22(t1) . . . x2m(t1) x21(t2) x22(t2) . . . x2m(t2) . . . x21(tT) x22(tT) . . . x2m(tT)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
sn xn1(t1) xn2(t1) . . . xnm(t1) xn1(T2) xn2(t2) . . . xnm(t2) . . . xn1(tT) xn2(tT) . . . xnm(tT)

In the process of metal cutting, there exist the influence of parameters on the perfor-
mance indicator, and there are also the mutual influence between the performance indicator,
and the influence degree of these influences is unknown, so the metal cutting process is
a fuzzy process. In order to save cost, the number of experiments and data amount in
scientific research are limited. Therefore, in order to solve the problem of fuzziness in
cutting process and insufficient data due to the limited number of tests, fuzzy theory, and
grey theory are needed.

Grey fuzzy evaluation method is an evaluation method that has the advantages of
both grey theory and fuzzy theory [35]. The combination of analytic hierarchy process
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and grey fuzzy evaluation method can better solve the problem of multi-objective com-
prehensive evaluation. This method is used to comprehensively evaluate the performance
indicator data of different evaluated objects at each time to obtain the comprehensive
evaluation value of each evaluated object at each time, which is finally combined into
the comprehensive evaluation matrix Y, whose expression form is shown in Section 3.3.
The calculation formula and related parameters of analytic hierarchy process and grey
fuzzy evaluation method can be obtained from reference [36] and reference [37]. Through
analytic hierarchy process and grey fuzzy evaluation, the comprehensive evaluation matrix
Bk of the evaluated object at the tk moment is obtained, and its expression is shown in
Equation (4).

Bk =
[

y1(tk) y2(tk) . . . yn(tk)
]

(4)

where, yi(tk) (yi(tk) ∈ [0,1]) is the comprehensive evaluation value of the ith evaluated object
at the tk moment.

3.3. Parameter Level Optimization Based on Dynamic Evaluation Method

After the evaluation matrix of each stage is obtained, the dynamic comprehensive
evaluation of the evaluated object is carried out according to the dynamic evaluation
method in reference [19], and the dynamic comprehensive evaluation value of the evaluated
object is finally obtained.

The comprehensive evaluation matrix Bk of the evaluated object at the tk moment is
obtained through the grey-fuzzy analytic hierarchy process, and all the comprehensive
evaluation matrix Bk is combined into the comprehensive evaluation matrix Y, as shown in
Equation (5).

Y =

⎡
⎢⎢⎢⎣

y1(t1) y1(t2) · · · y1(tT)
y2(t1) y2(t2) · · · y2(tT)

...
...

...
...

yn(t1) yn(t2) · · · yn(tT)

⎤
⎥⎥⎥⎦ (5)

where yi(tk) is the comprehensive evaluation value of the ith evaluated object at the tk moment.

Definition 1. Mean maximum gain, mean minimum gain and mean gain of ηmax, ηmin, and η
evaluated object, respectively. Its calculation formula is shown in Equation (6).

ηmax = max
i

(
1

T−1

T−1
Σ

k=1
(yi(tk+1)− yi(tk))

)

ηmin = min
i

(
1

T−1

T−1
Σ

k=1
(yi(tk+1)− yi(tk))

)

η = 1
n(T−1)

n
Σ

i=1

T−1
Σ

k=1
(yi(tk+1)− yi(tk))

(6)

Definition 2. Respectively, η+ and η− are the good and bad gain levels of the evaluated object, and
their calculation formula is shown in Equation (7).

η+ = η + k+(ηmax − η)
η− = η − k−

(
η − ηmin) (7)

where k+ and k− are corresponding floating coefficients, k+ and k− ∈ (0,1]. Floating coefficients k+

and k− are used to describe the decision maker’s psychological expectation of the overall development
of the evaluated object.

After the good and bad gain levels η+ and η− are obtained, they are substituted into
the following Equation (8),

η+ = y+i (tk)− yi(tk−1), (k = 2, 3, . . . , T)
η− = y−i (tk)− yi(tk−1), (k = 2, 3, . . . , T)

(8)
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At this point, the excellent and bad excitation points yi
+(tk) and yi

−(tk) of the ith
evaluated object at the tk moment are obtained by Equation (8).

The excellent and bad excitation points yi
+(tk) and yi

−(tk) are substituted into
Equation (9).

υ+i (tk) = yi(tk)− y+i (tk), yi(tk) > y+i (tk)
υ−i (tk) = y−i (tk)− yi(tk), y−i (tk) > yi(tk)

(9)

where υi
+(tk) and υi

−(tk) are the excellent and bad excitation quantities obtained by the
ith evaluated object at the tk stage, respectively. In addition, in the case outside the value
range, the superior and inferior excitation quantities are 0. υi

+(tk) = υi
−(tk) = 0 is set at

the initial tk stage without any excitation. Figure 8 is the geometric visual representation
of the excellent and bad excitation points. In Figure 8, tk, tk+1 and tk+2 stages respectively
represent the three situations in which the evaluated object obtains the excellent excitation,
does not obtain the bad excitation and obtains the good excitation.

Figure 8. Geometric representation of excellent and bad excitation points and excitation quantities.

After obtaining the excellent and bad incentive points, the dynamic comprehensive
evaluation value should also consider appropriate rewards and punishments for the parts
above and below the excellent and bad incentive points. Let zi(tk) be the dynamic com-
prehensive evaluation value of the ith evaluated object in the tk stage, then the calculation
formula of zi(tk) is shown in Equation (10).

zi(tk) = h+υ+i (tk) + yi(tk)− h−υ−i (tk) (10)

where h+, h−(h+, h− > 0) are superior and inferior excitation factors respectively; h+υi
+(tk)

and h−υi
−(tk) are the optimal and the inferior excitation values respectively. In addition,

according to Equation (9), any tk(k = 1, 2, . . . , T) in the moment, υi
+(tk) × υi

−(tk) = 0, that
is, h+υi

+(tk), h−υi
−(tk) cannot be obtained at the same time.

The proportion rule of the total amount of incentives. For the n evaluated objects,
Equation (11) shows that the total amount of good and bad excitation is proportional.

r =
h+

n
Σ

i=1

T
Σ

k=1
υ+i (tk)

h−
n
Σ

i=1

T
Σ

k=1
υ−i (tk)

(11)

where r (r ∈ R+) is the proportion relation between the total amount of excellent incentives
and the total amount of bad incentives, which is a reflection of the decision intention of the
evaluator. When r > 1, indicates that the total amount of excellent excitation is greater than
the total amount of bad excitation; When r < 1, indicates that the total amount of excellent
excitation is less than the total amount of bad excitation; When r = 1, it means that the total
amount of excellent excitation is equal to the total amount of bad excitation.

176



Materials 2021, 14, 6181

Moderate incentive rules. According to Equation (12), the sum of superior and inferior
excitation factors h+ and h− is 1.

h+ + h− = 1 (12)

When the ratio r between the total amount of optimal excitation and the total amount
of inferior excitation is determined, the values of h+ and h− can be obtained through
Equations (11) and (12).

The dynamic comprehensive evaluation value zi(tk) of the ith evaluated object at
the tk stage is obtained through the above steps. Then the total dynamic comprehensive
evaluation value zi of the ith evaluated object at all times is shown in Equation (13).

zi =
T
Σ

k=1
τkzi(tk) (13)

where τk is the time factor, {τk} is usually taken as a series of increasing type. If there is no
specific requirement and time preference can be ignored, τk = 1.

3.4. Comprehensive Evaluation of Parameter Level in Each Stage

Firstly, the comprehensive evaluation of each level of the clearance angle was carried
out, and the grey fuzzy analytic hierarchy process in reference [36] and reference [37] was
used to carry out the comprehensive evaluation, and the comprehensive evaluation value
of each level of the clearance angle in each stage was obtained.

Use analytic hierarchy process to get the weight of each performance indicator. Ac-
cording to the requirement, the indicator set is {x1, x2}. Among them, x1 is tool wear rate,
and x2 is material removal rate. First of all, weight distribution was carried out for each
performance indicator. In order to highlight the importance of tool life, it was necessary
to increase the weight value of tool wear rate, as shown in Table 9. Then, according to
reference [36], the weight value of tool wear rate is 0.6, the weight value of material removal
rate is 0.4, and the indicator weight matrix P = [0.6, 0.4].

Table 9. Significance comparison scale values among indicators.

xj/xh x1/x2 x2/x2

Ujh 1.5 1.0

According to the weight matrix of performance indicators and the grey fuzzy evalua-
tion method in reference [36], the comprehensive evaluation of the evaluated object in each
stage is carried out. As the object is evaluated for each level of parameters. Therefore, all
levels of the clearance angle are evaluated comprehensively. According to the performance
indicators selected in this paper, phase lk was used instead of moment tk to represent the
dynamic nodes in the cutting process. The values shown in Table 10 are the average values
of the sum of the performance indicator values of the clearance angle at the same level
obtained in Table 7 at different stages. And according to the weight matrix of performance
indicators and the grey-fuzzy evaluation method, the comprehensive evaluation matrix B1,
B2, B3, and B4 of four stages are obtained, among which the coefficients required by the
grey-fuzzy evaluation method can be obtained from reference [37].

B1 =
[

0.77701 0.88889 0.75000 0.90000 0.57008
]

B2 =
[

0.89557 0.78564 0.75000 0.90000 0.61180
]

B3 =
[

0.87574 1.00000 0.43924 0.50000 0.38385
]

B4 =
[

0.82976 0.91783 0.69123 0.90000 0.33333
]
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Table 10. Stage sequence stereoscopic data table of the clearance angle.

The First Stage (l1) The Second Stage (l2) The Third Stage (l3) The Fourth Stage (l4)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

Wear Rate
(mm/s)

V
(mm3/s)

1 0.02683 5.12 0.02111 5.12 0.03495 5.12 0.05002 5.12
2 0.02062 5.20 0.04216 5.20 0.03429 5.20 0.03427 5.20
3 0.09176 4.40 0.10168 4.40 0.03992 4.40 0.02803 4.40
4 0.01150 5.04 0.01728 5.04 0.04477 5.04 0.01450 5.04
5 0.02650 4.24 0.02865 4.24 0.04160 4.24 0.26369 4.24

3.5. Dynamic Evaluation of Parameter Level

After obtaining the comprehensive evaluation value of each level of the clearance
angle in each stage, the dynamic evaluation method is used to carry out comprehensive
evaluation, and the final comprehensive evaluation value of each level of the clearance
angle is obtained.

The comprehensive evaluation matrices B1, B2, B3, and B4 of each stage obtained in
3.4 were transformed and combined to obtain the comprehensive evaluation matrix Y of
five levels about the clearance angle.

Y =

⎡
⎢⎢⎢⎢⎣

0.77701 0.89557 0.87574 0.80976
0.88889 0.78564 1.00000 0.91783
0.75000 0.75000 0.43924 0.69123
0.90000 0.90000 0.50000 0.90000
0.57008 0.61180 0.38385 0.33333

⎤
⎥⎥⎥⎥⎦

According to Equation (6), the average maximum gain ηmax = 0.01092, average mini-
mum gain ηmin = −0.07892, average gain η = −0.015588 were obtained for the comprehen-
sive evaluation matrix Y.

Taking the floating coefficients k+ and k− as 0.3, the optimal gain level η+ = −0.00764
and the inferior gain level η− = −0.03459 of the comprehensive evaluation matrix Y were
obtained according to Equation (7).

According to Equation (8), the optimal excitation points yi
+(tk) and the inferior ex-

citation points yi
−(tk) of each level of the clearance angle in Table 11 at different stages

were obtained.

Table 11. The excellent and bad excitation points of each level of the clearance angle at different stages.

l1 l2 l3 l4

yi(l1) yi
+(l2) yi

−(l2) yi
+(l3) yi

−(l3) yi
+(l4) yi

−(l4)

1 0.77701 0.76937 0.74242 0.88793 0.86098 0.86810 0.84115
2 0.88889 0.88125 0.85430 0.77800 0.75105 0.99236 0.96541
3 0.75000 0.74236 0.71541 0.74236 0.71541 0.43160 0.40465
4 0.90000 0.89236 0.86541 0.89236 0.86541 0.49236 0.46541
5 0.57008 0.56244 0.53549 0.60416 0.57721 0.37621 0.34926

According to Equation (9), the optimal excitation quantities υi
+(lk) and the inferior

excitation quantities υi
−(lk) at different stages of each level of the clearance angle in Table 12

were obtained.
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Table 12. Good and bad excitation scales for each level of clearance angle at different stages.

l1 l2 l3 l4

υi
+(l1) υi

−(l1) υi
+(l2) υi

−(l2) υi
+(l3) υi

−(l3) υi
+(l4) υi

−(l4)

1 0 0 0.12640 0 0 0 0 0.03139
2 0 0 0 0.06866 0.22800 0 0 0.04758
3 0 0 0.00764 0 0 0.27617 0.25963 0
4 0 0 0.00764 0 0 0.36541 0.40764 0
5 0 0 0.04936 0 0 0.19336 0 0.01593

According to Equations (11) and (12) and the ratio r = 1 between the total amount of
excellent excitation and the total amount of bad excitation, the optimal excitation factor h+

= 0.47894 and the inferior excitation factor h− = 0.52106 can be obtained.
According to Equation (10), the dynamic comprehensive evaluation value z(tk) of

each level of the clearance angle in Table 13 at different stages is obtained. Set τk = 1 and
obtain the total dynamic comprehensive evaluation value z for each level of the rear Angle
according to Equation (13). According to the total dynamic comprehensive evaluation
value z of each level of the clearance angle in the last column in Table 13, 9◦ clearance angle
is selected as the best level.

Table 13. The dynamic comprehensive evaluation table of each level of the clearance angle and the
total dynamic comprehensive evaluation table.

z(l1) z(l2) z(l3) z(l4) z

1 0.77701 0.95611 0.87574 0.79340 3.40295
2 0.88889 0.74986 1.10920 0.89304 3.65099
3 0.75000 0.75366 0.29534 0.70366 2.50266
4 0.9000 0.90366 0.30960 1.09524 3.20850
5 0.57008 0.63544 0.28310 0.32503 1.81365

Similarly, the total dynamic comprehensive evaluation value of each level of spiral
Angle, feed per tooth and cutting depth is shown in Table 14. According to this table, the
optimal level of spiral Angle, feed per tooth and cutting depth is determined to be 30◦,
0.15 mm/z, and 2.5 mm, respectively.

Table 14. Total dynamic composite evaluation values for each level of the remaining parameters.

zHelix angle zFeed per tooth zCutting depth

1 2.44285 1.99773 1.75018
2 2.20450 1.62204 1.77147
3 2.31967 3.05105 2.48153
4 2.04067 2.39639 2.93874
5 2.06289 2.95389 2.67173

To sum up, when the rake angle is 8◦, the cutting speed is 37.68 m/min, and the
cutting width is 0.2 mm, the optimal combination of the four parameters studied is 9◦
clearance angle, 30◦ helix angle, 0.15 mm/z feed per tooth and 2.5 mm cutting depth.

3.6. Comparison between Parameter Combinations

After the optimal combination of tool parameters and cutting parameters was obtained
by the dynamic evaluation method, the finite element method was used to DEFORM-3D
finite element simulation of the cutting process of the group of parameters, and the tool
wear rate values of the four stages under the group of parameters were obtained. According
to Equation (2), the material removal rate of this group of parameters is obtained. Figure 9
is the simulation diagram of wear rate at each stage of parameter combination obtained by
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dynamic comprehensive evaluation method. Table 15 is the simulation value of tool wear
rate at each stage and the numerical table of material removal rate.

Figure 9. Simulation diagram of tool wear rate at each stage: (a) the first-stage wear rate value (b) the second-stage wear
rate value (c) the third-stage wear rate value and (d) the fourth-stage wear rate value.

Table 15. The numerical table of tool wear rate and material removal rate corresponding to the
optimal parameters.

Wear Rate (mm/s)
V (mm3/s)

l1 l2 l3 l4

0.00645 0.0459 0.00947 0.0103 6.0

By comparing Table 15 with Table 7, the tool wear rate values at each phase in Table 15
are better than most of the tool wear rate values at the same stage in Table 7, and the
material removal rate in Table 15 is better than most of the material removal rate in Table 7.
Therefore, the parameter combination obtained by dynamic evaluation method has higher
comprehensive performance.

4. Validation of the Finite Element Model

In this chapter, the cutting force in three directions is taken as the performance indica-
tor, and the cutting speed is taken as the research object. The accuracy of the simulation
model is verified by comparing the simulation value with the experimental value. The
reliability of the above research results can be illustrated by verifying the accuracy of the
simulation model.
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4.1. Setting of Experimental Parameters

Cutting speed is one of the important parameters affecting the cutting force [38].
Therefore, taking the cutting speed as the studied parameter, and taking the cutting forces
in three directions as performance indicators, the accuracy of the finite element simulation
model was verified by comparing the maximum values of the simulation values and the
experimental values. Table 16 shows the milling parameters test table.

Table 16. Settings of milling cutting parameters.

Cutting Speed
(m/min)

Feed Speed
(mm/min)

Cutting Depth
(mm)

Cutting Width
(mm)

31.40 400 3 0.8
37.68 400 3 0.8
47.10 400 3 0.8

4.2. The Experimental Device

Figure 10 shows the end milling cutter, titanium alloy workpiece and instrument
used in the experiment. Among them, Figure 10a is a CNC milling machine (VDL-1000E,
Dalian Machine Tool Group, Dalian, China). Figure 10b is a rotary dynamometer (9171A,
Kistler, Winterthur, Switzerland), an end mill and a titanium workpiece for measuring
cutting forces in the x-, y-, and z-directions. The cutting force components along x-,
y-, and z-directions are recorded by Dynoware signal analyzer software (Kistler, Win-
terthur, Switzerland).

Figure 10. Experimental instruments and equipment used in the experiment (a) CNC milling machine and (b) cutting force
measuring equipment.

4.3. Reliability Verification of Simulation Model

As shown in Table 17, this table is the cutting force value table under simulation
and experiment. The experimental value is the cutting force value within a line, and
the simulation value selects the cutting force data within a certain distance and deletes
the unreasonable data. Figure 11 shows the comparison between the simulated and
experimental values of the maximum cutting forces in three directions. According to the
Figure 11, the variation trend of the simulation value and the experimental value with the
cutting speed is basically the same, with the maximum error of 24.822% and the minimum
error of 14.036%, so the simulation value is in good agreement with the experimental
value, so the simulation model of the finite element model is reliable, the data obtained by
finite element method can be used directly. Therefore, the reliability of the finite element
simulation model shows that the dynamic evaluation results are also accurate and reliable.
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Table 17. Obtained cutting forces for different cutting speeds.

