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Abstract

This research paper focuses on investigating the influence of input parameters on the coefficient of friction
(COF) during incremental sheet forming (ISF) of grade 5 titanium alloy sheet. Titanium alloys are widely
used in various industries due to their corrosion resistance and strength to weight ratio. ISF is a flexible and
cost effective process for producing complex shapes. The aim of this study was to gain insight into the fric-
tional conditions during ISF that affect formability, surface quality, and overall process performance. The ex-
periments were carried out using a combination of MoSz lubrication and friction stir rotation-assisted heating.
COF was measured using a high precision piezoelectric dynamometer, taking into account axial and horizon-
tal components of forming force. A split-plot design was used and 25 runs were performed to obtain the COF
for each run. The results of the study provide valuable information on the relationship between input parame-
ters and COF, contributing to the understanding of the frictional conditions in the ISF.

Keywords: ANOVA, coefficient of friction, incremental sheet forming, titanium alloys

1. Introduction

Titanium alloys are widely used in a variety of industries, including aerospace, automotive, or-
thopaedic, and dental, because of their exceptional corrosion resistance and impressive strength-to-
weight ratio. Among the various technigques used to form titanium and its alloys, incremental sheet
forming (ISF) stands out as a flexible and advantageous process compared to traditional sheet forming
methods. It plays an important role in modern manufacturing by enabling the production of complex
shapes at reduced cost (Oleksik et al., 2021). Using a universal set of tools, ISF allows the creation of
a wide variety of shapes, resulting in increased production flexibility and reduced tooling costs. It also
makes it easier to achieve higher levels of stress. However, it is most economically viable for low-
volume production. This includes metal (Trzepiecinski et al., 2022a), polymer (Rosca et al., 2021) and
composite (Harhash & Palkowski, 2021) sheets. The main advantages associated with ISF include the
ability to form elements on conventional CNC machines such as lathes or milling machines (Cheng et
al., 2020; Jadhav et al., 2003).

In the ISF process, a circular forming tool gradually shapes the sheet by executing a coordinated
motion around the stationary workpiece, The tool then performs a depth movement with a specified
step size, forming the component by traversing the next horizontal trajectory at a feed rate (Harfoush
et al., 2021; Patel and Gandhi, 2022). In ISF, friction plays a critical role in the interaction between the
tool and the workpiece (Duflou et al., 2017). Friction not only influences the forming limit, but also
the surface quality of the resulting parts (Szewczyk and Szwajka, 2023; Wigckowski et al., 2023). As
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surface quality has a significant impact on the aesthetics, performance and service life of metal struc-
tures, it warrants serious attention.

The lubricants used in ISF are the same as those used in conventional sheet metal forming pro-
cesses and are selected mainly on the basis of factors such as pressure values, material grade of the
workpiece/tool material pair and tool speed (Najm et al., 2021). Several factors come into play when
considering the potential use of the ISF method and ensuring forming accuracy. These include techno-
logical parameters (e.g., tool diameter, step size, tool rotational speed, friction conditions), product
design factors (e.g., sheet thickness, die geometry) and mechanical parameters of the workpiece (e.g.,
work hardening, material anisotropy, Young's modulus) (Najm and Paniti, 2020). Higher tool rotation-
al speeds allow greater plastic deformation to be applied to the sheet material without the risk of
cracking, making them ideal for forming thin sheets with limited plasticity (Martins et al., 2008;
Sbayti et al., 2020).

