
ISS N 2 0 8 3 -1 5 8 7 ;  e - ISS N 2 4 4 9 -5 9 9 9  
2 0 2 6 ,Vo l .  3 0 ,No .1 ,  pp .  4 9 -61  

Agricultural  Engineer ing  
h t tp s : / / ag r i cen g .o rg  

 
  
 

 
 
 

49 

DOI: 10.2478/agriceng-2026-0003 
 

EXPERIMENTAL INVESTIGATION OF SINGLE FLARE  
IN BRAKE TUBES  

Marek Borygaa*, Bartłomiej Wrzesińskib 

a  Department of Mechanical Engineering and Automation, University of Life Sciences in 
Lublin, Głęboka 28, 20-612 Lublin, Poland,e-mail: marek.boryga@up.lublin.pl,  
ORCID 0000-0002-5991-7871 

b S-Machines sp. z o.o. Jana Kilińskiego 86, 22-400 Zamość, Poland, e-mail:  
bartek.kstaww@gmail.com 

Corresponding author: e-mail: marek.boryga@up.lublin.pl 

ARTICLE INFO  ABSTRACT 

Article history: 
Received: May 2025 
Received in the revised form:  
November 2025 
Accepted: December 2025 

 This study presents the results of experimental tests on single flare (SF) 
terminations in brake tubes with diameters of ∅4.75 mm and ∅6.35 
mm, and wall thickness of 0.9 mm and 1 mm, respectively, using the 
FALCON toolset. The research aimed at determining the optimal range 
of initial tube protrusion that results in a flare diameter compliant with 
the BN-90 3617-09 standard. The paper provides a detailed description 
of the testing methodology It presents raw measurement data, statistical 
calculations, and their analysis. Conformity or nonconformity with the 
specification was assessed according to the guidelines outlined in the 
PN-EN ISO 14253-1:2018-02 standard. For tubes with the diameter of 
∅4.75 mm and the wall thickness of 0.9 mm, the average measured 
flare diameters for the initial protrusion in the range of 4.4–5.0 mm fall 
within the tolerance specified by the standard. However, when account-
ing for measurement uncertainty, the required flare diameters are ob-
tained for the initial protrusion in the range of 4.6–5.0 mm. In the case 
of tubes with the diameter of ∅6.35 mm and the wall thickness of 1.0 
mm, the average measured flare diameters meet the standard require-
ments for the initial protrusion of 4.6–5.0 mm, whereas, considering the 
measurement uncertainty, the required flare diameters are obtained for 
the initial protrusion in the range of 4.8–5.0 mm. 
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Introduction 
The use of passenger cars in agriculture, though often underestimated, plays a crucial role 

in daily farm operations. These vehicles are utilized not only for transporting workers and 
light materials but also serve as essential tools for farm management. While this topic remains 
relatively niche, there are scientific publications addressing the equipment and transportation 
means used on farms with different types of agricultural production (Kuboń, 2007; Kuboń 
and Kurzawski, 2013). Road transport safety has been widely discussed in the literature 
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(Droździel et al., 2014; Ágoston and Madlenák, 2020; Caban et al., 2020; Hudec et al., 2021; 
Ondruš et al., 2024); however, publications focusing specifically on the safety of vehicles 
operated under agricultural and off-road conditions remain scarce. 

In agriculture, where passenger vehicles frequently operate under challenging terrain and 
variable operational conditions, the reliability of safety-critical vehicle systems becomes par-
ticularly significant. Among these systems, the proper and reliable operation of hydraulic 
systems – especially braking systems – is of fundamental importance to the safe use of vehi-
cles (Idzikowski and Salamon, 2011; Wilczarska et al., 2018). Therefore, systematic inspec-
tions of braking-system performance are essential and are typically conducted using diagnos-
tic methods as part of periodic technical vehicle inspections (Kuliś and Żółtowski, 2011; 
Hudec et al., 2021a; Hudec and Šarkan, 2022). 

Analyses of failures in vehicle safety systems and their consequences indicate that the 
highest number of malfunctions is associated with braking systems (Droździel et al., 2014; 
Wojtas and Szkoda, 2018; Rybicka et al., 2018; Jilek and Berg, 2021). In addition, studies 
addressing accident consequences and vehicle deformation demonstrate that failures of 
safety-related systems may significantly affect accident severity and vehicle damage (Kubiak 
et al., 2018). Vehicle tires, which directly influence braking effectiveness, adhesion and ve-
hicle stability, also represent a frequent source of safety-related issues (Caban et al., 2019; 
Drozd et al., 2022). 

The technical quality of working fluids used in vehicle systems has a significant impact 
on system reliability and operational safety. In particular, the quality and degradation of brake 
fluid strongly affect the effectiveness of hydraulic braking systems, as confirmed by numer-
ous studies (Caban et al., 2015; Kuranc et al., 2018; Sejkorová et al., 2018; Kopčanová et al., 
2020; Caban et al., 2021). Similar degradation mechanisms and their influence on system 
performance have also been observed for other operating fluids in vehicles and machines 
used under demanding conditions (Sejkorová and Glos, 2017). 