Cutting Speed (m/min) Simulation (N) Experiment (N)

Fx

31.40 313.613 266.791
37.68 634.243 510.750
47.10 577.552 462.902

Fy

31.40 358.606 289.408
37.68 532.094 466.600
47.10 503.908 415.483

Fz

31.40 234.752 188.069
37.68 168.884 135.653
47.10 191.216 153.299

Figure 11. The simulation value of cutting force is compared with the experimental value: (a) x-direction (b) y-direction
and (c) z-direction.

5. Conclusions and Prospects

In order to solve the problems of short tool life and low machining efficiency in
titanium alloy cutting process, it is necessary to study the optimal matching between tool
parameters and cutting parameters. In this paper, the optimization of tool parameters
and cutting parameters is studied. Taking titanium alloy side milling with end milling
cutter as the research object, and taking tool wear rate and material removal rate as
performance indicators. Clearance angle, helix angle, feed per tooth, and cutting depth
are optimized parameters. The dynamic comprehensive evaluation method based on gain
horizontal excitation is used to comprehensively evaluate each level of tool parameters
and cutting parameters, and the optimal level of each parameter is obtained and combined
to become the optimal parameter combination. After that, by comparing the optimized
parameter combination with the previous parameter combination by finite element method,
the comprehensive performance of the optimized parameter combination is determined
to be higher. Finally, the reliability of the simulation model is verified by comparing
simulation and experiment, so as to illustrate the reliability of the dynamic evaluation
results. According to the above research, the following conclusions are drawn:

1. In this paper, the dynamic evaluation method based on gain horizontal excitation was
used to optimize the tool parameters and cutting parameters in the process of milling
titanium alloy with milling cutter side, and the optimal matching combination of tool
parameters and cutting parameters on the tool wear rate and material removal rate
was obtained.

2. When the rake angle is 8◦, the cutting speed is 37.68 m/min, and the cutting width is
0.2 mm, the machining effect of the clearance angle is 9◦, the helix angle is 30◦, the feed
per tooth is 0.15 mm/z, and the cutting depth is 2.5 mm achieves the best, which can
simultaneously meet the requirements of long tool life and high machining efficiency.
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In addition, the reliability of simulation model is verified, and the optimization results
are also reliable.

3. The comparison between the optimized parameters by finite element method and the
parameter combination in Table 6 shows that the optimized parameter combination
has higher comprehensive performance.

4. In this paper, the performance indicator value is obtained by simulation, but there is
some error between simulation value and experimental value. Therefore, in the future,
under the condition of sufficient time and funding, the required numerical value of
tool wear rate and material removal rate will be obtained through experiments to
make the optimization results more accurate.
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Abbreviations

Notation

CNC Computerized Numerical Control
PVD Physical Vapor Deposition
Symbol

σ The equivalent flow stress
ε The equivalent plastic strain rate
ε0 The reference plastic strain rate
T The absolute temperature
Tr The ambient temperature
Tm The melting temperature
A the yield strength
B The hardening modulus
C The strain rate sensitivity coefficient
m The heat softening coefficient
n The strain hardening index
V The material removal rate
vf The feed speed
d The cutter diameter
ap The cutting depth
ae The cutting width
fz The feed per tooth
fz The feed per tooth
z The number of teeth
WAdhesion wear The adhesion wear
σn The positive pressure
vc The chip slip speed
Aw The wear characteristic constant
Bw The wear characteristic constant
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T The celsius
lk The kth phase
tk The period k
n The number of evaluated objects
si The ith object to be evaluated
m The number of performance indicators
T The number of time periods
xj The jth performance indicator
xij(tk) The value of the ith evaluated object about the jth indicator at the time tk
Bk The static evaluation matrix of the kth period
yi(tk) The static evaluation value of the ith evaluated object in the kth period
Y The static comprehensive evaluation matrix
ηmax The mean maximum gain
ηmin The mean minimum gain
η The average gain
η+ The optimal gain level
η− The inferior gain level
yi

+(tk) The optimal excitation point of the ith evaluated object at time tk
yi
−(tk) The inferior excitation point of the ith evaluated object at time tk

υi
+(tk) The optimal excitation quantity obtained by the ith evaluated object at time tk

υi
−(tk) The inferior excitation obtained by the ith evaluated object at time tk

zi(tk) The dynamic comprehensive evaluation value of the ith evaluated object at tk moment
h+ The optimal excitation factor
h− The inferior excitation factor
r The proportional relationship between the total amount of the optimal excitation

quantity and the total amount of bad incentives
τk The time factor
zi The total dynamic comprehensive evaluation value of the ith evaluated object
Ujh The weight ratio of the jth performance indicator to the hth performance indicator
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Abstract: This work proposes a research method that is a scheme that can be universally applied in
problems based on the selection of optimal parameters for metal forming processes. For this purpose,
statistical data optimisation methods were used. The research was based on the analysis of the shear
spinning tests performed in industrial conditions. The process of shear spinning was conducted on
the components made of Inconel 625 nickel superalloy. It was necessary to select the appropriate
experimental plan, which, by minimising the number of trials, allowed one to draw conclusions on
the influence of process parameters on the final quality of the product and was the starting point
for their optimisation. The orthogonal design 23−1

III is the only design for three factors at two levels,
providing non-trivial and statistically significant information on the main effects and interactions for
the four samples. The samples were analysed for shape and dimensions using an Atos Core 200 3D
scanner. Three-dimensional scanning data allowed the influence of the technological parameters
of the process on quality indicators, and thus on the subsequent optimisation of the process, to be
determined. The methods used proved to be effective in the design, evaluation and verification of
the process.

Keywords: superalloy; design of experiments; 3D scanning; statistical optimisation

1. Introduction

Shear spinning is a method of rotating forming of components on a rotating forming
block using a roller. This technique is recommended for small and medium series pro-
duction of axisymmetric products [1,2]. Plastic deformation of the material in the process
of shear spinning occurs by direct action of the pressing rollers on a small contact area
with the material. The method is used for the production of products made of carbon
and stainless steels, non-ferrous metal alloys and “difficult-to-form” materials [3–5]. The
shear formed products have increased strength and hardness, with favourable microstruc-
ture directionality. The advantages of shear spinning include: high dimensional accuracy,
the possibility of application to large deformations, low tooling costs, and high surface
quality [6,7].

There are many methods of analysing and optimising the shear spinning process. The
first analytical models of the shear spinning process were developed by Dröge in 1954 [8] to
calculate the tangential forces during the formation of cylindrical parts. The author points
out that this is a time-consuming method. Another model was developed by Avitzur and
Yang [9] for shear forming. They calculated the tangential force assuming a pure shear
state for the sheet under the roll. In the model, they focused the feed, roller radius and
wall angle. Another model of shear spinning proposed by Kalpakcioglu [10], assumes that
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the rectilinear deformation with plane deformation allows to estimate the tangential force.
The model was verified by Kobayashi [11], who proposed an additional assumption of
the bending mechanism. Moreover, the radial and axial force components in the contact
area of the material with the roller were estimated. Sortais et al. published a slightly
different proposal [12]. They extended the pure shear model to aspects related to flange
deformation. Hayama and Murota [13] proposed two models of spinning, assuming axial
deformation. In both models, three force components were calculated on the basis of the
pressure distribution on the roller, and the unknown friction coefficient was determined by
fitting the analytical force calculations to the experimental results. Forces at low feed rates
are predicted with high accuracy. In contrast to the axisymmetric models, Wang et al. [14]
proposed an asymmetric analytical model for predicting the axial force. Kim et al. [15] ob-
tained a relatively accurate model using experimentally determined material flow curves.
Chen et al. [16] calculated all three components of force. The main feature that distin-
guishes this model from the previous ones is the inclusion of over-spinning as a parameter.
Joorabchian and Slater [17] proposed models that adopt axisymmetric and plane strain
to estimate the upper limit of the tangential force during shear spinning. Estimates coin-
cide with experimental results. Two analytical models for predicting deformation during
conventional spinning are described in the paper of Quigley and Monaghan [18]. In both
studies, considerations were made based on changes in the geometry and the constancy of
volume. Comparing the authors’ suggestions with experiments provides useful insight
into the deformation mechanisms in both spinning and shear forming.

The first numerical model of shear spinning was developed by Alberti et al. [19].
Importantly, the ability of the numerical model to predict geometry, strains and loads in
the process has been demonstrated, although the authors do not verify their values. A
similar approach to the axisymmetric elasto-plastic model was developed by Liu et al. [20].
They investigated the effect of different tool paths on deformation and stresses in the
process. A more refined model was proposed by Mori and Nonaka [21], who artificially
introduced shear stresses into the oscillometric model. The main advantage of the Mori
and Nonaka model compared to the previous proposals is the ability to predict the material
gain before the roll and also to use this information to predict failure in the form of cracks.
Three-dimensional numerical models are designed to improve accuracy but require longer
computational times. The first three-dimensional model was proposed by Quigley and
Monaghan [22], who used an intermediate solution algorithm with an elasto-plastic mate-
rial model. In order to shorten the computation time, the authors attempted both adaptive
mesh densification and parallel processing. The authors emphasize the importance of
accurate modelling of the distance between the roller and the forming block. They indicate
that a slight change in distance has an intense effect on the stresses arising under the
tool. Moreover, the calculated forces were shown to be the same as those calculated by
Wang et al. [14], with the difference that Wang et al. calculated the forces for the three-step
process, while Quigley and Monaghan modelled only part of the first roll pass. Another
model of hot shear spinning was developed by Klocke and Wehrmeister [23] to optimise
the location of the laser beam and the heated zone. Their analysis was carried out sep-
arately, respectively in the Abaqus and Deform simulation programs. The intermediate
elastoplastic model for hot process was used by Lu et al. [24] to study over-spinning and
under-spinning flange bending. Two elasto-plastic shear spinning models were developed
by Kleiner et al. [25] and Klimmek et al. [26]. They used them to study stresses and folds
in conventional spinning. Zhan et al. [27] developed a direct elasto-plastic model of the
cone spinning process to investigate stress, strain and thickness distributions and predict
the effect of feed on tool forces and geometric tolerances of manufactured parts. The
authors report that the maximum deviation of the geometry predicted by the model largely
coincides with the experiments, with the maximum error of 22%. Gao et al. [28] built a
model that investigates the influence of the parameters of the hot spinning process on
microstructure, stress state and on damage evolution. The authors concluded that the
inner surface of workpiece with the largest voids volume fraction is the place with the
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greatest potential of fracture. Moreover, the authors suggested an optimal configuration of
processing parameters for hot forming of tubes.

To predict process failure caused by cracks or folding in the free surface, the authors
propose several experimental approaches. The first is the approach published by Kegg [29],
who tried to predict process failure caused by fracture in the rotary crush process. On the
basis of experimental observations, he proposed an empirical relation in order to establish
the shear spinning of a given material. The Kegg approach was extended by Hayama and
Tago [30] to include the occurrence of a failure mode of the process in the form of folds.
Additionally, the wall-cracking capacity of the intermediate was discussed by Kegg in [29].
Hayama et al. [31] used strain gauges installed on both sides of the blank, close to the edge
of the sheet, to study the deformation and folding of the flange in the process of shear
spinning. In publication [32], by capturing the deflection of weld line in flow forming of
welded tube, the characteristic and mechanism of circumferential twist in flow forming was
investigated. The weld line turned out to be useful for the evaluation of the geometrical
characteristics of the circumferential deformation.

One of the methods of assessing the quality of the shear spinning process and products
is statistical optimisation, using experimental data. Kawai [33] used a computer database to
design shear spinning process. The database consists of approximately one hundred indus-
trial cases that can be searched by dimension, shape and material for both input materials
and products. The database was extended by Kawai et al. [2] to also include knowledge
of faults and final product quality in the process. A similar approach was presented by
Kleiner et al. [25], who applied the DoE (design of experiments) method to determine the
influence of process parameters on the initiation of folding in the conventional spinning
process. To analyse the forming forces, surface roughness and product geometry, three
different approaches based on the DoE methodology were identified. The first of them
was proposed by Chen et al. [3], using the DoE in conjunction with regression analysis to
establish the empirical relationship between the process parameters and the forming forces
and surface roughness in the case of the shear spinning. The second approach, proposed by
Kunert et al. [34] uses DoE in conjunction with case-based reasoning to optimise geometry
and geometric tolerance in conventional spinning.

In general, the aim of the experimental investigations of shear spinning presented in
this paper is to obtain information on the relationship between the input factors (process
parameters) and the output quantities (describing, for example, the characteristics of the
final product). Such relations are usually presented in the form of a regression function
approximating the results of tests on the basis of input factors. A properly conducted
experiment, after a correct analysis of the results, allows the significance of the influence
of input factors and their possible interactions to be determined giving the researcher the
opportunity to select the most important factors and to eliminate the insignificant ones.
This information can be used to describe the mechanism of a given phenomenon or to
optimise the process parameters. Before planning the experiments, the type and number of
dependent variables (responses) and of input variables, their ranges and disturbance factors
must be determined. This stage is an important step in the planning of the experiment
because the omission of important factors, an excess of them, or the presence of unresolved
interrelationships may result in incorrect conclusions from the analysis. Having such test
characteristics, an appropriate set of samples is selected. The choice of an experiment
design depends on the purpose and specification of the research. The intuitive approach
is to select a complete experiment design in which the trials correspond to all possible
parameter configurations. Such an approach, however, entails an exponential increase in
the number of trials (for a design with n factors on k levels, the number of trials is kn).
Often, an experiment design prepared in this way is impossible to implement due to the
duration of the experiments, high costs or the number of available samples. Therefore,
statistical planning of experiments is commonly used. Such an approach allows the
number of required trials to be significantly reduced while obtaining sufficient information
to build an accurate approximation of the dependent variables. The most frequently
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used designs are factorial, orthogonal and central composite [35]. An orthogonal design
minimises the number of trials that are necessary, among which there is any combination
of the values of any two factors. A method which uses orthogonal designs is the widely
used Taguchi method of process optimisation [36], applied to research on the spinning
process by Wang [37], and Sangkharata and Dechjarerena [38]. Analysis of the results
obtained following this experimental design enables one to identify the main effects, their
significance and interactions between the factors. The main effect is the influence of a
specific factor on the dependent variable, independent of other factors. In contrast, in
the case of factor interactions, the effect of one factor on the dependent variable varies
depending on the value of the other factor. In the analysis of the shear spinning process,
Kunert et al. [34] obtained interactions between the working radius of the roll and the
distance between the roll and the forming block, as well as interactions between the
working radius of the roll and the resulting tool path.

For a complete two-factor experimental design with two levels (labelled as a 22 design),
a simple way to identify the main effects and interactions is to plot the main effects. Figure 1
shows the results of theoretical experiments T1 and T2, for factors A and B changing at two
levels A1 and A2, and B1 and B2, respectively [36].

  
(a) (b) 

Figure 1. Interaction graph for experiment T1: (a) no interaction between factors A and B and
(b) interaction of factors A and B.

When comparing the marginal means for a specific factor, it is seen that there exists a
significant difference between the means related to the individual values of factor B and the
fact that there are no differences between the means related to factor A. This indicates that
the main effect is the result of factor B. For experiment T2, there are no differences between
the marginal means, however the level of factor A changes the influence of factor B on the
results. This means that factors A and B interact. In the graph of effects, the main effect is
visible as a parallel line for the results of experiments at individual levels (Figure 1a), while
the crossing lines indicate the interaction of factors (Figure 1b).

In the case of orthogonal plans, and in general, fractional factorial designs, attention
should be paid to the so-called resolution of the design, describing the occurrence of the
interactions involved. Table 1 shows the experimental design for three variable factors
at two levels 23−1

III with resolution III. This case involves the effects X1 i and interaction
X2X3, effect X2 and interaction X1X3 as well as the effect X3 i and interaction X1X2. This
means that it is impossible to distinguish the main effect from the effect of the interaction
of the remaining factors. Thus, the design shown in Table 2 does not give a clear answer
concerning the main effects and interactions. Further analysis or improvement of the reso-
lution of the plan is required, for example by extending it. However, this is not a problem
to analyse when the interactions involved are insignificant. Designs with resolution III are
often used to study the overall system response and to pre-select significant factors [39].
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Table 1. Results of the experiment T1 and T2.

T1 T2

A1 A2 Marginal
mean A1 A2 Marginal

mean
B1 10 10 10 B1 10 20 15
B2 20 20 20 B2 20 10 15

Marginal
mean 15 15 Marginal

mean 15 15

Table 2. Two-level orthogonal design of the experiment for three factors.

No X1 X2 X3

1 1 1 1
2 1 −1 −1
3 −1 1 1
4 −1 −1 −1

The problem of optimal selection of parameters is a frequent issue when planning
production processes and developing technologies. The selection of process parameters
that allow a final product that meets the given requirements to be obtained is one of
the principal aims of the technologist. Shear spinning parameters are selected based on
previous experience, analytical models of the mechanics of the forming process, as well
as the results of numerical simulations. For the shear spinning process, many authors,
both in theoretical and experimental works [18,40], described the influence of individual
process parameters on the occurrence of various types of defects and the quality of the
product. Conversely, a problem in the practical application of these results is the need
to simultaneously optimise all the quality indicators. The main obstacle is the divergent
optima of indicators, where the optimal responses (for example, the desired values of the
product features) are obtained for different values of a specific parameter, or there are cases
when a change of a parameter increases the value of a certain indicator. The aim of the
multidimensional optimisation of parameters is to find values such that the final product
quality meets all the requirements within the set tolerance. The approach used in the study,
using the concept of the preference function, was originally proposed by Harrington [41]
and modified by Derringer and Suich [42]. The last-mentioned optimisation variant was
successfully used in the work of Kunert et al. [34] to obtain the optimal set of parameters
for the shear spinning process.

This work proposes a research method which is a scheme that can be universally
applied in problems involving the selection of parameters for the shear spinning process.
For this purpose, statistical data optimisation methods were used. The optimisation of
process parameters was based on an analysis of the results of the industrial shear spinning
process of drawpieces made of Ni-based Inconel 625 superalloy. It was necessary to select
the appropriate type of the experimental plan, which by minimising the number of trials
allowed the effect of the process parameters on the final product quality to be determined
and was the starting point for their optimisation. The use of 3D scanning and non-contact
and non-destructive technology permitted the influence of the technological parameters
of the process on quality indicators, and thus on the subsequent optimisation of the shear
spinning process, to be determined.