The challenge of achieving suitable forming conditions arises from the contact between relatively
low strength materials and high hardness, high strength tools (Pepelnjak et al., 2022). Najm and Paniti
(2021) used an artificial neural network to investigate and determine the formability of the workpiece
and the geometry of the forming tools. They also derived an analytical equation for each output based
on the weight and bias of the most accurate network prediction. Tooling characteristics were found to
play an essential role in all predictions and to have a significant impact on the final products. Najm et
al. (2021) investigated the effect of forming tool diameter, tool rotational speed, feed rates and coolant
type on the hardness of EN AW-1100 aluminium alloy sheets in ISF. Various coolant oils and greases
were analysed at the same feed rates and the study showed that the use of coolant oil increased hard-
ness whereas the use of grease decreased hardness. Milutinovi¢ et al. (2021) fabricated a X6Crl17
stainless steel denture base plate for a full maxillary prosthesis using a lost wax technique. An ordi-
nary form of mineral oil was selected as the lubricating agent in this particular case. Experimental tests
on the surface roughness of the inner surface of the cup showed that the step size had a significant
influence on the surface quality. Machine learning based procedure to predict result of surface rough-
ness parameters (Ra, Rz) for heat assisted ISF titanium grade 5 was proposed by Bautista-Monsalve et
al. (2021). The authors confirmed algorithm prediction potential with an experiment results. Shayti et
al. (2022) investigated the ISF process of a Ti6Al4V titanium alloy acetabular cup at high tempera-
tures using finite element based simulations and an optimisation procedure. The effects of four key
process parameters — coefficient of friction (COF), processing temperature, step depth and tool diame-
ter - on the final part were analysed. The computational results showed that moth-flame optimisation,
multiverse optimisation and Harris Hawk optimisation provided highly competitive geometry optimi-
sation results. Popp et al. (2021) investigated the sheet bending mechanism in the ISF of Al-
Cud4PbMgMn aluminium alloy blanks using finite element based analysis. The study showed that the
shape of the retaining rings significantly influenced the final geometric accuracy of the parts produced
by ISF. A novel method was presented by McPhillimy et al. (2022). The authors applied laser metal
deposition to thicken locally titanium grade 2 sheet before incremental forming process. Such
a treatment allowed them to improve drawpiece thickness homogeneity, but also caused early fracture
phenomenon especially at high wall angles.

Numerous research studies have focused on parameter optimisation for incremental sheet forming
of pure titanium sheets. Hussain et al. (2008) found that increasing the feed rate or incremental step
depth reduced the formability, while increasing the tool diameter improved it. Ajay (2020) also con-
firmed that these input factors had the most significant influence on process parameters such as, wall
angle, surface roughness and thickness. The increased relative tool speed was found to be critical to
generate forming forces and ensuring successful forming commercially pure titanium sheets without
cracking (Zwolak et al., 2022). However an elevated tool rotation causes increase in surface roughness
Rz parameter of the formed sheets, while step size is a key factor affecting axial and in-plane forming
force components (Szpunar et al., 2021). Trzepiecinski et al. (2022b) studied input parameters of ISF
titanium grade 5 sheets to find optimal one. The authors found that proper feed rate and tool rotational
speed setup allows to achieve greater deformation. Kim et al. (2022) developed an CPB06ex2 aniso-
tropic and asymmetric yield function for the titanium grade 5 sheet. The excellence was presented by
the correlation with the experiment and finite element method results of the surface profile. Naranjo et
al. (2017) conducted the analysis of ISF titanium grade 5 at elevated temperatures. They found not
significant correlation between the temperature and surface quality. Ambrogio et al. (2018) investigat-
ed super plastic forming and ISF to obtain titanium protests without failure. On the other hand Racz et
al. (2018) presented decision-making method to select the most favourable manufacturing method for
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titanium Ti6Al4V alloy dedicated for medical devices with forming at room temperature inclusion.
Other studies have investigated the microstructural effects after ISF of pure titanium sheets. Kumar et
al. (2020) investigated the magnitude and state of residual stresses in commercially pure grade 2 tita-
nium after forming. They observed that increasing wall angles and incremental step depth resulted in
higher residual tensile stresses. Li et al. (2023) carried out and experiment with titanium grade 1 perfo-
rated sheets. The authors found the limit for the wall angle as 60°, while with 45° good thickness dis-
tribution and geometric accuracy can be obtained. Mishra et al. (2021) analysed the evolution of mi-
crostructure and texture and found that prismatic slip dominated in the ISF of pure titanium, while
twinning occurrence varied with several parameters and was heterogeneous. Yoganjaneyulu et al.
(2021) analysed the effect of tool rotation on mechanical properties and microstructure and found that
grain elongation and orientation followed the incremental step depth. They also found that tool rota-
tion did not affect grain size, but higher rotation rates induced an effect of strain hardening by denser
in dislocations.