2. Materials and Methods

The material used for the tests consisted of drawpieces (Figure 2a) made of chromium–
nickel–molybdenum Inconel 625 superalloy (ATI Flat Rolled Products, Pittsburgh, PA, USA).
The test material was subjected to a uniaxial tensile test in room temperature on the
Zwick/Roell Z050 machine (Zwick/Roell, Ulm, Germany) in three directions, in relation
to the sheet rolling direction: 0◦, 45◦, and 90◦. The stress–strain curve was taken, and the

191



Materials 2021, 14, 6099

Lankford coefficient was calculated. Microstructure analysis was also performed using
a scanning electron microscope (SEM) Hitachi SU-70 (Hitachi Ltd., Tokyo, Japan). The
grain size has been calculated. The drawpieces, with an external diameter of 400 mm, were
formed from 1 mm thick sheet metal. The drawpieces were manufactured on a hydraulic
press by Schuler Pressen GmbH SMG-260 (Schuler Group, Göppingen, Germany) with a
maximum pressing force of 100 T. The preformed drawpieces (Figure 2a) were subjected to
the shear spinning process with laser heating in industrial conditions on a Leifeld stand
equipped with a semiconductor laser from Laserline GmbH (Laserline GmbH, Mülheim-
Kärlich, Germany). The drawpieces were mounted on a spinning block and pressed against
a blankholder (Figure 2c). Two symmetrically spaced rollers with a working radius R8
were used for forming. Forming parameters: rotational speed and feed were adjusted. The
heating temperature was 600 ◦C. The laser heating parameters were as follows: the angle
of incidence of the laser beam was 135◦, the shape of the laser spot was rectangular with
dimensions of 10 mm × 40 mm, the laser power was 5 kW. No lubricant was used during
forming, only coolant was applied to the spinning block. An element of the combustion
chamber of a jet engine was the end product of the forming process (Figure 2b).

  
(a) (b) (c) 

Figure 2. Preformed drawpiece (a), finished product (b) and stand (c).

In order to obtain an axisymmetric product with a varying thickness of the drawpiece
wall, experiments were designed to verify the optimal shear spinning parameters. The
boundary conditions and key process parameters were determined from the results of
extensive cold and laser heated shear spinning studies. It was decided to conduct investi-
gations for three factors at two established levels. The factors selected were the rotational
speed of the spinning block (R), the feed rate of the roller (S) and the heating of the material (H).

A 23−1
III experiment was planned. As a starting value for determining the parame-

ter levels, the parameters of the reference test P0 were adopted as: R0 = 220 rpm and
S0 = 20 mm/min, H0 = 0. The experimental design was based on levels increased in rela-
tion to the reference values by 15% for the rotational speed, by 20% for the feed rate and
by 50% for both rotational speed and feed rate. The differentiated increase for the values
of the first level is a result of the need to examine the influence of the feed coefficient (f),
defined as the ratio of feed rate to rotational speed. For equal percentage increments of the
reference levels, the value of the feed coefficient would be the same in all cases. There are
two levels of heating factor: the use of heating (1) or no heating (0). The levels of factors
are shown in Table 3. The trial plan and the reference test conditions are shown in Table 4.

Table 3. Levels of factors.

Factor Level 1 Level 2

S S1 = 1.2S0 = 36 (mm/min) S2 = 1.5S0 = 45 (mm/min)
R R1 = 1.15R0 = 253 (rpm) R1 = 1.5R0 = 330 (rpm)
H 1 0
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Table 4. The trail plan.

Trial S (mm/min) R (rpm) H f (S/R) (mm/obr)

P0 30 220 0 0.136
P1 36 253 0 0.142
P2 36 330 1 0.109
P3 45 253 1 0.177
P4 45 330 0 0.136
P5 24 253 0 0.095
P6 20 253 0 0.080

The 23−1
III experiment, as designed, provides information about the main effects,

the possible interactions and their influence on individual continuous quality indicators.
Information on the main effects and interactions is obtained from the plot of effects for
marginal means versus factor value. Continuous quality indicators were used for the
geometrical evaluation of the products. In the Derringer and Suich method [43], for
the dependent variables Yi, which are quality indicators, it is possible to introduce their
dependence from k factors (parameters) Xj and an error εi:

εi : Yi = fi(X1 . . . Xk) + εi (1)

In practice, the accurate value of coefficient fi is often unknown; thus, the estimator Ŷi
is introduced which is obtained by the regression method. Models of proportional chances
for qualitative variables and generalised linear models for quantitative variables are used
in this work considering the interaction between factors cij:

Ŷi = c0 + ci

N

∑
i=1

Xi + cij

N

∑
i=1

N

∑
j=1

XiXj (2)

Each estimator Ŷi has a preference value di ∈ [0, 1]. The di preference determines
how much the value of Ŷi is preferred, making it a value from 1 (most preferred) to 0
(not accepted). Based on the value of di, the so-called global preference function G for the
variables Ŷi. G function is defined as the weighted geometric mean of the preference value
di (Equation (3)):

G =

(
N

∏
i =1

dwi
i

) 1
k

(3)

where k = ∑N
i =1 wi and wi > 0.

The G function defined in this way is an indicator of overall quality. If any of the
factors di is zero, G also becomes zero. In turn, G-values close to 1 indicate that values
of di are also close to 1 (most preferred). It means that the value of Yi is close to optimal.
Subsequent maximisation of the G-function allows the process parameters that result in
the best overall product quality to be found, while the individual indicators are maintained
within the tolerance range.

When the value of preference di increases (or decreases) with change invariable Yi,
the goal of optimisation is to maximise (or minimise) the response Yi using a one-way
preference transformation. This transform function is monotonous, reaching the value
0 below a certain fixed value Tmin and value 1 above a certain fixed value Tmax. In the
interpretation, this means that it is most desirable to achieve at least the Tmax value, while
values below Tmin are not accepted and the preference for them is 0. The one-sided
transform function can be expressed by the following function (Figure 3a):

G =

(
N

∏
i =1

dwi
i

) 1
k

(4)
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(a) (b) 

Figure 3. One-sided preference function (a), two-sided preference function (b).

A two-sided transform function is used to obtain a response value close to a certain
value in the interval, called the target value. The preference function then reaches 1 for that
value and is set to zero outside the specified tolerance range. The rate of growth of the
preference rating is controlled by the r and l coefficients. The coefficient r is responsible for
the rate of increase of the transform function, and thus the rate of increase in preferences
along with the approach to the desired value of Si. For a certain response Y, its target value
(the most preferred) T and the tolerance range [T − tmin, T + tmax], the transformation of
the Y value to the preference value d is determined by the following function (Figure 3b):

T(x) =

⎧⎪⎪⎨
⎪⎪⎩

0, x < T − tmin lub x > T + tmax(
x−(T−tmin)

tmin

)l
, x ∈ [T − tmin, T)(

(T+tmax)− x
tmax

)r
, x ∈ [T, T + tmax]

(5)

For both a one-sided and two-sided transformation, one can use a spliced transform
function. The spliced function is often used to transform qualitative variables.

Thanks to the transformation of preferences and the global preference function, the
task of optimising the parameters in terms of the responses of quality indicators comes
down to the problem of optimising the scalar function of arguments that are the prefer-
ences of the indicators of the specific parameters. The task of optimisation for the global
preference function G, indicators Yi, their transformation Ti, and the set of parameters P is
therefore as follows (Equation (6)):

max G(T1(Y1 (p)), . . . , Tn(Yn(p))) dla p ∈ P (6)

Among the many methods of solving such a problem, a frequently used method is
grid search (GS), which involves searching the parameter space, estimating the value of the
objective function, its optimisation cost and validation with the use of a cross test. In the
case of a large number of parameters, or a wide range of their values, it is often impossible
to exhaustively search for combinations of parameters. The most often used to optimise
parameters are, inter alia, gradient methods, heuristic methods, or a randomised procedure
for selecting parameter values [43]. In this paper, due to the small number of parameters,
an exhaustive search and the cost function determined by the general preference function
G (Equation (3)) are used.

After the technological tests, the shape and dimensions of the components were
tested using an Atos Core 200 (GOM) optical 3D scanner (GOM, Braunschweig, Germany).
STL files were generated from 3D scans. In the next step, the STL files were compared
with the product CAD file in order to verify the deviations of the geometry from the
nominal shape using GOM Inspect software (GOM, Braunschweig, Germany). Overall
comparisons of the 3D surface scans were made with the CAD model and the following
surface quality indicators (SURF_G) were generated: maximum positive surface deviation
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(MAX), maximum negative surface deviation (MIN), average surface deviation (AVG) and
mean square deviation of the surface (SIGMA).

Overall comparisons of the sheet thickness on 3D scans were also made with the
CAD model and quality indicators (TH_G) were generated: maximum positive thickness
deviation, maximum negative thickness deviation, average thickness deviation, mean
square thickness deviation and percentage indicator of out-of-tolerance measurements
(TOTALFAIL). In the next step, five component zones (Z1–Z5) with different dimensional
tolerances for specific nominal thicknesses of component (Figure 4) were designated.

(a) (b) 

Figure 4. Characteristic zones of the component with specific thicknesses and variations in toler-ance,
(a) Z1–Z5, (b) Z6.

The tolerances were determined on the basis of the technical drawing of the component.
As in the case of overall comparisons, for each Z zone, comparisons of the thickness
from the 3D scans were made with the CAD model and the following quality indicators
were generated (TH_Zn, where n is the number of the component zone): maximum
positive thickness deviation, maximum negative thickness deviation, average thickness
deviation, mean square thickness deviation, and percentage indicator of out-of-tolerance
measurements. Then, two component zones Z1 and Z6 (inner component surface) were
designated which had different thickness and diameter tolerances. Then, comparisons of
the 3D scan surfaces were also made with the CAD model and quality indicators were
generated (SURF_Zn, where n is the number of the component zone): maximum positive
surface deviation, maximum negative surface deviation, mean surface deviation, mean
square deviation of the surface. All data were interpreted in the 2σ range. For overall
indicators, TH_G and SURF_G, a positive (negative) tolerance was determined as the
maximum (minimum) values from specific zone tolerances. For the TOTALFAIL indicators,
the 50% threshold was adopted as the tolerance.

For the MIN, MAX and AVG indicator family, preference functions were established
assuming the value of 1 for the reference value and the value of 0 for the value outside
the symmetrical tolerance range. In the case of the MIN, MAX, and AVG indicators, the
reference (desired) value is 0 (zero deviation). Preference functions for an established
tolerance (tmin, tmax) take the form (7):

PREF(x) =

⎧⎪⎨
⎪⎩

0, x< tmin lub x >tmax
x+tmin

tmin
, x ∈ [tmin, 0)

tmax−x
tmax

, x ∈ [0, tmax]

(7)

For the SIGMA and TOTALFAIL indicators, a one-sided preference function was
applied, assuming the value 1 for the indicator value 0 and the value 0 for an indicator
value above the tolerance limit. In the case of the SIGMA and TOTALFAIL indicators, the
reference (desired) value is the value 0 (zero deviations and no measurements outside
the tolerance limit). Thus, the preference functions for the established tolerance t take the
form (8):

PREF(x) =
{ t − x

t , x ∈ [0, t)
0, x ≥ t

(8)

195



Materials 2021, 14, 6099

The above-defined tolerance functions assume the value 0 outside the tolerance range.
In the subsequent process of parameter optimisation, for the values obtained from the
estimating models, a situation may occur in which (1) the values of SIGMA and TOTALFAIL
are negative, or (2) sets of parameters are non-zero and are pairwise uncoupled, which
leads to the zeroing of the global preference function for each set parameters. For this
reason, a variation of the preference function was introduced by minimising the preference
functions, assuming the value of 0.01 outside the tolerance intervals and the value (0.01, 1)
within the tolerance interval.

Functions defined in this way will allow one to obtain a non-zero value of the global
preference function in the parameter space, while achieving a low value for parameters
resulting in predictions beyond the tolerance range for indicators. The minimising prefer-
ence functions for the indicators MIN, MAX, AVG (Equation (9)) and SIGMA, TOTALFAIL
(Equation (10)), take the form:

PREF(x) =

⎧⎪⎨
⎪⎩

0.01, x< tmin or x >tmax
0.99x+tmin

tmin
, x ∈ [tmin, 0)

tmax−0.99x
tmax

, x ∈ [0, tmax]

(9)

and

PREF(x) =
{ t −0.99x

t , x ∈ [0, t]
0, x > t

(10)

The preference function and minimising preference function for the indicators MIN,
MAX, AVG, SIGMA and TOTALFAIL are presented graphically in Figure 5.

  
(a) (b) 

  
(c) (d) 

Figure 5. Graphs of (a) the preference function for the indicators MIN, MAX, AVG; (b) the minimising
preference function for the indicators MIN, MAX, AVG; (c) the preference function for the SIGMA
and TOTALFAIL indicators; (d) the graph of the minimising preference function for the SIGMA and
TOTALFAIL indicators.

In the process of parameter optimisation, according to the procedure described above,
a multivariate optimisation task was built for the quality preference function. This task was
then solved using the grid search method. After determining the optimal parameters, the
responses for individual indicators were calculated from regression models forecasting the
preference function argument for a given indicator. After obtaining the optimal parameters,
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subsequent trials of the shear spinning process were used to validate the solution obtained
and, if necessary, adjust the parameters. Validation was carried out in three technological
trials. The parameter sets for each trial were established based on the optimisation results.
After the forming tests, the products were subjected to visual quality inspection as well
as dimensional and geometry inspection. After industrial validation of the solutions, a
measure was introduced on the basis of which the results of the validation tests were
compared with the assumptions. To compare the results of the Pi sample, the following
measure of the mean relative change in absolute deviation was introduced to the established
reference sample Pr for a certain subset of Q indicators (Equation (11)):

dQ(Pi, Pr)
1
|Q| ∑

q ∈ Q

|q(Pr)| − |q(Pi)|
|q(Pr)| (11)

where q(Pi) is the value of the indicator q obtained in the trial Pi. A function defined in this
way makes it possible for the average and relative improvement of the indicator values
for the sample Pi, to be determined. The degree of improvement is considered to be the
increase in the value of the indicators towards zero.

Calculations and analyses were performed with the use of the statistical packages
available for Python and R languages (statsmodels and rpy2), as well as with the GOM
Inspect software.

After the technological trials, the microstructure of the samples was examined. Sam-
ples were taken from zones Z1, Z3 and Z5 (Figure 4).

3. Results and Discussion

Figure 6 shows the results of research on the mechanical properties of the test material.

 
(a) (b) 

 

 

(c)  

Figure 6. Stress–strain curves (a) for 0◦, (b) 45◦, and (c) 90◦.

Table 5 presents the results of measurements of the test material anisotropy.
The results of the Lankford anisotropy coefficient calculations show that the sheet

exhibit a high anisotropy. The R-value is almost twice as large for the sheet in the direction
of 45◦ as for the sheet in the direction of 0◦. The mean coefficient of normal anisotropy
is r = 1.075. It should therefore be stated that the sheet has a low ability to be formed
by stamping.
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Table 5. Lankford coefficient for the test material.

Direction Lankford Coefficient

0◦ 0.68
45◦ 1.25
90◦ 1.12

Figure 7 shows the results of the batch material microstructure (Figure 7a–b) analysis
and after deformation (Figure 7c–e).

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 7. SEM images of the test material microstructure (a) cross section, (b) longitudinal section.
SEM images of the microstructure of the material after deformation taken (c) from zone Z1, (d) zone
Z3, and (e) zone Z5.

The mean area of the grains is minimally different in the case of samples taken in the
parallel and perpendicular directions. The mean grain size of the samples taken in the
perpendicular direction is 1.15% smaller than the mean grain size of the samples taken in
the parallel direction. Conversely, the approximate grain diameter in the case of samples
taken in the perpendicular direction is 1% larger than in the case of samples taken in the
parallel direction. Annealing twins can be distinguished in the structure (Figure 7a). It is a
characteristic element of the austenitic alloy structure. They are characterized by a lattice
with low stacking-fault energy, which results in a high frequency of stacking errors, and
thus resistance to plastic deformation.
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The structure of the material after deformation is a structure characteristic of the
material after intense deformation. The grains are elongated, the grain boundaries are not
clear. The photos show strain localization which plastic deformation occurred. The average
grain size for Z5 (40% deformation) is lower by 46.59% compared to the average grain size
of the batch material, for Z3 (60% deformation) by 73.94%, while for Z1 (deformation 10%)
by 39.47%. The approximate grain diameter for Z5 (40% deformation) is lower by 24%
compared to the average grain diameter of the batch material, for Z3 (60% deformation) by
44%, and for Z1 (10% deformation) by 19.5%.

Based on a visual assessment of the components, the forming trials were considered
successful. All the products were sent for further research. The results of an overall com-
parison of the components surface and thicknesses with the CAD model and measurement
data was generated and analysed according to the experiment plan.

Figure 8 presents maps of the zonal comparison of the thickness of the areas of
products that meet the tolerances (green) and those not within the acceptable tolerance
(red) together with the measurement data. Compatibility of the sheet thickness of the
components within the tolerance limits in five zones (Z1–Z5) and compliance of the surfaces
with the tolerance in two zones (Z1, Z6) were analysed. The measurement data for the
zonal comparison of the sheet thickness in areas within the tolerance generated from the
trials were used to build the models discussed later in this article.

   
(a) (b) (c) 

   
(d) (e) (f) 

 

  

(g)   

Figure 8. Areas of components after technological tests within given tolerances: P0 (a), P1 (b), P2 (c),
P3 (d), P4 (e), P5 (f), and P6 (g).

In the next step, models were built which explain the influence of factors on individual
quality criteria. Then an optimisation scheme was launched to return parameters that
maximise the global preference function. An attempt was made to determine the influence
of S, R and H factors on the quality of the final component (measured using indicators)
and their interactions. The potential significant main effects and implicit interactions were
determined according to the methodology of analysis of the results of the experimental
plan 23−1

III . In the case of the plan considered, these pairs were (S, R:H), (R, S:H) and (H,
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S:R). Student’s T test was used to determine the significance of differences between the
marginal means for the levels of the factors examined.

The dominant interaction was the interaction between the feed rate and the rotational
speed of the spinning block S:R, defined in later analysis as the feed factor F := S/R.
The main effects and interactions identified were used to determine regression models
approximating the values of the indicators. S, R and H as well as their mutual interactions
were significant factors influencing the values of the indicators. Linear regression models
were fitted using the least squares method. The categorical factor H was included in the
models using the basic dummy coding, and the coefficient of determination was adopted
as a measure of fit. The explanatory variables were standardised.