A review of the literature indicates that research into the ISF of titanium sheets has focused pri-
marily on investigating the influence of input parameters on geometric accuracy and mechanical prop-
erties. However, studies that specifically investigate friction conditions, quantified by COF, are rela-
tively limited. Therefore, the aim of this research is to investigate the influence of the ISF input pa-
rameters: cavity pressure, tool rotational speed, feed rate and step size on the COF between a hemi-
spherical solid carbide tool and a grade 5 titanium alloy sheet. By analysing the COF, this study aims
to gain insight into the frictional conditions during the ISF process, which play a crucial role in the
formability limits, surface quality and overall process performance.

2. Materials and Methods

The experimental material used was a 0.8-mm-thick Ti-6Al-4V titanium alloy sheet. At room
temperature, the microstructure of this alloy is predominantly hexagonal closed packed (HCP) for the
a phase and body centred cubic (BCC) for the B phase. The chemical composition of the sheets mate-
rial presents Table 1.

Table 1. Chemical composition of the sheets material within % weight content (Titanium, 2023).

Component Al \Y Fe 0 C N H Ti

Wt. % 5.5-6.75 3.5-45 <0.4 <0.2 <0.08 <0.03 <0.015 remainder

This Ti-based alloy, known as a two-phase (a-f) alloy, is widely used in various fields such as
turbine blades, discs, rings and structural components in the aerospace industry. Furthermore, Ti-6Al-
4V is widely used as a biocompatible implant in medical applications. It has desirable properties such
as high corrosion resistance, good weldability, excellent strength and a low modulus of elasticity.
However, due to its complex microstructure at room temperature, this alloy is typically formed at ele-
vated temperatures. Mechanical properties of the sheets material is presented in Table 2.

Table 2. Basic mechanical properties of the sheets material (Titanium, 2023).

Density Ultimate Tensile Strength Yield Tensile Strength Elastic modulus Hardness
4.43 g/lcm® 950 MPa 880 MPa 113.8 GPa 349 HV

The experiments involved the forming of drawpieces using a combination of 1SO 6743/12 QB
oil-based lubrication and friction stir rotation-assisted heating in a warm ISF. A die consisting of
a housing and a blank holder were used to secure the displacement of the workpiece flange. Figure
1 shows the experimental setup. The blank holder was securely mounted with screws. An electric oil
heater was placed within the die cavity and the oil pressure was maintained at a constant level during
the forming process through a valve. The forming device was mounted on the bed of a PS95 CNC
vertical milling machine. A 100 mm diameter workpiece was used to form conical truncated cones
with varying wall angle from (Fig. 2). A tungsten carbide material was selected for the tool with
a rounded tip with a radius of 4 mm. The tool was mounted in the face mill using an ER32 collet. To
minimise friction, in the experiments a dry grease-free antifriction spray containing MoS; was used.
This lubricant is temperature resistant from —185°C up to 400°C. Before applying the lubricant, the
surfaces were thoroughly cleaned and degreased. During the process, the tool followed a spiral path as
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it indented into the workpiece. The path of the tool (Fig. 1), was generated using NX CAM software.
The tool path was generated based on a numerical model that represents the desired shape of the part.

Shank
Tool EI
E Fy .// Pressure gauge
|
Tool path _|
oil —_— =

Thermocouple

\ Pressure valve

Heater

Fig. 1. Heat assisted incremental forming device.
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£
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Fig. 2. Desired drawpice shape with varying wall angle from 30° to 80°.

A high-precision piezoelectric dynamometer from Kistler Holding AG in Winterthur, Switzer-
land, was used to measure the axial force (F;) and the horizontal components of the forming force (F«
and Fy). This dynamometer has a maximum sampling rate of 200 kHz per channel.

The value of the COF was determined using the following equation (Decultot, 2011; Saidi et al.,

2015):
/FXZ +Fy°

p=—= 1
F,*

Equation (1) is a commonly used method for predicting the COF by considering the axial and
horizontal forces experienced during the ISF process. This equation has been widely used by many
researchers in this field. Shin (2021) in his thesis, carried out a finite element analysis (FEA) and
found that the coefficient of friction had a minimal effect (less than 10%) on the axial force. However,
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higher COF values were associated with increased horizontal forces. Durante et al. (2009) also used
this equation to determine the COF in sliding tests between an ISF tool and 20 mm wide specimens.
Hamilton (2010) used the same equation in his thesis, which was subsequently validated by FEM
analysis by Li et al. (2014).

The experiment used a split-plot design with a I-optimal criterion. There were 25 runs, carefully
selected to optimise the design and efficiently capture relevant information. The factors in the
experiment were coded to facilitate analysis. The low level of each factor was coded as —1, while the
high level was coded as +1. The factors and their respective units were as shown in Table 3. The range
of input factors was selected by initial tests while cavity pressure was limited by valve and gauge
restrictions.

Table 3. The input factors range with equivalent coded values.

Factor Name Units Min. | Max. Coded Low Coded High Mean 3tar_1d§1rd
eviation
a cavity bar 1 4 Tl o4 2.40 1.04
pressure
B too'ggéigona' rpm 100 | 1000 | —1< 100 +1 1000 | 55017 | 36350
C feed rate mm/min 500 | 2000 -1 < 500 +1 & 2000 1274 619.85
D step size mm 0.1 0.5 -1 0.1 +1 - 0.5 0.3031 0.1632

3. Results and Discussion

In this experiment, a total of 25 consecutive runs were performed, allowing the researchers to ob-
tain the COF for each run. The COF response was measured as the output variable of interest. Table
4 shows the input factors for each run along with the corresponding COF response.

Table 4. Plan of the experiment with input factors and COF response.

Run (a: ca'\:/ﬁ(;/t%rrelssure fcigt?grfafibéggl Factor 3 (C: feed Factor 4 (D: step | Response
bar) ' rom ' rate, mm/min) size, mm) (COF)
pm)
1 2 1000 1475 0.10 0.12
2 2 100 2000 0.10 0.17
3 2 514 1370 0.31 0.11
4 2 1000 500 0.10 0.1
5 2 590 1175 0.35 0.12
6 2 100 2000 0.50 0.14
7 2 100 500 0.50 0.12
8 2 122 1108 0.10 0.09
9 2 1000 1145 0.33 0.14
10 2 559 2000 0.26 0.11
11 4 100 2000 0.30 0.22
12 4 595 620 0.50 0.2
13 4 100 883 0.14 0.14
14 4 757 1550 0.10 0.13
15 4 1000 2000 0.37 0.18
16 1 581 538 0.50 0.11
17 1 550 500 0.10 0.08
18 1 1000 2000 0.50 0.07
19 1 100 1423 0.32 0.15
20 1 762 2000 0.12 0.11
21 3 1000 2000 0.50 0.1
22 3 100 500 0.27 0.1
23 3 680 500 0.20 0.12
24 3 1000 500 0.50 0.2
25 3 343 1565 0.50 0.13

The coefficient of friction was estimated by calculating the mean value from the stabilised region
of the forming process (Fig. 3). This approach ensured that the COF measurement captured the repre-
sentative behaviour of the system by focusing on a consistent and reliable part of the forming process.
By considering the stabilised region, any transient or initial variations were minimised, providing
a more accurate estimate of the COF for each run.
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For the purposes of the experiment a level of significance o, = 0.05 has been selected. The sum-
mary (Table 5) provides an overview of the sequential p-values, adjusted R? and predicted R? for dif-
ferent types of model terms. In your case, the quadratic model was selected and a backward elimina-
tion algorithm was applied to remove model terms with p-values greater than 0.05, following the mod-
el hierarchy. Based on the p-values and the model hierarchy, the quadratic model was selected as the
most appropriate model type. The backward elimination algorithm was then used to remove model
terms with p-values greater than 0.05, resulting in a refined model.