Initial attempts to obtain correct models with linear S, R, H and F factors and their inter-
actions did not bring the desired results; thus, it was decided to include non-linear factors
and apply the following transformations: f(x) = x−1, f(x) = x−2, f(x) = x−3, f(x) = x2,
f(x) = x3, f(x) = arctan(x), f(x) = exp(x), and f(x) = log(x). Using such an extended
class of factors, satisfactory models were adjusted for most indicators (coefficient of de-
termination 0.7–1.0). Due to the relatively small size of the sample and the number of
transformations of factors, a significant number of models that meet the criteria were
obtained for many indicators. The selection of the final models was also guided by the eval-
uation of the trend and the complexity of the model. Models containing strong interactions
with H were avoided due to the small number of trials with the value of H = 1. Moreover,
models characterised by rapid growth of predicted value outside the approximation range
were also avoided.

The regression models obtained, which estimated the indicator values, were used in
the multivariate optimisation process which operates by maximising the global preference
function. For each of the indicators, after considering the appropriate tolerances, the
preference functions were determined in accordance with the relationships (7) and (8).
Initial analysis of the models obtained revealed the need to correct the preference function
such that the global preference function assumed non-zero values on a non-empty set of
parameters. In addition, it was decided to investigate various optimisation variants-apart
from the unconditional variant (UV), by zeroing the global preference function for values
lying outside the tolerances, the conditional variant (CV) and the minimisation variants:
unconditional (UMV) and conditional (CMV), were also analysed.

The conditional variants assume the assignment of a small preference value to the
values of indicators outside the tolerance limits, in accordance with Equations (9) and (10).
In this way, the possibility of the appearance of indicators with values outside the tolerance
limits, when the values of most indicators are close to the preferred value, was allowed
for. These variants are particularly important for indicators assuming a value outside the
tolerance limits over all the process parameters. In such a situation, the preference function
would assume a constant value, ignoring the variability of these indicators and making
it impossible to compare their values for different sets of parameters. The minimisation
variants solve this problem, allowing one to optimise the values of indicators beyond the
given tolerances. In order to obtain minimisation variants, the set tolerances were modified
by introducing the so-called minimisation tolerances. Their values were established at
a level not lower than the maximum for positive tolerances, and at a level not lower
than the minimum for negative tolerances, and the highest/lowest value obtained in the
experimental trials P1 − P5. In the optimisation carried out for such defined tolerances, the
indicator values obtained were within the given tolerances or were not worse than those
obtained in the experimental tests.

For the Q indicator, the set tolerance t [tmin, tmax] and the set R of the experimental
results, the tolerances of the minimisation variant were defined as follows (Equation (12)):

tmin [min(tmin, min(R)), max(tmax, max(R))] (12)

The characteristics of the optimisation variants are presented in Table 6.
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Table 6. Optimization variants.

Out-of-Tolerance Value of
Preference: 0

Preference Value out of
Tolerance: 0.01

Regular tolerances UV CV
Minimisation tolerances UMV CMV

In addition, considering the regression approximation error, the tolerances were
corrected for the deviation of the test results from the predicted values. This deviation was
calculated as the root mean square of the residuals.

Basic tolerances were adopted for the area indicators in accordance with the technical
specification of the component (Figure 4). For overall indicators, TH_G and SURF_G, a pos-
itive (negative) tolerance was determined as the maximum (minimum) of area tolerances.
For the TOTALFAIL indicators, the 50% threshold was adopted as the tolerance.

The global preference function—the weighted geometric mean of the value of the pref-
erence function—set with relationship (3), takes as a parameter the validity of individual
indicators. A varied range of validity allow for emphasis to be given to the optimisation
of significant quality indicators, and in the case of similar preference values, parameters
are selected for which higher preferences are achieved for indicators with a lower validity.
In other words, changes in indicators with a higher validity have a greater impact on
the global preference function. Four sets of validity were adopted, favouring the most
important families of indicators-quality indicators for thickness measurements, quality
indicators for surface measurements and quality indicators for the most validity zones
Z1, Z3 and Z6. The validity in individual sets were set at the level of 10 for the preferred
indicators, and at the level of 1 for other indicators. Additionally, a set of validity assuming
equal significance of all indicators was considered. Defined sets of validity are presented
in Table 7.

Table 7. The weight sets used to optimise shear forming parameters.

Set of Weights
Preferred Indicators

(Validity 10)
Other Indicators (Validity 1)

W_ALL (all indicators) TH_G, TH_Z, SURF_G,
SURF_Z

W_TH (thickness indicators) TH_G, TH_Z SURF_G, SURF_Z
W_SURF (surface indicators) SURF_G, SURF_Z TH_G, TH_Z

W_Z
(indicators of zones Z1, Z3, Z6)

TH_Z1, TH_Z3, TH_Z6,
SURF_Z1, SURF_Z6

TH_G, TH_Z2, TH_Z4,
TH_Z5, SURF_G

The Cartesian product S × R × H was adopted for the following ranges of process
variables S ∈ [19, 46], R ∈ [215, 335], H ∈ {0, 1} as the discrete design space of the process,
constituting the search space for the grid search scheme. The unit resolution of the ranges
was also determined (a step with a value of 1). The adopted ranges are close to the ranges
determined by the parameters for which the experiments were performed. The lack of
these assumptions could result in an erroneous location of the optimal parameters because
the regression models obtained may contain large approximation errors in the values of
the factors for which the fit was obtained. For this reason, a condition was also imposed on
the value of F ≔ S/R requiring that F ∈ [0.07, 0.18]. Due to the acceptable time complexity
of the method for the adopted ranges of parameters, an exhaustive search approach was
chosen. For each vector of the design space, the value of the global preference function was
calculated, and a set of process parameters was determined that maximised the overall
value of preferences. In total, sixteen optimisation sub-processes were carried out (for each
optimisation variant and set of validity), allowing the optimal parameters for variously
defined priorities and quality requirements to be obtained.

Figure 9 shows the global preference function for selected optimisation variants
and sets of validity. In all cases, the local minima and maxima are located in similar
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areas; the functions tend to adopt maxima for values close to the boundary values of
the F-parameter as a result of the strong dependence between regression models and the
F-parameter. Different characteristics of the function can be noted. Regular variants have
discontinuous preference functions and are reflected in an irregular graph, high variability
of functions and jumps in values, while minimisation variants produce in a more regular
and smoother course.

Figure 9. Graphs of the global preference function for (a) the variant CV and weights W_ALL and
(b) CMV and weights W_Z; with H = 1 fixed.

As a result of the high resolution of the design space, the sets of parameters for which
the highest values of the global preference function were achieved, were generally spread
within a few units for each parameter. It was necessary to aggregate the results to determine
the dominant ranges of parameters and, as a result, optimal sets of parameters for each
of the tested variants. For this purpose, an examination was made of the frequency of
occurrence of particular sets and ranges of parameters in the 5% of the results that were
the best (values of the global preference function). In order to illustrate and evaluate the
correctness, histograms of the number of parameter sets were prepared (Figure 10).

Figure 10. Histogram of the most common sets of parameters in the 5% of the results that were the
best (the darker the colour, the higher the frequency of occurrences).

Figure 11 presents the aggregated frequency for all sixteen optimisation variants, reveal-
ing the dominant influence of parameters from the ranges: S ∈ [38, 45] and R ∈ [240, 270].
The H parameter was set at level 1, as occurring in most of the tested parameter sets, or
having complementary sets (differing only in the H-value) in the 5% of the results that
were the best that were analysed.

Table 8 presents the dominant sets of parameters for each optimisation process carried
out for various optimisation variants and sets of weights. For the conditional variant, it
was not possible to obtain parameters resulting in the values of all indicators within the
required tolerances.
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(a) (b) 

Figure 11. Histogram of (a) the most common sets of parameters for the best 5% of the CMV results
and the W_ALL weight set and of (b) the best 5% of the CMV results and the TH weight set (the
darker the colour, the higher the frequency of occurrences).

Table 8. Dominant sets of parameters in the optimisation processes performed.

W_ALL W_TH W_SURF W_Z

UV
CV [1, 39, 225] [1, 39, 225] [39, 225, 1] [39, 225, 1]

UMV [45, 266, 1] [45, 266, 1] [45, 266, 1] [45, 266, 1]
CMV [37, 330, 1] [37, 330, 1] [37, 330, 1] [37, 330, 1]

Finally, three sets of parameters were selected for which the highest preference val-
ues, i.e., the best predicted product quality: V1 = [45, 259, 1], V2 = [39, 225, 1] and
V3 = [45, 325, 1], were obtained. The selected parameters predict the improvement of the
results measured in the number of indicators whose values are within the given tolerances,
and the improvement of the values of individual indicators. The predicted compliance with
the tolerance for the quality indicators was evaluated. A comparison with the experiments
performed predicts an increase in the number of compatible indicators by 11–53%. The
optimal sets of process parameters obtained: V1 = [45, 259, 1], V2 = [39, 225, 1], and
V3 = [45, 325, 1], were tested in verifying technological trials. Trial V3 failed. It was
impossible to uninstall a component from the spinning block. Components produced
by trials V1 and V2 were sent for further research. After 3D scanning the results of an
overall comparison of the components surface and thicknesses with the CAD model and
measurement data was generated and analysed according to the experiment plan.

Figure 12 presents maps of the zonal comparison of the thickness of the areas of
products that meet the tolerances (green) and those not within the acceptable tolerance
(red) together with the measurement data. Compatibility of the sheet thickness of the
components within the tolerance limits in five zones (Z1–Z5) and compliance of the surfaces
with the tolerance in two zones (Z1, Z6) were analysed.

 
(a) (b) 

Figure 12. Areas of components after technological tests within given tolerances: V1 (a); V2 (b).

Values of indicators obtained in trials V1 and V2 were compared with regression mod-
els obtained in the optimisation process. The best compliance for the individual indicators
was achieved for the second and third zones, which may result from the characteristics
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of those areas-they have simple geometry. For some models, the results obtained sug-
gest the required correction of the model had occurred with the need to recognise certain
experimental results as outliers.

In order to test the correctness of the approach applied, the results obtained after
the validation tests were compared with the theoretical predictions and assumptions of
the optimisation process. A comparison was made between the theoretical and resulting
values of individual indicators and sets of indicators within the required tolerance ranges.
The mean, relative change in the absolute value of the deviation was adopted as a measure
of the estimation error (Equation (11)). Good compliance was obtained between the values
obtained at the optimisation stage and the actual test results.

Figures 13–15 present comparisons of the results for the V1 trial with the estimates,
(Figure 13a,b), with the best and worst results of the technological tests (Figure 14a,b), and
with the absolute deviations of the results for the V1 trial (Figure 15a,b). There is a good
agreement found in the values and directions of the deviations (Figure 13a,b). The results
of the validation tests were compared with the results of the P3 test, for which the best
results were found (eighteen indicators compliant with the tolerance limits). The mean,
relative improvement of the absolute deviation (Figure 15a,b) for indicators outside the
tolerance range compared to the P3 trial was −10% for the V1 trial.

Figure 13. Comparison of the estimate of the results of the V1 trial (based on regression models) with
the actual results of the trial for the indicators of (a) deviations and (b) tolerances.

(a) (b) 

Figure 14. Comparison of the results of the V1 trial with the best and worst results of the experiments
P3 and P1 for the indicators of (a) deviation and of (b) tolerance.
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(a) (b) 

Figure 15. Comparison of the absolute deviations of the results of the V1 trial with the absolute best
and average results of the experiment for the indicators of (a) deviation and of (b) tolerance.

Figures 16–18 show the comparisons of the results of the V2 trial with the estimates
(Figure 16a,b), with the five best and worst results of the technological tests (Figure 17a,b),
and with the absolute deviations of the results of the V2 trial (Figure 18a,b). There is
good agreement in the values and directions of the deviations (Figure 16a,b). The average,
relative improvement of the absolute deviation (Figure 18a,b) for indicators outside the
tolerance range compared to the P3 trial was 6% for the V2 trial.

(a) (b) 

Figure 16. Comparison of the estimates of the results of the V2 trial (based on regression models)
with the actual test results for the indicators of (a) deviations and of (b) tolerance.

The compliance of the actual values of the indicators was compared with the forecasts
obtained from regression models. The values obtained in the trials V1 and V2 for the
majority of indicators are correctly predicted by the models, keeping the direction and
trend of the deviations (Figure 11a,b and Figure 16a,b). For the predicted number of
indicators compliant with the tolerance limits, the prediction accuracy for trials V1 and V2
was 94% and 97%, respectively. For trials V1 and V2, the number of indicators with values
within the set tolerance increased by 11% (to twenty indicators within the desired range) for
trial V2 and decreased by 7% for trial V1 (seventeen indicators within the tolerance range).
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(a) (b) 

Figure 17. Comparison of the results of the V2 trial with the best and worst results of the experimental
trials P3 and P1 for the indicators of (a) deviation and of (b) tolerance.

 
(a) (b) 

Figure 18. Comparison of the absolute deviations of the results of the V2 trial with the absolute best
and average results of the experimental trials for the indicators of (a) deviation and of (b) tolerance.

4. Conclusions

Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also
be highlighted.

Optimisation schemes for the shear spinning process of Inconel 625 nickel superalloy
were analysed in search of a method permitting for effective minimisation of the global
response function. The most important criteria in selecting an optimisation scheme are the
complexity of the problem, the topology of the process design space and the class of the
cost function. Due to the acceptable size of the problem and the discrete parameter space,
the grid search method was adopted.

On the basis of multidimensional optimisation, sets of optimal parameters of the shear
spinning process with laser heating of Inconel 625 nickel superalloys were selected. For
the predicted number of indicators compliant with the tolerance, the prediction accuracies
for parameter sets V1 and V2 were 94% and 97%, respectively. The values obtained in the
trials V1 and V2 for most indicators are correctly predicted by the models, keeping the
direction and trend of the deviations. Inaccuracies in the results could be the result of the
approximation methods used, the quality of model fit, and the measurements carried out
by the operator.

The methods used proved to be effective in the design, evaluation and verification
of the shear spinning process. They enable excellent control of process variables and the
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development of the degree of accuracy in predicting the effects of the forming process, along
with the number of trials performed. The advantage of the method of process optimisation
adopted is the property of self-regulation. As the number of verification tests performed
increases and they are included in the input data set, the accuracy of model prediction
increases. This results in more precise estimates in future trials until they converge and
reach the optimum. The method allows for optimisation without direct access to tools
and details of the process, which may be confidential information, unlike FEM, where the
user must have a full description, including specifications and models. In addition, the
advantage of the adopted method is the lower cost of the creation of such solution, than
in the case of FEM. FEM requires appropriate substantive advancement of the personnel,
while its implementation usually involves expensive, commercial software. Conversely,
the adopted optimisation method used free libraries, and the level of advancement is not
as demanding as in the case of FEM.

Author Contributions: Conceptualization, S.P. and J.P.; methodology, S.P. and K.Ż.; software, T.T.;
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Szpunar, M.; Chodoła, Ł.; Ficek, D.;
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Abstract: Incremental sheet forming of titanium and its alloys has a significant role in modern
manufacturing techniques because it allows for the production of high-quality products with complex
shapes at low production costs. Stamping processes are a major contributor to plastic working
techniques in industries such as automotive, aerospace and medicine. This article reviews the
development of the single-point incremental forming (SPIF) technique in titanium and its alloys.
Problems of a tribological and microstructural nature that make it difficult to obtain components with
the desired geometric and shape accuracy are discussed. Great emphasis is placed on current trends
in SPIF of difficult-to-form α-, α + β- and β-type titanium alloys. Potential uses of SPIF for forming
products in various industries are also indicated, with a particular focus on medical applications.
The conclusions of the review provide a structured guideline for scientists and practitioners working
on incremental forming of titanium and titanium alloy sheets. One of the ways to increase the
formability and minimize the springback of titanium alloys is to treat them at elevated temperatures.
The main approaches developed for introducing temperature into a workpiece are friction heating,
electrical heating and laser heating. The selection of an appropriate lubricant is a key aspect of the
forming process of titanium and its alloys, which exhibit unfavorable tribological properties such
as high adhesion and a tendency to adhesive wear. A review of the literature showed that there are
insufficient investigations into the synergistic effect of rotational speed and tool rotation direction on
the surface roughness of workpieces.

Keywords: friction; incremental sheet forming; lubrication; microstructure; sheet metal forming;
single-point incremental forming

1. Introduction

Titanium is the ninth most abundant element on Earth [1]. At the turn of the 20th and
21st centuries, titanium and its alloys were widely used in various industries such as the
automotive, energy, chemical and food industries [2]. Components and entire structures
made of titanium and its alloys can be found in particular in aviation and aerospace, where
high structural strength and low weight are required [3].

Titanium alloys have a high yield stress of over 1550 MPa for Ti-(α + β) and β-type
Ti-based alloys coupled with a relatively low density of 4600 kg/m3 [4]. The mechanical
strength of titanium and its alloys ranges from Rm = 290 MPa for pure titanium Grade 1
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to about 1750 MPa for heat treated β-type alloys [4]. The use of titanium alloys allows
the strength of the structure to be increased while reducing the weight because titanium
alloys have a density that is about 1.7 times lower than high-strength steels [5]. Titanium
alloys have the highest specific strength up to a temperature of 600 K when compared to
the most commonly used materials, such as steel and aluminum alloys. Titanium and its
alloys are covered with a natural layer of titanium oxide TiO2, which makes these materials
resistant to the effects of weather, sea water and many chemicals [5–7]. Titanium has a very
low thermal conductivity coefficient, which is 22.08 W/(mK) [8], 13 times lower than that
of aluminum.

According to ASTM B265, pure titanium is produced in 7 grades (Grades 1 to 4, 7,
11 and 12) that differing in their degree of contamination. The mechanical properties of
titanium depend on its purity. Along with the increasing content of admixtures (Fe, O, N,
C, Si and H), the formability decreases and at the same time the strength properties and
hardness increase [9]. The mechanical properties of pure titanium can be changed by plastic
working [9]. The effects of strain hardening can be eliminated by annealing recrystallisation.
The yield stress of pure titanium varies from about 170 MPa (Grade 1) to 480 MPa (Grade 4),
and the tensile strength from 240 MPa (Grade 1) to 550 MPa (Grade 4) [10].