Analysis of the experimental data revealed important findings (Table 6). The model used in the
study showed a significant fit, as indicated by the low p-value (less than 0.0001) and the high F-value
(39.47), with a sum of squares of 0.034. This suggests that the model effectively captures the relation-
ship between the factors and the response variable.

1

- % T T T T T T T 1 T T
[ 50 100 150 200 250 300 350 400 450 500 550 800 850 700

Time(s)

Fig. 3. Stabilised range of the COF selected for analysis.

Table 5. Criteria of model selection.

Source Sequential p-value Adjusted R? Predicted R? Decision
Linear 0.0252 0.2947 0.0282 Rejected
2FI 0.0048 0.6919 0.3119 Rejected
Quadratic 0.0006 0.9299 0.7922 Selected
Table 6. Analysis of variance (ANOVA) table for the reduced quadratic model.
Degrees Mean
Source Sum of Squares of frgedom Square F-value p-value
Model 0.0339 10 0.0034 39.47 <0.0001 | significant
a - cavity pressure 0.0083 1 0.0083 97.06 < 0.0001
B- toc;'pgga“ona' 8.823E-07 1 8.823E-07 | 0.0103 | 0.9207
C — feed rate 0.0002 1 0.0002 2.61 0.1283
D - step size 0.0026 1 0.0026 30.52 < 0.0001
aD 0.0017 1 0.0017 19.35 0.0006
BC 0.0082 1 0.0082 95.12 < 0.0001
CD 0.0054 1 0.0054 62.70 < 0.0001
a2 0.0029 1 0.0029 33.45 < 0.0001
B? 0.0026 1 0.0026 30.68 < 0.0001
D? 0.0015 1 0.0015 17.20 0.0010
Residual 0.0012 14 0.0001
Correlation Total 0.0351 24
R? 0.9657
Standard deviation 0.0093 Adjusted R? 0.9413
Mean 0.1304 Predicted R? 0.8872
C.V.% 7.11 Adeq Precision 25.3212

Among the individual factors, a - cavity pressure had a highly significant effect on the response
variable, with a large sum of squares (0.0083) and a high F-value (97.06). This means that variations
in cavity pressure have a significant effect on the COF response. On the other hand, the tool rotational
speed (B) had a negligible effect on the response, with a very small sum of squares (8.823-107") and
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a low F-value (0.0103). The p-value of 0.9207 further confirms that changes in tool speed do not sig-
nificantly affect the response variable. Similarly, the feed rate (C) had little effect on the response as
indicated by its relatively low sum of squares (0.0002) and F-value (2.61). The p-value of 0.1283 sug-
gests that changes in feed rate have a relatively small effect on the response. In contrast, the step size
(D) had a significant effect on the response, with a substantial sum of squares (0.0026) and a high
F-value (30.52). The low p-value (less than 0.0001) further supports the importance of this factor in
influencing the response variable. The interactions between the factors were also examined. The inter-
actions aD, BC and CD showed significant effects on the response, as evidenced by their large sum of
squares and high F-values. These results highlight the importance of considering the combined influ-
ence of multiple factors rather than analysing them individually. In addition, the quadratic terms a2, B>
and D? also showed a significant influence on the response, with substantial sums of squares and high
F-values. This suggests that the relationship between these factors and the response variable is nonlin-
ear. The overall fit of the model was evaluated using the R? value, which measures the proportion of
variability in the response that is explained by the model. In this case, the R? value was determined to
be 0.9657, indicating that the model explains approximately 96.57% of the variation in the response
variable.

a) Residuals vs. Run b) Cook'’s Distance
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Fig. 4. Diagnostic plots: a) residuals vs. run, b) Cook’s distance, ¢) DFFITS vs. run, d) predicted vs. actual.

The plot of the externally studentized residuals versus the order of the trials (Fig. 4a) is used to
identify any lurking variables that may have influenced the response during the current trials. In this
graph, a random scatter pattern is desirable, indicating that there are no systematic influences or time-
related variables affecting the response. Cook's distance is a measure of the influence of each data
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point in a regression model. It takes into account both the leverage (how extreme the predictor varia-
bles are) and the residual (the difference between the observed and predicted values) of each observa-
tion. Cook's distance provides a summary of how much the regression model would change if a partic-
ular observation were removed from the data set (Fig. 4b). The difference in fit(s) (DFFITS) statistic
measures the influence of each observation on the predicted values of the regression model. Quantifies
the change in the predicted value if the i-th observation is removed from the analysis. A larger value of
DFFITS indicates that the observation has a greater influence on the predicted values within its neigh-
bourhood in the design space (Fig. 4c). The predicted vs. actual graph compares the predicted response
values from the regression model with the actual response values obtained during the experiment. This
graph helps to assess the accuracy of the model by examining how closely the predicted values match
the actual values. It can reveal any discrepancies or patterns that may indicate areas where the model's
predictions differ from the observed data (Fig. 4d). The diagnostic plots contain no outliers and they
are in line with expectations for the chosen model.

a)

COF

o.07 | 0.22

Xl=a 0.25
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COF

o.07 [ 022
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Fig. 5. Response surfaces characterise COF values for the obtained model by the inputs: a) cavity pressure and step size,
b) feed rate and tool rotational speed, c) step size and feed rate.

Response surfaces provide valuable information on the relationship between the input factors and
coefficient of friction. By analysing these surfaces, we can observe the effect of different input factors
on the COF. One notable finding is that higher cavity pressure has a positive effect on COF, indicating
that increased pressure leads to higher friction levels. This suggests that careful control and optimisa-
tion of cavity pressure are critical in managing friction during the forming process. Furthermore, the
response surfaces show that the combination of the correct tool speed and feed rate can effectively
reduce friction. This highlights the importance of selecting appropriate tool speeds and feed rates to
minimise frictional forces and improve overall system performance. To further illustrate the influence
of step size and feed rate on COF, a graphical representation is shown in Fig. 5. This figure provides
a visual understanding of how variations in step size and feed rate affect the COF. By examining the
trends and patterns in Fig. 5, valuable information can be gained about the optimal values of step size
and feed rate that will result in the desired COF levels. Overall, response surface analysis provides
valuable information about the relationship between input factors and COF, allowing engineers and

Advances in Mechanical and Materials Engineering, Volume 40, 2023, Pages 113-123 ISSN 2956-4794



Influence of Input Parameters on the Coefficient of Friction during Incremental Sheet Forming of Grade 5 Titanium Alloy... 121

researchers to make informed decisions and optimise the forming process to achieve the desired fric-
tion characteristics.

4. Conclusions

In this research article, the influence of input parameters on the COF during the ISF process of
a grade 5 titanium alloy sheet was investigated. The goal was to gain insight into the frictional condi-
tions which allows for better understanding of contact conditions between tool and workpiece. Results
obtained in this research are helpful for process modelling with finite element method. The main find-
ings and conclusions of this study are summarised as follows:

o ANOVA was performed to determine the significance of each input parameter and their inter-
actions on the COF. It was found that all four input parameters contributed significantly to the
variation in COF. Furthermore, interactions between these parameters also have a significant
effect on the COF.

e The input parameters, including cavity pressure, tool rotational speed, feed rate and step size,
have a significant influence on the COF during the ISF process. These parameters play a cru-
cial role in determining the frictional conditions.