Titanium alloys crystallize in two crystalline structures and can be classified into an α-
type (hexagonal-closed packed (HCP) crystalline structure stable up to the transformation
temperature, near α-type, α + β, a β-type (body-centred cubic (BCC) crystalline structure
stable from β-transus to melting point) and near β-type Ti-based alloys [11]. The transfor-
mation temperature can be changed by the addition of alloying elements [12]. The α-phase
is stabilized by elements such as carbon, nitrogen and aluminum, while chromium, man-
ganese, niobium, molybdenum and vanadium stabilize the β phase. The β-type Ti-based
alloys show good plasticity but lower strength than α alloys [13,14]. The low modulus of
elasticity of this group of materials ranges between 105 and 120 GPa. Depending on the
ratio of the α- and β-type phases, Ti (α + β) alloys are subgrouped into near-α and near-β
alloys (Figure 1) [15]. Due to the high content of elements stabilizing the β phase [16],
and the slowing down of the aging process, β-type alloys have a low tendency toward
work hardening.

Figure 1. Classification of titanium-based alloys.

The α–β alloy Ti-6Al-4V is the most popular of all titanium alloys, representing more
than 50% of the titanium market [17]. However, wide usage of the Ti-6Al-4V sheet is limited
by its poor formability at room-temperature [18]. The Ti-6Al-4V alloy can be solution heat-
treated, quenched and aged to medium-/high-strength levels and have good formability
due to the presence of the β-phase, which has a much higher diffusivity and more slip
systems than α and near-α alloys [17]. For these reasons, TI-6Al-4V alloy is also more
easily machined than other Ti-based alloys, and that is one of the reasons it is a widely
used alloy. The Ti-6Al-4V alloy is designed for a good balance of characteristics, including
strength, ductility, fracture toughness, high-temperature strength, creep characteristics,
weldability, workability and thermal processability (higher strength is easily obtained by
heat treatment) [19]. Based on Ti-6Al-4V, a significant number of titanium alloys have
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been developed by combining Ti-(4−6)Al with contents between 4% and 5% of β stabilizer
elements, which include biomedical Ti-6Al-7Nb, Ti-5Al-2.5Fe, Ti-5Al-2Sn-2Zr-4Mo-4Cr,
Ti-6Al-2Sn-4Zr-6Mo, Ti-6Al-6V-2Sn and Ti-7Al-4Mo alloys. New types of titanium, such as
gamma alloys (TiAl phases, 46Ti–48Al alloy with Ti3Al), have been developed [15,20].

Conventional manufacture of metallic products relies on forging, casting and rolling
of bulk feedstock materials, followed by subsequent machining to final shapes and di-
mensions [21]. These traditional manufacturing processes always inevitably result in a
large amount of material waste, high manufacturing cost and long leading time [22]. Metal
forming involves changing the shape of the material by permanent plastic deformation.
Moreover, due to the work hardening phenomenon, the mechanical strength of the material
formed increases. The advantages of the sheet metal forming (SMF) processes include no
wastage of raw material, better mechanical properties of the product and faster production
rate. SMF is used for large batches, which amortize tooling costs, producing large quantities
of components during a short time interval. However, the possibility of using conventional
stamping processes for small batches or personalized prototypes is very expensive [22].
A variant of the conventional SMF process, incremental sheet-forming (ISF) technology,
presents an innovative possibility to decrease the cost of the problem in small volume pro-
duction. It introduces the use of metallic sheet for small-batch production in an economic
way without the need for expensive or dedicated tools [23]. Casting is a manufacturing
process in which a liquid material is usually poured into a mold, which contains a hollow
cavity of the desired shape, and is then allowed to solidify [24]. The casting products easily
have various defects and deficiencies, such as inclusions, pores, shrinkages and cracks
inside the casting components. The casting dimensional accuracy is low compared with
that of machining components [24]. Machining of the titanium alloys is limited due to of
the many machining difficulties occurring as a result of its hardness; chemical reactions
that take place between the tool and the machine workpiece; and the high amount of heat
generated in the cutting zone [25].

Plastic working of titanium alloy sheets has a significant role in modern techniques for
the production of high-quality products with complex shapes [26,27]. Sheet metal forming
constitutes a large element in the plastic processing of metals, which is the technique used
for the creation of a wide range of components for the automotive, aviation and household
appliances industries, as well as for the needs of biomedical engineering [28]. Due to
the relatively limited production volume of a series of products made of titanium and its
alloys, often for small series, incremental sheet-forming (ISF) methods, i.e., single-point
incremental forming (SPIF) and two-point incremental forming (TPIF), are well-suited
forming techniques. ISF has generally short forming times and low costs for forming sheet
metal components because this process does not require special and costly die tooling.

The main advantages of SPIF and TPIF include [29–31]:

• The possibility of forming elements on a conventional CNC machine;
• Quick and easy consideration of design changes in the components being shaped;
• Significantly lower forming force values compared to conventional stamping;
• A higher value of the deformation limit of the sheet compared to conventional stamping.

The main disadvantage of SPIF is longer forming time compared to traditional meth-
ods of sheet metal forming; therefore, this method is economically justified for the pro-
duction of components in piece and small-lot production [10,29,32]. SPIF and TPIF of
titanium alloys have specific properties, the knowledge of which is necessary for the proper
management of the process. Recent development trends in sheet metal forming and SPIF
of lightweight metals have been provided by Trzepieciński et al. [33,34].

This article provides an overview of the development of incremental forming tech-
niques for titanium and its alloys. In the following chapters, problems linked to the crystal
lattice of titanium alloys and its tribological phenomena are considered. SPIF methods used
in cold and elevated temperatures and SPIF for biomedical implants are discussed. One of
the sections is devoted to the optimization of the forming strategy and the improvement
of friction conditions when forming titanium and titanium alloy sheets. The scope of the
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review covers all applications of ISF methods for product forming, in particular in aircraft,
automotive and medical applications.

2. Methods of Review

The Ei Compendex, IngentaConnect, PubMed, Scopus, ScienceDirect and Web of
Science database search strategy used in this review was consistent with the principles of a
systematic review according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [35] guidelines. The search strategy was limited to articles written
in English. To ensure the high quality and timeliness of the review, great emphasis was
placed on searching for both review and research papers, review papers, books, chapters
and conference proceedings, over the last ten years. Overall, the following numbers of
papers were of interest to the authors: 160 research papers in scientific journals, 20 review
papers in scientific journals, 10 books, 20 chapters and 30 papers in conference proceedings.
On the basis of the titles and abstracts of the bibliographical sources found, an initial
selection of articles was carried out, based on the heat-assisted incremental sheet forming
method, and on the main purpose of the article (springback analysis, analysis of surface
roughness, lubrication conditions, etc.). Articles, the content of which, despite a promising
summary, differed from the assumed subject of this review article, were excluded from
further analysis. Obviously, duplicate articles found in above-mentioned databases have
been removed. In addition, articles by the same authors were reviewed for similar or
duplicate content. This approach was often used when publishing extended versions of
conference materials in scientific journals.

3. Incremental Sheet Forming Methods

SPIF and TPIF involve the gradual forming of sheet metal using rotating contour
tools. Due to the penetration of the tool producing a stretch process in accordance with the
assumed trajectory (forming strategy) of the tool movements, the deformed material takes
on a final shape through the accumulation of localized plastic deformation of the sheet, in
which a hemispherical-head tool controlled by a computer program is used to form the
metal [36–38]. Incremental forming is classified into two main varieties:

• Negative (Figure 2a), in which there is an additional element of the tool in the form of
a template or a pin supporting the highest area of the detail being formed; forming
takes place by appropriate mapping of the template geometry, by “arranging” the
sheet on it, with a tool performing programmed movements,

• Positive (Figure 2b), in which the component is formed by the movement of the tool
in accordance with the tool trajectory without the supporting template.

The definition of positive and negative is given by the concavity of the part that is
shaped, which can be concave up or concave down.

Due to the kinematics of the tools, incremental forming has several varieties that differ
in the equipment used. The first type is SPIF; the principle of carrying it out is shown in
Figure 3a. The tool is guided by the machine control system along a pre-programmed trajec-
tory, causing incremental deformation of the sheet [39,40]. A variation of SPIF (Figure 4a)
is TPIF, which can be performed with the use of a partial die (Figure 3b) or a specific matrix
(Figure 3c). The last method increases the geometric accuracy of the formed elements.
In two-point forming methods, there is an additional movement of the assembly fixing
the edges of the formed sheet, which translates into greater accuracy of the components.
In the incremental forming with counter tool (IFWCT) method, an additional mandrel is
placed opposite the forming tool and shifted by the thickness of the sheet moves along an
appropriately corrected trajectory in relation to the main tool (Figure 3d).
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Figure 2. (a) Negative and (b) positive ISF.

Figure 3. ISF Processes: (a) SPIF; (b) TPIF with a partial die; (c) TPIF a specific die; and (d) IFWCT:
1—clamping device, 2—forming tool, 3—plate holder, 4—workpiece (initial position), 5—partial die,
6—specific die and 7—auxiliary forming tool.

Recently, the micro-ISF (μ-ISF) technique developed by Saotome and Okamoto [41] has
received increasing attention due to its high operability and flexibility, and it is regarded as a
very promising technique for micro-structure manufacturing [42,43]. M-ISF was developed
by the use of the scanning electron microscope (SEM) to achieve in situ observation of the
forming process. Although the μ-ISF process increases flexibility and reduces installation
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costs, it presents many problems related to significant shape defects and large decreases in
thickness [44].

4. Incremental Sheet Forming towards Biomedical Applications

Titanium is considered to be the most biocompatible of the metals due to its resistance
to corrosion in body fluids and bio-inertness [10,45,46]. The strength of titanium is due
to a protective oxide film that forms naturally in the presence of oxygen found in body
fluids [47]. The oxidized coating adheres strongly to the tissue and is insoluble and chemi-
cally impermeable, which prevents it from reacting with the surrounding environment [48].
The biological neutrality of titanium is used in surgery in the form of implants, i.e., spinal
implants, dental implants and knee or hip endoprostheses [49,50]. Recent developments in
β-type Ti-based alloys for biomedical applications have been provided by Chen et al. [51].

Biocompatibility is defined as the ability of a material to behave properly in contact
with biological tissue. Titanium is a metal that additionally exhibits so-called osseointe-
gration, i.e., the ability to create a direct structural connection between its surface and
living tissue [52–54]. As a result, no scar tissue or cartilage is formed between bone and
the implant, and the connection is very strong. Diffusive oxynitride layers improve the
hemocompatibility of titanium and its alloys, including its antithrombogenocity [55,56].

More than 1000 Mg of titanium is implanted in patients worldwide each year [57]. The
implant materials must be non-toxic and non-carcinogenic and have similar mechanical
properties to the original bones [58,59]. The appropriate geometric profile of the implant
and the quality of the surface after forming are guarantees of biocompatibility [60–62].
The implant should be adapted to the authorized requirements of each patient, so the
processing of implants is basically a unit production process [63]. Under these conditions,
the use of ISF methods seems to be ideal. Since the sheet metal is formed incrementally,
the formability and potential of material can be fully explored [64,65]. A number of efforts
have been made to manufacture implants and supports for different parts of the human
body using ISF, such as the skull [66–69], dental prostheses, knee [70], face [71] and ankle
support [72].

Through the years, researchers have investigated and proved several aspects of the
process feasibility of using SPIF for manufacturing biomedical implants. Han et al. [73]
successfully produced a prosthesis for a skull on a titanium mesh plate, which can increase
the contact area and adjust the elasticity modulus of the material. Duflou et al. [66] found
that during ISF of a cranio-facial implant, the limit forming angle of pure titanium is 47◦.
In order to increase this limit, a multi-stage forming strategy was proposed, and the results
showed that the limit forming angle was increased to 61◦. Duflou et al. made an effort
to use ISF to manufacture cranial reconstruction from titanium Grade 2 [66]. This paper
discusses the challenges associated with the manufacture of cranio-facial implants with
extreme forming angles. Vanhove et al. [74] fabricated titanium Grade 2 thin-shell clavicle
implants through SPIF. The fracture-fixation and bone-aligning tasks of these implants
call for specific accuracy distribution, while the distinct geometry and post-forming heat
treatment influence the production accuracy. The authors have shown the potential to
replace bulk generic clavicle implants (Figure 4) by successfully compensating for the
forming toolpath in order for it to be brought into a satisfactory accuracy range.

Sbayti et al. [18] evaluated the feasibility of producing a customized acetabular com-
ponent of a hip prosthesis with an acceptable geometric accuracy using this process and
based on the use of Ti-6Al-4V titanium alloy. It was found that the geometric accuracy was
significantly improved at T ≥ 400 ◦C. Castelan et al. [57] manufactured custom-made cra-
nial implants from a sheet of Grade 2 titanium using 3D printing, CAD/CAM technology
and SPIF. Araújo et al. [75] evaluated the SPIF process for the fabrication of customized
maxillofacial implants from titanium and demonstrated the role of this technology in
manufacturing customized medical parts. Ambrogio et al. [76] manufactured the Ti-6Al-4V
and Ti6Al4V-ELI prostheses by SPIF. The authors designed a complete procedure that
guides and integrates the jobs of surgeons and engineers during the cranioplasty pro-
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cess. Cytotoxicity tests have shown that SPIF does not affect the biocompatibility of the
prostheses.

Figure 4. (a) Computer tomography scan of a clavicle, (b) 3D reconstruction, (c) reconstructed clavicle, (d) clavicle with
predicted muscle attachment sites (blue area), (e) clavicle with designed implant and (f) implant embedded in extension
structure (reproduced with permission from [74]; copyright © 2017 Published by Elsevier Ltd.).

Many solutions have been proposed by Honarpisheh et al. [77] and Mohammadi
et al. [78] in order to overcome the formability limitation of titanium alloy in warm SPIF.
Results have shown that increasing the working temperature is very effective in decreasing
the elastic springback and forming force and improving formability. Saidi et al. [79] de-
veloped a reverse engineering approach (Figure 5) associated with a warm SPIF process
(Figure 6) in order to produce a Ti-6Al-4V prosthesis of a human skull. The major advan-
tages of this heating system compared to others proposed in the literature are its low cost,
great simplicity of installation and limited increase of equipment technology.

Figure 5. A reverse engineering application to human skull manufacture (reprinted with permission from [79]; copyright ©
2018, Springer-Verlag London Ltd., part of Springer Nature).

Castelan et al. [57] physically constructed a CAD model of a skull with 3D Printing,
and SPIF was used to manufacture the implant from titanium Grade 2. It was found that
dimensional variability can be reduced with changes in the manufacturing process (i.e.,
forming and cutting) and the heating ramp. Before cutting the final shape of the implant,
heat treatment was performed to avoid deformations caused by residual stresses generated
during the SPIF.

Palumbo et al. [80] fabricated prototypes of Ti-Gr5 and Ti-Gr23 cranial prostheses via
the single-point incremental forming process. The geometry of the prosthesis investigated
was obtained by starting from a model of a human skull in poly (methyl methacrylate)
material (Figure 7). A defect was created by removing a portion of the skull, and finally
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the shape of the prosthesis was thus defined by reverse engineering. The comparison
between finite element-based simulation numerical data and experimental data revealed
that the performance in terms of impact response of the prostheses strongly depends on its
thickness distribution, due to the strain hardening phenomena.

Figure 6. Scheme for warm SPIF (reprinted with permission from [79]; copyright © 2018, Springer-
Verlag London Ltd., part of Springer Nature).

Figure 7. Design process of the prosthesis geometry (reproduced with permission from [80]; copyright
© 2020 The Authors; this is an open-access article distributed under the terms of the Creative
Commons CC BY license, which permits unrestricted use, distribution and reproduction in any
medium, provided the original work is properly cited).

Araújo et al. [71] SPIFed facial implants with titanium Grade 2. The main operating
parameters influencing the production of facial implants with SPIF were identified. In-
vestigations demonstrated how circle grid analysis combined with the fracture forming
limit diagram (FLD) can be utilized to successfully re-engineer the fabrication of a facial

216



Materials 2021, 14, 6372

implant. The results show how the overall level of in-plane strains and drawing angles can
be controlled in order to obtain a sound facial implant produced by SPIF.

Oleksik et al. [81] presented a study based on experimental research on the surface
quality of the medical implants used for the partial resurfacing of the femoral condylar
surface of the knee obtained by SPIF. The research examined the punch diameter, the
friction conditions and the initial roughness of the punch between the punch and the blank.

5. Thermally-Assisted Incremental Sheet Forming

The hot incremental forming process provides the opportunity to improve the forma-
bility of Ti alloys [33]. It is almost impossible to plastic-form Ti alloys at room temperature
because of the hexagonal close packed structure of the alpha phase and major plastic defor-
mation by twinning [82]. When increasing the forming temperature, proper lubrication is a
key factor affecting the surface roughness obtained, as well as the oxidation process [83].
An elevated process temperature can be provided by different heat sources [84]. In the last
two decades, researchers have focused on elevating the temperature of Ti alloy sheets by:
direct current (DC) and alternating current (AC), cartridge heaters, induction, laser source,
and friction between the tool and the workpiece. Heat sources can be arranged to cover
just the precise location [85], the whole sheet or a combination of both. Local heating is
energy-efficient, and the sheet oxidation zone is reduced. However, deformation is only
enhanced at the tool-workpiece contact zone. Grade 5 seems to be the most favorable for
selection for heat-assisted ISF because of its wide application in the aerospace, automotive
and medical industries; light weight; strength; and biocompatibility. The method that has
been most intensely studied in the last two decades seems to be electrically-assisted ISF due
to the low cost of the apparatus needed to upgrade the conventional forming test stand.

In general, heating systems in thermal-assisted ISF processes can be classified as [86]:

• Radiation—a laser light follows the tool trajectory (the workpiece is heated at the
actual location of forming) [87–89],

• Convection—hot air blowers heat the entire metal sheet [90],
• Conduction—heater bands are mounted on the external surface of the die to heat the

entire workpiece during ISF [91],
• Electricity—an electric current is used to heat the workpiece at the actual location of

forming [77,92,93],
• Friction—material is heated due to frictional forces between the rotating tool and the

fixed sheet [94–96].

5.1. Electric Heating

Fan et al. [92] were some of the first researchers to apply electric DC current to heat
TiAl2Mn1.5 sheet. By connecting the tool to the cathode and the sheet to the anode of the
power source, according to Joule’s law Q = I2·R·t (Q is the heat generated, I is the current,
R is the resistance of the conductor and t is the time), electricity heats at the location of
the contact point in the deformation zone (Figure 8). It was found that applying a 400 A
current with a feed rate of 400 and 800 mm/min, using hemispherical tools with diameters
of 8, 10 and 12 mm and step sizes of 0.1 and 0.2 mm, allows one to form a 50◦ wall angle
cone, a distorted tetragonal pyramid and a tetragonal pyramid shape.