¢ A reduced quadratic model was chosen to represent the relationship between the input parame-
ters and the COF. This model accurately captures the nonlinear behaviour and interactions be-
tween the input factors. The obtained model, incorporating the input parameters, exhibited
a high coefficient of determination R? (0.9657), indicating that approximately 96.57% of the
variability in the coefficient of friction was explained, with further validation through adjusted
R? (0.9413) and predicted R? (0.8872) values. The coefficients of the model can be used to
predict the COF within the investigated parameter range.

o Cavity pressure has a significant effect on COF. Higher cavity pressure values tend to increase
the COF, indicating a higher friction between the tool and the titanium alloy sheet. This find-
ing suggests that controlling the cavity pressure can help to optimise frictional conditions and
improve overall process performance.

e The tool rotational speed is another critical factor that affects COF. Higher tool speeds result
in higher COF values, indicating increased friction during the forming process. This means
that the adjustment of the tool speed can be used to control frictional conditions and achieve
the desired surface quality and formability.

o Feed rate has a marked effect on COF. Higher feed rates tend to reduce the COF, indicating
a lesser friction between the tool and the sheet. This suggests that adjusting the feed rate can
help to optimise the frictional conditions and improve the overall performance of the ISF pro-
Cess.

e The step size plays an important role in determining the COF. Larger step sizes are associated
with higher COF values, indicating increased friction during the forming process. Therefore,
controlling the step size can be a critical parameter in achieving the desired frictional condi-
tions and improving the formability and surface finish of the formed components.

The results of this study provide information on the frictional behaviour of the grade 5 titanium
alloy sheet during ISF. Understanding the COF can help to optimise process parameters to improve
formability limits, surface quality and overall process performance. Although this study investigated
the influence of input parameters on the COF, more research is needed to investigate the effects of
other factors, such as lubricant type and tool geometry, on frictional conditions during ISF. In addi-
tion, investigating the relationship between COF and other performance indicators, such as surface
roughness and forming forces, would contribute to a comprehensive understanding of the ISF process.
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Wplyw Parametrow Wejsciowych na Wspoélczynnik Tarcia podczas Formowania
Przyrostowego Blach ze Stopu Tytanu Grade 5

Streszczenie

Niniejszy artykut badawczy koncentruje si¢ na badaniu wplywu parametrow wejsciowych na wspotczynnik
tarcia podczas przyrostowego formowania blach tytanowych grade 5. Stopy tytanu sa szeroko stosowane W
roéznych gateziach przemystu ze wzglgdu na ich odporno$é na korozje i korzystny stosunek wytrzymatosci do
masy. Ksztattowanie przyrostowe to elastyczny i optacalny proces produkcji elementéw o ztozonych ksztat-
tach. Celem tego badania byta analiza warunkow tarcia podczas ksztattowania przyrostowego, ktore wptywa-
ja na formowalno$¢ blachy, jako$¢ powierzchni i 0golng wydajno$é¢ procesu. Eksperymenty przeprowadzono
przy uzyciu kombinacji smarowania MoS: i ogrzewania materiatu blachy wspomaganego obrotami narzedzia.
Warto$¢ wspotczynnika tarcia wyznaczono na podstawie sktadowych sity ksztattowania (sity osiowe;j i sit po-
ziomych), ktére mierzono za pomoca precyzyjnego dynamometru piezoelektrycznego. Zastosowano plan
split-plot i wykonano 25 prob w celu uzyskania wartosci wspotczynnika dla kazdej z nich. Wyniki badania
dostarczaja cennych informacji na temat zwigzku migdzy parametrami wejSciowymi a wspolczynnikiem tar-
cia, przyczyniajac si¢ do zrozumienia warunkow tarcia wystepujacych podczas ksztaltowania przyrostowego.

Stowa kluczowe: ANOVA, wspotczynnik tarcia, ksztaltowanie przyrostowe, stopy tytanu
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