In further work, Fan et al. [83] used this method to form Ti Grade 5 with a 400 A
current and feed rate of 15 mm/s, achieving a sheet temperature range of 300–500 ◦C and
resulting in a maximum forming angle of 72◦. Improved formability due to electric pulses
could be affected by a reduction of dislocation density and a boost to its mobility [97]. In
addition, a weakened base texture and weakened anisotropy leads to improved formabil-
ity [98]. Asgar et al. [99] investigated the DC pulse assisted by TPIF process, where the
cathode is connected to the upper punch tool and the anode to the bottom, while the tool
moves independently. A 0.6-mm-thick titanium alloy sheet can be successfully formed
into a pyramidal shape with angles of 30◦ and 45◦ using 140 A current. The springback
effect was significantly reduced by this method, while it required about twice the forming
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force compared to the no current variant. As Fan and Gao [100] proved, with a higher feed
rate, with a constant step size and wall angle, a higher DC current should be applied to
maintain an elevated temperature. Heat level feedback and a proper heat source controller
are required to maintain a constant forming temperature. Metallographic structure analysis
shows that hot electric-assisted ISF is a process where plastic hardening and annealing
occur. To achieve a uniform structure, heat treatment is necessary after forming. Elevated
temperatures decrease the tensile strength of Ti Grade 5 due to oxidation, so a protective
gas should be applied. Fan and Gao [93] investigated the electric hot ISF of Ti Grade 5
experimentally and compared this to numerical simulation using MSC.Marc software. Sim-
ulation revealed three zones of deformation: bending, which takes place at the beginning;
shear forming in the middle; and reverse bending at the end. Furthermore, to enhance
accuracy and reduce bending during the formation of the first layer, adequate support is
required. Fan and Gao [93] also discuss the different regions (bending deformation at the
beginning, shear forming in the middle and reverse bending at the end) in assuring the
geometric accuracy of the SPIFed components (Figure 9).

Figure 8. The principle of electric incremental forming (reproduced with permission from [92];
copyright © 2008 Elsevier Ltd. All rights reserved).

Figure 9. Forming regions in a SPIFed component (reprinted with permission from [93]; copyright ©
2014, Springer-Verlag London).

To understand the process a little better, the Johnson–Cook Finite Element Method
(FEM) model finds good agreement with experiment during electric hot incremental form-
ing (EHIF) of Ti Grade 5 [77]. Elevated temperature in the contact zone has effects in
accelerating the tool wear and on the final surface quality of the part. To reduce the impact
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of temperature during the EHIF of Grade 5, Liu et al. [101] developed an advanced cooling
system integrated with forming tools (Figure 10), equipped additionally with a freely
rolling tip. This solution allows the tool temperature to be reduced from over 500 ◦C to
100 ◦C and the tip wear from 1 mm to less than 0.1 mm when compared with conven-
tional tools. By this approach, the sheet surface parameter has also been enhanced from
Ra = 2.939 μm, Rz = 17.226 μm to Ra = 0.805 μm, Rz = 4.64 μm.

Figure 10. The tools that have been developed for use in E-ISF: (a) conventional rigid tool with inner water-cooling channel,
(b) rolling-ball tool with inner water-cooling channel and (c) rolling-wheel tool with inner water-cooling channel (reprinted
with permission from [101]; copyright © 2015, Springer-Verlag London).

Najafabady and Ghaei [102] developed a novel approach to the process by using
AC (Figure 11a) current instead of DC (Figure 11b) for safety reasons (less sparks and
easier to break the circuit). An autotransformer and high-pressure transformer have been
employed to adjust the voltage from the 220V electric network to 1–1.5 V and deliver a
current of 100–200 A. In their work on Ti Grade 5, 0.62 and 1.05 mm thick constant wall
angle conical frustums (CWACF), varying wall angle conical frustums (VWACF) and two
types of pyramidal frustum have been experimentally investigated within the 150–200 A
range of currents, with a 600 mm/min feed rate, 100 and 600 rpm tool rotational speeds,
0.1 and 0.3 mm step sizes and a target temperature of 600 ◦C.

Figure 11. Schematic diagram of the E-ISF process with (a) AC and (b) DC power (reprinted with permission from [102];
copyright © 2016, Springer-Verlag London).

Increasing the step size from 0.1 to 0.3 mm produced a rise in the inside surface Ra
parameter (from 6.8 μm to 11.2 μm). Furthermore, a thicker sheet blank produced an
improved outer surface Ra parameter (from 3.2 μm to 0.8 μm). Proper lubrication is a key
factor in enhancing surface quality at elevated temperatures. By spraying MoS2 powder,
the Ra parameter has been reduced from above 13 μm under dry conditions to less than
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5 μm. A micro hardness test revealed a rise from 291 HV at the flange to 350 HV at the
vertex caused by the work-hardening effect. Maximum shape deviation was observed
in the workpiece flange with a tendency to decrease towards the vertex—this effect can
be significantly reduced in the Electrically-assisted Double Sided Incremental Forming
(E-DSIF) process [103]. Figure 12 shows the toolpath strategies utilized.

Figure 12. Comparison between tool paths in SPIF and DSIF (reproduced with permission from [103];
copyright © 2015 Elsevier Ltd. All rights reserved).

The general concept of DSIF is shown in Figure 13a, in which the sheet is deformed
by the motions of tools on both sides. Conventional DSIF approaches usually rigidly
control the displacement of both master and slave tools and may result in loss of contact
between the tool and the sheet due to sheet thinning, as shown in Figure 13b. Therefore,
Xu et al. [103] proposed a device to ensure stable contact between the tool and the sheet,
where the slave tool is supported by an air cylinder, which acts as a spring (Figure 13c).

Figure 13. The E-DSIF process: (a) ideal position of forming tools, (b) loss of contact of slave tool and
(c) supported slave tool approach to ensure a stable contact (reproduced with permission from [103];
copyright © 2015 Elsevier Ltd. All rights reserved).

Ortiz et al. [104] conducted an experiment where 10kW static heaters were located
below the Ti Grade 5 1.6 mm thick sheet. In VWACF, in which the forming angle increases
constantly, the angle limit was determined at a furnace temperature of 800 and 900 ◦C, feed
rate of 1000 mm/min, and step size of 0.5 and 1.0 mm. The forming depth limits and angles
obtained were 25.4 mm (45◦) for room temperature, 44 mm (55◦) at 800 ◦C and 72 mm (70◦)
at 900 ◦C. Obviously, VWACF is not sufficient to define the forming limit; subsequently,
a constant 70◦ wall angle conical frustum of 35.3 mm depth was successfully CWACF-
formed until breakage. In further work, Ortiz et al. [105] presented the intelligent process
model (IPM) to correct the tool path, which improved the model accuracy in response to
springback by up to 49%. Khazaali and Fereshteh-Saniee [106] conducted a groove test
with the Taguchi method. Three static heaters have been placed below, forming Grade 5
sheet at an elevated initial temperature of up to 190 ◦C. A tool diameter of 16 mm and a step
size of 0.7 mm at 190 ◦C seem to be the most favorable parameters from the experimental
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range. In further experiments [107], the authors extended their research on VWACF by
conducting 27 experiments (3 levels) using the Taguchi method with three temperature
levels (100, 200 and 300 ◦C), tool diameters (8, 12 and 16 mm), and step sizes (0.4, 0.7 and
1.0 mm). Optimum measurements of the maximum drawing depth—300 ◦C, Ø8 mm tool
and 1mm step size—were determined. Saidi et al. [79] investigated the manufacture of a
cranial part from Grade 5 sheet by incremental forming using cartridge heaters as a heat
source. In their work, an elevated temperature from 30 ◦C to 130 ◦C produced at least a
doubling in the reduction in maximum vertical force and of average deviation from the
desirable shape. Mohanraj and Elangovan [108] heated up the punching tool to 300 ◦C
in their work using DC resistance. The optimum forming parameters of 300 ◦C, 0.1 mm
step size and 50◦ wall angle were found for Grade 2. Furthermore, the theoretical thermal
model proposed by the authors agrees with the experiment conducted.

5.2. Induction Heating

Ambrogio et al. [86] proposed induction heating 1mm thick nonmagnetic Grade 5 to
600 and 700 ◦C with cryogenic cooling. The induction coil was located below the sheet and
follows the tool path. For cryogenic cooling, liquid nitrogen supplied at 6 bar was sprayed
axially onto the forming tool to cause quenching. The cryogenic medium was sprayed
while the punch retraced from the last coil. A schematic illustration of the equipment used
is presented in Figure 14. During the experiment, cryogenic versus standalone ambient
cooling was compared. The induction heating system has an advantage over DC electric
heating in terms of sheet surface roughness. The authors obtained an Ra from less than
2.5 μm to over Ra 4 μm in the 1mm step size forming test. Due to cryogenic cooling, the
Grade 5 grain growth process was avoided and the micro hardness remained unchanged.

Figure 14. Functional scheme of the experimental equipment (reprinted with permission from [86];
copyright © 2016, Springer-Verlag London).

Gagliardi et al. [91] noted that in order to avoid the coil overheating, a low- to medium-
frequency generator with high power is more suitable for non-magnetic sheets, such as
Grade 5. Low-medium frequency would be important with regard to process feasibility to
ensure that it is not detrimental to the duration of coil working life, while at the same time
it increases the heating capacity of the system.

5.3. Laser Heating

Göttmann et al. [87] applied a laser beam to provide localized heat to Grade 2 and
Grade 5 during asymmetric incremental sheet forming, in order to compare differences
between the heat assisted and the room temperature setup. With experimental parameters
of a laser beam with 1700 W power, step size of 0.35 mm, forming velocity of 4000 mm/min
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and two variants of tool diameter (20 and 30 mm), Grade 5 appears to show significant
improvement in forming, although Grade 2 has not improved formability causing thermal
failure. To achieve constant temperature in the contact zone, one can place an inside
forming tool with a thermocouple, and a PD device could be adopted to control the source
power of the laser or the DC electric current. Forming forces are also stabilized by this
closed loop steering of temperature [88]. In the work conducted by Mosecker et al. [89],
an ISF experiment was extended using a constant laser power source and by adding air
cooling through a nozzle behind the tool path. The microstructure changes of Grade 5
and micro hardness differences have also been taken into account. The mainly observed
deformation mechanism was the dynamic recovery, but at a temperature of 850 ◦C, without
cooling, dynamic recrystallisation appeared, as well as the deepest deformation obtained.
However, at this range of temperatures, Grade 5 micro hardness increases due to the
grain size and reduction in the sheet thickness. This effect can be suppressed by applying
dynamic recrystallisation cooling.

5.4. Friction Heating

Friction stir incremental forming is a type of localized heat initiation method in which
heat is generated by friction between the tool and the workpiece due to the high-speed ro-
tary movement of a punch. In work by Ambrogio et al. [94], titanium Grade 2 and Ti-based
Grade 5 alloy were examined by applying high-speed single-point incremental forming. A
lathe CNC machine was used as a test stand rather than the generally selected CNC milling
machines. This was due to the fact that asymmetrical parts cannot be manufactured using
the adopted speed (2500 m/min) because of the feed rate limits of the currently produced
CNC milling machines. However, they allow for a quick manufacturing process—a frustum
cone of 30◦ for Grade 2 and 25◦ for Grade 5 (Ø180 mm upper and Ø42 mm lower diameter)
has been successfully formed in less than 1 min. Grün et al. [95] investigated design of
experiment (DoE) and One Factor At a Time (OFAT) tests with various tool rotational
speeds, feed rates and step sizes during forming VWACF from 1 mm thick Grade 5 using a
Ø11 mm ball-ended tool. A major factor affecting formability and the value of the forming
forces is tool rpm, while tool feed rate and step size are less significant. Elevated rotation
speeds decrease forming forces by increasing contact temperature, although they rapidly
increase tool wear and remove material from the sheet surface. The relationship to feed
rate rotation direction, climb or ‘conventional’ (see Figure 15) is also a key parameter, as
Uheida et al. [96] investigated in VWACF of Grade 2.

Figure 15. The concept of conventional and climb SPIF (reproduced with permission from [96];
copyright © 2018, The Author(s); this is an open-access article distributed under the terms of the
Creative Commons CC BY license, which permits unrestricted use, distribution and reproduction in
any medium, provided the original work is properly cited).
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Conventional type forming has higher forming temperatures and lower vertical and
horizontal forces, leading to better accuracy and a higher forming angle in comparison to
climbing. However, the conventional forming direction produced poor surface quality due
to increased friction causing the material to overheat.

5.5. Combined Electrical and Friction Heating

Palumbo and Brandizzi [109] investigated the heating of Grade 5 sheet by tool rotation
in the range of 800–1600 rpm and additionally replaced the electric static heating with
3000 W electric bands. Electric heating warms up the whole blank, while the tool rotation
only heats the location of the tool-blank contact zone. By increasing the tool rotational
speed, the sheet surface parameter Ra worsens, but necking is stabilized. Khazaali and
Fereshteh-Saniee [110] investigated the groove test as a benchmark of process parameters,
in order to determine FLDs, reduce the blank size and reduce the experiment time. In their
work, heating elements were placed below the Grade 5 blank from 0.5 mm thick sheet. The
sheet temperature needed to be compensated for by a pyrometer and in fact was different
from that obtained with the heaters. With constant process parameters of 400 rpm for the
tool; 400 mm/min feed rate; and variable step size (0.1, 0.4 and 0.7 mm), temperature
(100, 200 and 300 ◦C) and tool diameter (8, 12 and 16 mm), 27 trials were performed. In
conclusion, elevated temperature, larger tool diameter and step size are critical to obtaining
improved forming. It was also noted that higher temperature and tool diameter reduces
the springback effect and increases shape accuracy—especially between the sheet clamping
area and the formed shape (angular difference from 21.2◦, 100 ◦C, tool Ø8 mm to 12.7◦ for
300 ◦C, and Ø16 mm tool).

6. Accuracy, Springback Reduction and Toolpath Optimization

Studies on increasing the accuracy of parts produced by SPIF from pure titanium or
titanium alloys can be classified in studies that are focused on determining the optimal
values of process parameters such as punch diameter, vertical step, friction coefficient,
punch speed and tool rotation direction. The studies on springback reduction are focused
on finding new technological improvements such as electrically-assisted SPIF, hot-forming
SPIF, or DSIF. Toolpath optimization techniques are generally related to improving accuracy
and reducing springback and involve finding different algorithms in order to correct the
initial toolpath.

Palumbo et al. [111] studied the behavior of the titanium alloy Ti-6Al-4V, an alloy with
a strong anisotropy, during single-point incremental forming. The research was based on
the numerical simulation of this procedure using the Abaqus/Explicit analysis program.
To conduct the numerical research, the mechanical properties and those measured during
the uniaxial tensile test were determined for specimens taken at 0◦, 45◦ and 90◦, by means
of the Aramis 3D optical measurement system. This allowed for the anisotropy of the
titanium alloy, as well as its influence on SPIF, to be highlighted. The results were focused
on determining the plastic strains and the thinning and shape errors. In the first step,
to analyze the influence of the main input parameters on SPIF, a truncated pyramid was
chosen as the geometric model for the part manufactured by SPIF. The yield criterion chosen
for the titanium alloy was Hill (1948). A face-centered central composite design (CCD) was
built in order to perform the numerical simulations. The two input parameters of the SPIF
process considered were the ratio between the punch diameter and the vertical step (D/pz)
and the wall angle (θ). Regarding the geometric precision, the authors concluded that
the parts with the smallest shape errors are obtained when the ratio between the punch
diameter and the vertical step (D/pz) has the highest values. Based on the data obtained
from the first stage results, the research continued for a car door shell, with two values for
the D/pz ratio: 3 and 16. A higher value of D/pz was observed to lead not only to a better
geometric accuracy but also to a reduction of thinning on the parts obtained.

Ambrogio et al. [94] analyzed the influence of the punch speed on the behavior of
two materials, Grade 2 and Ti-6Al-4V, during SPIF. Speeds between 5 and 500 mm/min
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were used for Grade 2 and between 6 and 600 mm/min for the titanium alloy. The vertical
pitch used varied for both types of materials from 0.1 to 1 mm. The authors showed that
it is possible to increase the speed of the punch and implicitly reduce the manufacturing
time (the SPIF process being known to be time consuming) without producing a significant
degradation of the surface quality. With the increase of punch speed on the Ti-6Al-4 V alloy,
a 2% increase in micro-hardness is observed. However, the authors of the study concluded
that using a small vertical step leads to long manufacturing times but also to an increase in
temperature due to repeated friction between the punch and the blank.

Sbayti et al. [112] propose an algorithm for optimizing the SPIF process factors (punch
diameter, vertical step and friction coefficient) to obtain a denture plate with the purpose
of increasing its geometric accuracy. Their research is based on simulation using the
finite element method and the material used to make the denture plate is Ti Grade 1.
The algorithm presented by the study authors starts with the CAD configuration of the
geometric model of the denture plate and continues with toolpath generation, numerical
simulation using the finite element method, error measurement and the optimization
of the process factors, to reduce the geometric errors of the part. The response surface
methodology was used as an optimization method, with two optimization techniques
having been applied: the single objective optimization technique and the multiple-objective
optimization technique. The Box–Behnken strategy was used to develop the design of
experiments. In the optimization process for the process factors, all three major groups of
geometric errors that occur in parts manufactured by SPIF were taken into account, namely:
the springback error, the pillow effect error and the bending error (Figure 16).

Figure 16. Geometric errors during the SPIF process (reproduced with permission from [113];
copyright © 2007 Elsevier B.V. All rights reserved).

The mathematical expressions for the three types of errors were determined in the
form of second-degree polynomials using a variance analysis (ANOVA) [112]. Main effect
plots for the punch diameter, vertical step and friction coefficient were also graphically
presented. A genetic algorithm (GA) was used for the single objective optimization tech-
nique, which allows for error minimization for one of each type of the above-mentioned
errors (springback error, pillow effect error and bending error). For the multiple-objective
optimization technique, which allows for the simultaneous minimization of the three geo-
metric errors being considered, a combination of GA, global optimum determination by
linking and interchanging kindred evaluators algorithm (GODLIKE), and grasshopper op-
timization algorithm (GOA) was used [113]. The numerical simulations were subsequently
validated by experimental tests obtaining the optimal values for the three process factors.

The effect of the tool rotation direction on the formability, surface quality and geo-
metric accuracy of parts made of pure titanium sheets was analyzed by Uheida et al. [96].
The study, based on experimental research, was performed on axisymmetric parts with
a variable angle (from 30◦ to 75◦), using a spiral trajectory and a 10 mm diameter punch.
Both a “conventional rotation” tool direction, in which the spindle rotation and the feed
direction are coincident (both in a clockwise direction), and a “climbing rotation”, in which
the spindle rotation remains in a clockwise direction while the feed direction is changed to
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a counter-clockwise direction, were used. To evaluate the accuracy of the parts obtained,
2D contours of the inner surface were measured at different heights with the help of a
coordinate measuring machine, which were subsequently used for the 3D reconstruction
of the geometric model. The cross-sectional profiles obtained for the two variants are
presented in Figure 17. Once the model was reconstructed, it was compared with the CAD
model in order to determine the springback errors. It has been found that both types of tool
rotation direction lead to parts with a lower height than desired and that a correction of
the trajectory in the sense of an “overform” is necessary to reduce this error. However, the
shape deviation that appears in proximity to the cone-opening flanges, also called bending
error at SPIF, is instead influenced by the tool rotation direction with the smallest errors
found to occur in parts manufactured using the “conventional” tool rotation direction.

Figure 17. Deviation of the cross-sectional profiles with (a) climbing rotation and (b) conventional
rotation at different heights in the part (reproduced with permission from [96]; copyright © 2018, The
Author(s); this is an open-access article distributed under the terms of the Creative Commons CC BY
license, which permits unrestricted use, distribution and reproduction in any medium, provided the
original work is properly cited).

A combined study—numerical, using the finite element method, and experimental, to
improve the accuracy of titanium parts manufactured by electric hot incremental forming—
was presented by Fan and Gao [93]. One of the most-used titanium alloys, Ti-6Al-4V, an
alloy with very low elongation and high strength that is processed by forming only at high
temperatures, was used in this study. Due to the pronounced elasticity of this alloy, the
springback errors are higher than with SPIF manufacturing of other types of materials [114].
The first stage consisted of simulation during incremental forming at elevated temperature
for a pyramid-type frustum part with a wall angle of 50◦, using the MSC-Marc program for
the numerical simulation. The electric hot incremental forming process is particular in that
the temperature is not uniform on the whole part but produces local heating in the area
immediately close to the punch. This feature was introduced in the simulation as the heat
transfer rate and was determined following the analysis of the equivalent thermal strain,
equivalent plastic strain, and stresses. The authors of the study concluded that, unlike SPIF
manufacturing of other metals or alloys in which the predominant deformation was the
shear deformation, electric hot incremental forming presents three types of deformation:
bending deformation in the first stage, shear deformation in the middle stage and reverse
bending in the last stage. Another conclusion drawn by the authors was that the equivalent
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plastic strain only appears starting with the fourth vertical step due to the low temperature
and then increases rapidly. This is the reason the geometric accuracy of the part is influenced
by the first trajectories and the reverse bending is influenced by the plastic strain. In order to
reduce the reverse bending, the authors propose the use of two point incremental forming
together with electric hot incremental forming.

Valoppi et al. [115] conducted a comparative study between electrically-assisted
cumulative double-sided incremental forming (E-ADSIF) and electrically-assisted mixed
double-sided incremental forming (E-MDSIF), in forming Ti-6Al-4V titanium alloy. The
experimental layout used is shown in Figure 18.

Figure 18. The experimental layout used to study the differences between electrically-assisted
cumulative double-sided incremental forming (E-ADSIF) and electrically-assisted mixed double-
sided incremental forming (E-MDSIF) (reproduced with permission from [115]; copyright © 2016
College International pour la Recherche en Productique).

A double curvature part was the geometry chosen for the study, and the vertical step
used was of 0.1 mm. The main purpose of the paper [115] was to study the influence of
electricity on the formability of titanium alloy, but the geometric accuracy and roughness
of the parts obtained was also analyzed. For E-ADSIF, the authors used different intensities
of electric current, ranging from 40 A to 120 A, and for the E-MDSIF they used the optimal
intensity obtained in the case of E-ADSIF. In order to estimate the geometric accuracy, the
parts were measured with a non-contact laser instrument and were compared with the
ideal geometry. Thus, for E-ADSIF the best results in terms of accuracy were obtained at a
current intensity of 50 A. However, at the same current intensity of 50 A, but instead using
E-MDSIF, the accuracy is significantly improved.

Another paper that analyzes the behavior of the Ti-6Al-4V alloy during hot single-
point incremental forming is presented by Saidi et al. [116]. The novelty factor of this study
is that the authors are replacing the expensive laser heating systems that perform local
heating on the forming area with a cheaper alternative based on heat cartridges. This
variant allows for the heating of the entire surface of the blanksheet, leading to increased
formability. In parallel with experimental research, numerical simulations were also
performed using the finite element method, with the authors recording small differences
(of up to 2%) between the experimental and numerical results. In order to highlight the
geometric accuracy of the cone-shaped parts when a frustum wall angle of 55◦ is obtained,
the part profiles were measured and compared with the ideal profiles. The areas with
the largest geometric deviations were the bending zone (the connection area between the
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flange and the wall element); the wall area, where the springback effect occurs; and the
bottom of the part, where the pillow effect occurs. The maximum deviation value appeared
in the bending zone, and the maximum springback value appeared in the area where the
maximum thickness reduction was also recorded.

Behera and Ou [117] analyzed the influence of stress-relieving heat treatment on the
geometric accuracy and surface topography of titanium parts manufactured by incremental
forming. In the case of pure titanium and titanium alloys, residual stresses appeared and
remained during forming operations, unfavorably affecting the subsequent mechanical
behavior of the part. Because of this, it is essential to remove these residual stresses by
applying the stress-relieving heat treatment. The aforementioned study used titanium
Grade 1 with a 0.5 mm thickness. Following SPIF manufacturing and the application of
heat treatment (before or after the forming process), the parts obtained were subjected
to X-ray diffraction in order to highlight the effect of the stress-relieving heat treatment,
as well as being subjected to an analysis using a 3D interferometer in order to study the
surface topography. The authors observed the appearance on the surface of the part of
an “orange peel effect”, which is characteristic of titanium, but also a worsening of the
roughness by 0.5 μm on the free surface of the part (the surface that does not come into
contact with the punch). The geometric accuracy of the parts was analyzed both before and
after the trimming process, which is necessary in order to extract the useful area of the part.
The conclusions of the study show that applying the stress-relieving heat treatment before
SPIF leads to both an improvement of the surface roughness, as well as to an increase in the
geometric accuracy of the parts obtained. Additionally, the value of the residual stresses is
lower in the case of the parts that were subjected to stress-relieving heat treatment than in
the case of those that have not undergone this treatment at all.

Han et al. [73] developed a digital manufacturing technology for a skull prosthesis
based on the fact that creating medical implants and a prosthesis requires an individualized
manufacturing model, with each model having its own geometry. Thus, starting with the
images from Computed Tomography (CT) and using software for the reconstruction of
CAD models based on Non-Uniform Rational B-Splines (NURBS), the authors obtained the
geometry of the skull prosthesis. Based on this geometry, the authors went on to generate
the tool path using industrial software, followed by the optimization of the punch trajectory
in order to reduce errors and springback.

Another paper that studies the technological variants of manufacturing of cranial im-
plants by SPIF on the basis of an analytic hierarchy process (AHP) is that of Racz et al. [118].
For the analytic hierarchy process, they chose four types of manufacturing technologies,
including three related to incremental forming, namely, conventional SPIF, hot SPIF and
DSIF. Seven criteria were chosen for evaluation using the AHP: formability, microstructure,
degree of control, roughness, energy consumption, accuracy and production time. They
used three types of tool path for the SPIF manufacturing of implants: two circular, one of
which had vertical feed points on the same generatrix, the second of which had other verti-
cal feed points indexed at different angles, and a third spiral trajectory. A profilometer was
used to analyze the geometric accuracy of the implants obtained, and the main strains and
thickness reduction were determined by means of an optical system. Following this analy-
sis, the authors found the spiral trajectory to be the optimal option for the manufacturing
of complex parts such as cranial implants.

The dimensional accuracy of implants made of medical grade titanium and manu-
factured by SPIF was analyzed by Behera et al. [119]. They also proposed a method to
improve the geometric accuracy by compensating the tool path. The authors considered
the division of the geometric model into features of great importance, especially in the case
of complex shaped parts with double curvature, such as cranial implants. The algorithm
they presented contains, in summary, the following steps: the uncompensated toolpath is
created starting with the CAD model of the part; the part is manufactured with this tool
path and is then measured by means of an optical measurement system; the measurement
leads to obtaining a point cloud, which is subsequently transformed into a mesh, and this
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mesh is compared to the initial CAD model, thus obtaining the deviations on the entire
surface of the part. The accuracy file, an STL file, is then obtained. A software product
created by the authors of the study identifies the features in this file and then links this file
to a set of files called the training set CAD model. The linked data set is then exported to a
data file for generating an accuracy response surface using multivariate adaptive regression
splines (MARS). The compensated tool path is then obtained. In the study cited, the authors
applied the abovementioned algorithm for both an ellipsoid part and a cranial plate. The
results obtained for the cranial plate are presented in Figure 19. Using this algorithm led to
obtaining a mean deviation of ±0.5 mm, a significant improvement compared to that of
the cranial plate manufactured with the uncompensated toolpath.

Figure 19. The accuracy plot of a cranial implant manufactured by SPIF with (a) an uncompensated
toolpath and (b) a compensated toolpath (reproduced with permission from [119]; copyright © 2015,
Springer-Verlag London; this is an open-access article distributed under the terms of the Creative
Commons CC BY license, which permits unrestricted use, distribution and reproduction in any
medium, provided the original work is properly cited).

A very interesting study, also based on the finite element method, was developed by
Fiorentino et al. [120]. The study uses iterative learning control to increase the accuracy of
Ti Grade 2 alloy parts manufactured by SPIF. Iterative learning control uses the following
algorithm: the punch trajectory is determined, the part is manufactured, it is measured and
the errors are determined. Once these errors are known, the punch trajectory is corrected
in order to reduce the geometric error. This algorithm is then cyclically repeated until
convergence, which is represented by obtaining a minimum imposed geometric error. The
algorithm used by the iterative learning control is presented in Figure 20. The authors
focused on parts with planar and curvilinear geometries with wall inclinations of (0◦,
29◦ and 38◦) and a depth of 30 mm. They also conducted a comparative study between
three types of materials: aluminum Al 1050A, steel DC04 and titanium Grade 2 alloy. The
iterative learning control algorithm was applied to the finite element method, and the
validation of the results was done by experimental research on a CNC machine. Of all the
three types of materials, the largest geometric errors (±1.1 mm) were obtained for titanium
Grade 2 due to the springback phenomenon, which is most pronounced in the case of
titanium alloys.

Improving the accuracy of industrial parts manufactured by SPIF is desirable, but
improving the accuracy of medical implants is an extremely important goal. Thus,
Duflou et al. [66] published some of the first concerns related to increasing the geometric
accuracy of a frontal orbit cranial implant made of Grade 2. They additionally presented a
comparative study between the conventional implant technologies and the single-point in-
cremental forming process, also naming the advantages and disadvantages of the different
types of technologies. The steps required to manufacture an implant by SPIF are: carrying
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out a CT scan of the injured skull, preparing a clay model of the skull, building a CAD
file of the implant based on reverse engineering and producing the final 3D CAD model
of the implant integrated into the blank sheet. The strategy used to make the implant
is a multi-step tool path that allows for the formability of the material to be increased
by redistributing the material. To evaluate the geometric accuracy of the orbit cranial
implant, they scanned the entire implant following the SPIF processing, noting that there
are some overformed areas, such as the backing plate, as well as underformed areas. For
this reason, to compensate for the trajectory, an uncompensated trajectory was chosen for a
model made of AA 1050 and was translated proportionally with the deviation obtained
and multiplied by a scale factor equal to 0.7. By using this strategy, the geometric accuracy
increased significantly, with the average deviation decreasing from 1.19 to 0.377 mm.

Figure 20. The algorithm used for increasing part accuracy: uk(t)—part geometry, uk+1(t)—part
geometry (corrected), vk(t)—process parameters set, tpk(t)—toolpath, yk(t) —obtained geometry,
yd(t)—target geometry, ek(t)—error map and Te(z)—correction weight (reprinted with permission
from [120]; copyright © 2016, Springer-Verlag France).

Li and Mo [121] studied springback in double curvature parts made of Grade 4
titanium alloy and manufactured by SPIF, based on a numerical simulation using the finite
element method. As an example, the authors chose to use SPIF to manufacture a part of
an aircraft skin. Using the geometry of the part, the authors inserted an addition that will
later be removed by trimming in order to reduce springback. To estimate the springback,
the authors presented the nodal displacement in three different sections of the part (two at
the ends of the part and one in the middle), following the forming process before and after
the appearance of springback. The conclusion of the study is that the plastic deformation
value in the case of titanium parts is low, while the springback has particularly high values,
especially in the middle area of the part and slightly lower towards the ends of the part.
Additionally, the vertical feed values must be as low as possible in order to reduce the
springback value and increase the accuracy.

Najafabady and Ghaei [102] conducted a study on the geometric accuracy, surface
quality and hardness of titanium alloy parts produced by SPIF. There are other studies
related to hot SPIF of titanium alloy, but the novelty brought by the authors is provided
by the fact that the local heating due to the electrical contact is replaced by an electric
heater. The main advantage is the use of alternating current electricity instead of direct
current, with the alternating current allowing the use of cheaper and safer equipment for
the operator. The authors studied the main areas where, due to the elasticity of the titanium
alloy, the maximum deviations occur. A deviation analysis for a truncated cone geometry
is presented in Figure 21. In this type of manufacturing, with the use of an electric heater,
the maximum deviation occurs at the connection area between the flanges and the vertical
walls, i.e., exactly in the starting area of the trajectory, due to the fact that in this area
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the blanksheet fails to reach the optimum temperature. After several vertical steps, this
inconvenience disappears and the geometric accuracy increases.

Figure 21. Deviation analysis for a truncated cone geometry (reprinted with permission from [102]; copyright © 2016,
Springer-Verlag London).

Another paper refers to SPIF manufacturing accompanied by heating of the blanksheet
of the Ti-6Al-4V titanium alloy [105]. Unlike other studies in which heating only occurs
locally, near the forming area, the authors of this paper heated the whole blanksheet and
kept the temperature constant throughout the entire punch movement. The main objective
of the study was to improve the geometric accuracy by means of two approaches: using a
trajectory that is subjected to a correction process in order to eliminate springback errors
and reducing the deflection of the sheet along the perimeter part by adding an addendum
to the shape of the part (in fact a connection between the tilted walls of the part and the
undeformed, flat area). The authors studied the influence of part temperature and the
trajectory on geometric accuracy. When considering the influence of temperature, it was
found that, even if the shape deviation follows the same pattern, its value has a different
influence on different areas of the part. Increasing the temperature leads to a large variation
in wall angle, while decreasing the temperature leads to the reduction of deviations in the
flat/low curvature areas. The trajectory correction was achieved by applying an intelligent
process model that has the ability to predict the springback value and apply it to the initial
CAD model, which thus modifies the new trajectory being obtained on this corrected
geometric model. The use of this algorithm led to significant reduction of springback in
the titanium part, as we can observe in Figure 22.

Grimm et al. [122] aimed to reduce springback during incremental forming of titanium
alloys by electrically assisting this deformation process. They identified the residual stresses
that remain inside the material after the forming process as the main cause of springback
in the case of material-forming processes in general and of SPIF in particular. The authors
also classified the factors influencing springback, namely, part geometry, part material
and part thickness. Having taken all these into consideration, the authors centered their
study on truncated pyramid shaped parts made of thick AMS-T-9046 titanium sheets with
a thickness of 0.508 mm. Three test parts were initially manufactured, without the use of
electricity, and these were then measured and compared with the ideal CAD models for the
determination of springback. The same methodology was used for the manufacturing of
parts in the presence of electricity, with several paths for applying electricity. The general
conclusion was that the use of electrically assisted SPIF led to a significant reduction in
springback in the case of AMS-T-9046 titanium sheets but also that the path the electricity
takes in each part has an important influence on the reduction of springback.
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Figure 22. Accuracy analysis for (a) an uncompensated trajectory and (b) for a trajectory compensated
with the intelligent modelling (reproduced with permission from [105]; copyright © 2015, The
Authors; this is an open-access article distributed under the terms of the Creative Commons CC BY
license, which permits unrestricted use, distribution and reproduction in any medium, provided the
original work is properly cited).

7. Surface Quality

7.1. Forming Strategy

Large-scale waviness (Figure 23) created by the tool path is considered a weak point
for ISF. The problem of poor surface quality of the SPIFed parts due to large scale waviness
created by the tool path can be overcome in SPIF by optimization of the forming strat-
egy. Waved impression roughness is the major surface quality problem of SPIF since the
roughness value of the waved impression is larger than with the friction trace [123,124].

Figure 23. Surface of the drawpiece across the tool-path.

Recently, many studies have focused on applying different strategies to improve the
geometric accuracy of finished parts made by SPIF, i.e., neural network strategies [125,126],
iterative algorithms methodology [127,128] and the transfer functions approach [129].

Ortiz et al. [105] proposed two approaches to improving the geometric accuracy of
typical aerospace Ti-6Al-4V parts produced by hot SPIF. In the first approach, it was
proposed to skip the overforming deviations associated with the deflection of the sheet
along the perimeter of the part based on a design improvement. In the second approach,
an IPM was adopted that counteracts deviations associated with the elastic deformations
of the component after springback. The IPM approach leads to an accuracy improvement
of the tetragonal pyramid of up to 49%. Veeraajay [130] experimentally studied the effect of
the feed rate, incremental step depth, spindle speed and tool feed on the surface roughness
of Ti-6Al-4V truncated cones. Response surface methodology (RSM) was used to design
the experiments, and ANOVA was performed to find the factor that significantly affects
the surface finish of drawpieces. It was found that with an increasing feed rate, the surface
roughness decreases from 1.05 mm to 0.9 mm. A better surface finish is achieved by
decreasing the step depth.
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Szpunar et al. [131] applied a central composite design to determine the mathematical
model of the effect of tool feed rate, spindle speed and step size on the surface roughness of
truncated cones of Grade 2 commercially pure titanium. It was found that samples formed
with high values of spindle speed showed poor surface qualities. They also found that the
direction of tool rotation in relation to the feed direction is one of the crucial parameters
influencing the risk of cracking (Figure 24) [131]. Step down showed the strongest influence
on surface roughness, which is concordant with the results of the Box–Behnken design
analyzed by Yao et al. [127].

Figure 24. Grade 2 drawpieces formed at a constant step size of 0.3 mm, tool feed rate of
1250 mm/min and rotational speeds: (a) −200 rpm (clockwise direction), (b) 200 rpm (anticlockwise
direction) and (c) freely rotatable tool).

A decision-making method based upon an analytic hierarchy process was applied
by Racz et al. [118] to optimize the SPIF parameters. The surface roughness of the SPIFed
Ti-6Al-4V cranioplasty plates was directly influenced by the vertical step, a decrease in the
vertical step leading to a decrease in the roughness value [118].

The radius of the tool tip is one of the most important parameters that influences
the surface finish of Grade 1 and Ti-6Al-4V sheets [132]. The higher the feed rate is, the
poorer the surface quality of the workpiece is (Figure 25). Mohanraj and Elangovan [133]
found that the negative incremental forming method with a sliding motion of the tool
provides a better surface finish of Ti-6Al-4V. Ambrogio et al. [94] investigated the effect
of feed rate with respect to the surface quality of formed Grade 2 and Ti-6Al-4V sheets in
order to develop a high-speed SPIF machine. Preliminary analyses show that the impact of
high-speed forming on the forming accuracy and surface roughness was not significant.

Figure 25. Images showing the effect of the feed rate on the surface quality of the sheet (reproduced
with permission from [132]; copyright © 2019 The Author(s). Published by Elsevier B.V.).
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7.2. Friction Conditions

Titanium alloys have low wear resistance, high coefficient of friction (COF), a tendency
to galling and relatively low hardness [134,135]. Therefore, the improvement of friction
conditions is a key factor for surface finish [136,137]. The tribological properties of titanium
and its alloys, in particular the tendency to seize during cold and hot forming operations,
are intensified by high contact loads. Another significant problem occurring during the
forming of titanium is the formation of sticking on the surface of tools (galling), which
significantly affects the quality of manufactured products [138–140]. The unfavorable
phenomena accompanying the SPIF and TPIF of titanium alloys can be limited by appro-
priate surface treatment of the tools and the use of appropriately selected technological
lubricants [141,142]. Due to the fact that most of the lubricants used in sheet metal forming
(SMF) processes belong to the group of synthetic oils, in recent years research has been
conducted on replacing mineral oils with biodegradable vegetable oils [143,144], including
those with the addition of nanopowders [145–147]. Trzepieciński et al. [144] tested the
tribological properties of Ti-6Al-4V titanium alloy sheets in a strip drawing test using five
kinds of vegetable oils: palm oil, rapeseed oil, olive oil, sunflower oil and soybean oil. It
was found that increasing the load at a constant value of kinematic viscosity of lubricant
reduces the value of the coefficient of friction (COF). The lowest value of COF was provided
by oil with a low density and at the same time high kinematic viscosity.

Appropriate lubrication is essential to prevent the formation of an oxide layer on the
inner surface of the part which promotes sheet fracture and tool wear [148,149]. Due to the
high temperature of the sheet in hot SPIF, liquid lubricants cannot be used and therefore
solid lubricants should be used instead [92,150].

A poor friction condition could lead to severe scratch, which can damage the implant
surface. Moreover, heavy-duty contact conditions can lead to a temperature increase in
the contact area. In particular, for titanium and titanium alloy, the adhesion phenomenon
is more likely to happen under improper contact conditions [136]. Changing the contact
conditions and improving the lubrication are currently the two main approaches adopted:
modification of the tool and selection of lubricants with appropriate properties adapted to
the processing conditions. Table 1 shows the most important lubricants used during SPIF
or TPIF of titanium and Ti-based alloys. It was found that the molybdenum disulphide
MoS2 grease is the most popular lubricant when forming this group of materials.

Table 1. Typical lubricants used in SPIF of selected materials.

Lubricant Forming Conditions Material Shape of Drawpiece Reference

OKS 280 lubricant elevated temperature Ti-6Al-4V car door shell [109]
MOS2 elevated temperature TiAl2Mn1.5 tetragonal pyramid [92]
MoS2 elevated temperature Ti-6Al-4V conical frustum/tetragonal pyramid [83]

graphite elevated temperature Ti-6Al-4V conical frustum/tetragonal pyramid [83]
boron nitride spray elevated temperature Ti-6Al-4V conical frustum/tetragonal pyramid [83]

MoS2 elevated temperature Ti-6Al-4V conical frustum [77]
MoS2, graphite powder,

graphite-based and copper-based
anti-seize lubricants

elevated temperature Ti-6Al-4V conical frustum [150]

MoS2 elevated temperature Ti-6Al-4V tetragonal pyramid [100]
MoS2 elevated temperature Ti-6Al-4V conical frustum [86,93,102]

ROCOL copper-based anti-seize
compound elevated temperature Ti-6Al-4V conical frustum [101]

boron nitride elevated temperature Ti-6Al-4V tetragonal pyramid [104,105]
OKS 280 lubricant elevated temperature Ti-6Al-4V flat components with grooves [106]
OKS 280 lubricant elevated temperature Ti-6Al-4V truncated cone [107]

MoS2 elevated temperature Ti-6Al-4V truncated cone [151]
carbon-based, dry-film lubricant

(Berulit 935) elevated temperature Ti-6Al-4V asymmetric component [87]

dry graphite elevated temperature Ti-6Al-4V flat component with
longitudinal pockets [89]
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Table 1. Cont.

Lubricant Forming Conditions Material Shape of Drawpiece Reference

MoS2 elevated temperature Grade 2
Ti-6Al-4V conical frustum [94–96]

Rocol RTD compound cold-forming conditions Grade 1 cranial plate [68]

MoS2 cold-forming conditions
pure titanium

(grade not
specified)

conical frustum [152]

chlorine-containing forming oil cold-forming conditions Grade 1 denture plate [112]
Nuto 46 hydraulic oil cold-forming conditions Grade 2 clavicle implant [74]

ceramic grease WEICON ASW 040P cold-forming conditions Ti Grade 2 facial implant [71]
MoS2 elevated temperature Ti Grade 2 conical frustum [153]

MoS2 cold-forming conditions
Pure titanium

(grade not
specified)

conical frustum [154]

Vahdani et al. [150] examined MoS2, graphite powder, and graphite-based and copper-
based anti-seize lubricants. They experimentally investigated the effects of four different
lubricants together with the influence of vertical pitch, feed rate and electric current on
the surface finish of Ti-6Al-4V sheet in resistance SPIF using a forming tool with a cooling
system that they had developed (Figure 26). It was found that the lubricant type has the
most effect on the formability followed by the electric current. The best surface finish is
obtained when using a graphite-based compound, owing to the more uniform distribution
of the graphite particles within the grease.

Figure 26. Schematic diagram of resistance SPIF (reprinted with permission from [150]; copyright ©
2019, The Indian Institute of Metals—IIM).

Graphite is a good high-temperature lubricant, but when used in EHIF, electric sparks
appeared between the tool and sheet metal, which may cause the creation of micro-pits on
the surface of the sheet metal and tool [83].

MoS2 is often dispersed in metal matrices like copper and nickel to achieve enhanced
strength of the lubricant for good wear resistance. Fan et al. [83] successfully formed Ti-
6Al-4V alloy using EHIF at 500–600 ◦C with a small amount of oxidation. They confirmed
that a self-lubricating Ni disulphide metal matrix composite is suitable for electric hot
incremental forming at high temperature.

Hussain et al. [154] investigated the effect of forming parameters on the contact
conditions in SPIF of conical drawpieces made from pure titanium. The specimen that
was formed by using the MoS2 powder and grease showed the best surface quality (no
striations on the specimen surface or no metal peeling), and no metal sticking to the tool tip
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was observed. When the blank was formed without using any lubricant, the blank material
adhered to the tool tip and the specimen surface peeled off (Figure 27).

Figure 27. The effect of friction conditions on the surface quality of truncate cone drawpieces
formed from pure titanium (reprinted with permission from [154]; copyright © 2007, Springer-Verlag
London Limited).

8. Numerical Modeling

Supporting the manufacturing processes with finite element-based programs, al-
though quite an expensive process, may contribute to increasing the efficiency of imple-
menting new products in the market. Both large and small companies are most interested
in the possibilities for numerical modeling and simulation of manufacturing processes. The
virtual models allow one to modernize existing production systems or to implement the
manufacturing process without the need to manufacture real tools. Finite element simula-
tions are most efficient for the prediction of elastic-plastic deformations of metallic sheets.
Finite element method can be used to predict forming defects, clarify the forming charac-
teristics and improve the forming process. However, due to complicated contact problems
involved in the SPIF, efficient approaches for modeling the ISF are still lacking [155].

Many scholars have conducted significant research into the numerical analysis of
incremental sheet forming of titanium and Ti-based alloys. Mohanraj and Elangovan [133]
performed experimental work and numerical analysis of Ti-6Al-4V incremental sheet
forming, considering the spindle speed, tool diameter, feed rate and step size, to study
the geometric accuracy and thinning of an aerospace component with complex shape.
Simulation results were found to be in agreement with the experimental results, thus
showing the applicability of the process in eco-friendly products in low-volume production.

Palumbo et al. [111] conducted FE-based simulations of the SPIF process of non-
axisymmetric truncated pyramids with the aim of investigating the effect of both draw
angle and tool/step size ratio, taking into account the anisotropic behavior of sheets of
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Ti-6Al-4V titanium alloy. The analysis of thinning maps and shape errors highlighted that
the tool/step size parameter plays a key role in SPIF. The numerical analysis conducted
in ABAQUS/Explicit program revealed that large values of the draw angle determined
dangerous thinning. Sbayti et al. [156] analyzed hot incremental forming of titanium alloy
Ti-6Al-4V denture base by finite element-based simulations. The effects of the forming
temperature on the material failure and more particularly on the geometric accuracy of the
final product were investigated. It was found that numerical modeling of ISF of denture
base by using Ti-6Al-4Vsheets is a feasible solution and it clearly shows the potential for
real medical application. Naranjo et al. [157] presented results of the SPIF of Ti-6Al-4V
conical drawpieces at different temperatures. Ansys Workbench was used as the numerical
program. Based on the recent paper [158], two mesh sizes of hexahedral-type elements
were considered for FEM modeling in order to optimize the resolution of the procedure
and the computing time. Modeling the Ti-6Al-4V material allowed one to reach a high level
of agreement among the forces obtained experimentally and by simulation. It was found
that simulation results depend highly on the mesh element size, and a low size must be
selected. Moreover, mesh in the corners of squared pyramid makes the simulation process
more difficult. Abdeljefi et al. [159] proposed a numerical approach of the SPIF process of
titanium T40 sheet by using a simple elastic-plastic material model in Abaqus/implicit©
software. The effect of the proposed model on the forming forces and the final geometry
was investigated. Saidi et al. [116] investigated the warm incremental process of Ti-6Al-4V
sheet based on the use of heat cartridges. The objective was to demonstrate that our low-cost
heating system can be used in forming a limit angle similar to that obtained with expensive
laser heating. The numerical results were in good agreement with the experimental ones.
Piccininni et al. [160] conducted numerical simulations with Tsay–Hill formulation and the
strain rate dependent isotropic plasticity law in order to design the SPIF processes of Grade
2 titanium sheets. Finite element models created for simulating both forming processes
were revealed to be robust and accurate since a good correlation between numerical and
experimental thickness distributions could be obtained. Naranjo et al. [161] tested different
plastic behavior hypotheses using a Ti6Al4V alloy to compare the results obtained by FEM
with the Ansys program to the experimental tests run to measure the forces applied to the
tool. For low strains, a high degree of agreement between the experimentally measured
forces and those obtained by simulation was achieved. However, for large strains, most
models overpredicted forces obtained experimentally due to the cracks that appeared on
the bottom of the cones before the failure occurred.

Most of the studies that refer to FEM for SPIF processes have been traditionally carried
out using software with explicit-type solvers like Abaqus [71,162] or LS-Dyna [163,164], or
even with software developed especially for this purpose, as in Lagamine [165]. Numerical
modeling is used to predict temperature distribution, sheet thickness change, springback,
material flow, stress and strain distribution and predictions of forming limit diagrams.
FE-based numerical simulation has become an indispensable tool for the prediction of
wrinkling and crack occurrence during SPIF. The use of simulation programs requires
a thorough knowledge of material behavior and FE programming to develop a suitable
numerical analysis for a forming process. It is undeniable that the FE simulations are a
huge help in reducing the waste of time and material toward a correct and proper process
design. In the future, most numerical research work must be focused on the development
of a macroscopic constitutive model based on a physical mechanism, grain-twinning
interactions and a crystal plasticity model considering the grain–grain interaction [34].

9. Conclusions

Single-point incremental forming plays a key role in transferring state-of-the-art
knowledge on manufacturing into innovative solutions of low-volume customized biomed-
ical implants and components in the aerospace industry. This comprehensive review of
ISF methods used on titanium and titanium alloys allows the following conclusions to
be drawn.
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The use of SPIF for biomedical applications is basically limited to the production of
implants tailored to individual human needs, mainly dental prosthetics and reconstructive
medicine. During the production of custom implants, the SPIF and TPIF methods are
limited due to the low dimensional accuracy associated with the residual stresses remaining
in the formed material. This research area with regard to titanium and its alloys has not
been sufficiently explored.

The geometric accuracy attributed to springback effects and poor surface quality are
one of the dominant limits in the implementation of SPIF. Correction of the tool trajectory
and heat treatment of components after the forming process allows one to reduce the elastic
deformation of the material after cut-out operations and would reduce the pillowing effect.

In SPIF, adhesive wear of the tool predominates. There are insufficient investigations
on the synergistic effect of tool rotation direction and rotational speed on the flattening of
the surface asperities and quantitative tool wear.

The selection of an appropriate lubricant is a key aspect of the forming process of
titanium and its alloys, which exhibit unfavorable tribological properties such as high
adhesion and a tendency to adhesive wear that is caused by microscopic transfer of
material between the workpiece and tool surfaces. These hot spots are especially important
during the deformation of titanium alloys, which are generally only formed under elevated
temperature conditions. In such conditions, liquid lubricants cannot be used, and therefore
solid lubricants, primarily MoS2, are required.

The reduction of forming traces on the surface of implants can be effectively improved
by optimizing the tool trajectory and forming strategy, as well as improving the friction
conditions. A potential method is to use tools with a textured surface that provide improved
lubrication conditions, or tools with a movable spherical tip that freely rolls over the surface
of the component being formed.

Research on the phenomenon of friction in conventional SMF processes has shown
that biodegradable edible oils can be considered as an alternative to synthetic oils. It
seems that this may potentially be a field of research on SPIF carried out in cold-forming
conditions that is worth developing.

Due to its crystalline structure, the most commonly used titanium alloy, Ti-6Al-4V, is
basically only formed at an elevated temperature. A high temperature, on the one hand,
helps to increase the formability of the material but at the same time increases the tendency
of the titanium alloy to undergo a severe plastic deformation process (galling). There is
insufficient research to determine the balance between SPIF temperature and the quality of
the surface finish of the components.

One of the ways to increase the formability of titanium alloys is to treat them at
elevated temperatures. Many approaches have been developed for introducing temperature
into a workpiece such as electrical heating, laser heating, friction heating or combined
electrical and friction heating. The advantage of SPIF with laser heating is lower springback
of the formed component. It is easier to control temperature with this method than with
friction-assisted SPIF.

The influence of SPIF parameters (i.e., step size, radius of tool tip, feed rate and tool
rotational speed) on the surface quality and formability of titanium and its alloys is not
identical for materials of different thickness. In many studies based on DoE or Taguchi
optimization, sheet thickness is a parameter that is omitted. Future work should focus on
exploring such exceptional conditions.

Although titanium and titanium alloys have many desirable characteristics, they
have problematic areas as well. These include their affinity to oxygen, hydrogen pickup,
susceptibility to certain types of chemical attack, and damage generation arising from the
elastic and plastic anisotropy of the hexagonal crystal structure [17]. This makes titanium
alloys, especially the most popular Ti-6Al-4V alloy, extremely difficult to deform at ambient
temperature. Combinations of working and heat treatment can generate highly preferred
crystal orientations, so between the coherent phase boundaries with transformation shears
and the anisotropy of the thermal expansion coefficient, substantial residual stresses are
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common even after a stress relief anneal [3,12,17]. To fully optimize the material property
design for particular applications, control of texture and microstructure with SPIF strategies
requires predictive understanding of the rules for variant selection during the α→β→α

transformations, which are not yet well established [17].
Apart from the knowledge of the microstructure of the material and the related

formability, attention should be paid to the strong synergistic effect of forming parameters
on the surface finish of the drawpiece and the possibility of obtaining a component with a
given degree of deformation. The most critical factors of SPIF process affecting the sheet
formability are step size, tool rotational speed, feed rate, tool diameter, sheet thickness and
wall angle. Understanding how these parameters influence output quantities (i.e., surface
finish, material formability and geometric accuracy) still requires clarity and optimization.
First of all, attention should be paid to general observations: (i) the direction of tool rotation
in relation to the feed direction is one of the key SPIF parameters influencing the possibility
of receiving a titanium drawpiece without the risk of cracking, (ii) samples formed with
high values of spindle speed showed poor surface qualities and (iii) the rotation speed is
dominant process parameter determining the thermal effect and forming force. A major
factor affecting forming forces and quality of the surface finish of drawpieces is the step size.
By increasing the spindle speed, a reduction in forming forces was observed [131]. In terms
of the surface quality of the formed components, scratches caused by the forming tool can
be effectively reduced through the optimization of the toolpath strategy and improvement
of lubrication conditions. Proper lubrication is a key factor in enhancing the surface quality
at elevated temperatures. When increasing the forming temperature, proper lubrication is
a key factor affecting the surface roughness obtained, as well as the oxidation process.

Current findings on the effect of process parameters on output quantities in incremen-
tal sheet forming of titanium and Ti-based alloys are limited and sometimes contradictory,
which may be due to the various settings of the process parameters and the various geome-
tries of components. Only in terms of the lubrication of the sheet surface, it has been found
that MoS2 is the most effective lubricant for cold and elevated temperature conditions.
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