Comparable relationships between operating conditions, system reliability and compo-
nent wear have been reported for non-standard and special-purpose vehicles, including those 
used in agriculture, forestry, military applications and recreational activities (Borawski et al., 
2020; Przywara et al., 2023). Idzikowski (2011) analyzed the most common malfunctions in 
hydraulic braking, steering and suspension systems and their impact on braking performance 
and road safety. Despite the importance of braking systems in such vehicles, only a limited 
number of publications focus on the modelling and monitoring of hydraulic braking systems. 
Idzikowski and Salamon (2013) and Idzikowski (2017) proposed mathematical models for 
diagnosing brake-fluid leakage, incorporating selected braking-system components and ena-
bling more advanced diagnostic approaches. In parallel, machine-learning-based methods for 
monitoring hydraulic braking systems have been investigated, particularly through the anal-
ysis of vibration signals, offering improved fault-detection accuracy (Jegadeeshwaran and 
Sugumaran, 2013, 2015). 

Recent studies emphasize the rapid development of modern braking technologies and 
their direct impact on road safety (Jilek and Nemec, 2020; Šarkan et al., 2020; Gogola et al., 
2022; Szpica et al., 2022; Borawski et al., 2023). Particular attention has been devoted to 
Anti-lock Braking Systems (ABS), Autonomous Emergency Braking (AEB) and Electronic 
Stability Control (ESC), which significantly contribute to reduction of accident risk and in-
jury severity (Maia, 2019; Fujiwara and Takechi, 2021; Hu et al., 2023). These technologies 
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are increasingly implemented not only in passenger cars but also in commercial and special-
ized vehicles, including those used in agricultural environments. 

Furthermore, current research highlights the growing role of simulation and predictive 
modelling in the analysis and design of brake systems. Innovative approaches, such as fuzzy 
timed Petri nets (Serji et al., 2023) and integrated control-system simulations based on soft-
ware environments like MATLAB Simulink (Ann Josy et al., 2025), support the development 
of more reliable and responsive braking components. In this context, these advances under-
score the importance of precision in the design and manufacture of hydraulic braking-system 
elements, including brake tubes and their connections, which are critical for maintaining hy-
draulic integrity and system tightness under operational loads (Pliassounov, 2007; BN-
90/3617-09). 

In modern brake systems, sealing rings, adhesives and washers are not used in tube con-
nections. Sealing must be achieved exclusively through clamping force, ensuring that the 
connected components can withstand the high hydraulic pressure within the system. A typical 
connection consists of a port (receiver) with a socket, a flared brake tube and a threaded 
fitting, which creates a sealed interface between the socket and the tube. The importance of 
geometric precision in such connections has been highlighted by Pliassounov (2007), who 
noted that even minor dimensional deviations or assembly disturbances can compromise seal 
integrity in standardized brake-tubing threaded connectors. Despite this, the literature con-
tains very few quantitative studies linking the initial tube protrusion during forming to the 
resulting single-flare (SF) diameter and its compliance with BN-90/3617-09 – an operation-
ally important gap that the present study addresses. 

Currently, two types of flares are used in the automotive industry. The most common is 
the single flare (SF). The name derives from the operating cycle of the flaring tool which, in 
this case, consists of a single-stage operation. Here, the concave socket within the port mates 
with the convex flare of the brake tube, forming a secure connection. The double flare (DF) 
is also named based on the operating cycle of the flaring tool, which includes two stages. The 
first stage forms a single flare (SF), and in the second stage the flare is further shaped into a 
funnel-like contour. In this configuration, the convex socket inside the port mates with the 
concave flare of the tube, ensuring a robust connection through the increased contact surface 
area. The SF offers several advantages over the DF: it requires fewer forming operations, 
utilizes simpler tooling and allows for easier quality control during manufacture. These fac-
tors contribute to its widespread adoption in the automotive industry. 

 
a) 

 

b) 

 

Figure 1. 3D models of brake-tube flares: (a) SF, (b) DF 



Marek Boryga, Bartłomiej Wrzesiński  
 

 
 

 

52 

Great emphasis is placed on the shape and dimensions of the flare during its formation, 
as these factors ensure that the tube material effectively seals the space between the socket 
and the threaded fitting. The BN-90/3617-09 standard specifies the exact dimensional re-
quirements for flared hydraulic tubes. Additionally, it allows for alternative materials to the 
recommended steel, which has the following chemical composition: C ≤ 0.08%, Si ≤ 0.08%, 
Mn = 0.3–0.45%, P ≤ 0.02%, S ≤ 0.025%, Al = 0.02–0.05%, and the following mechanical 
properties: Rm ≤ 420 MPa, Re ≤ 300 MPa, A₅ ≥ 25%. The tube may also be made from the 
following materials: 
– ZISTA 07 steel tubes, 
– seamless precision steel tubes according to PN-73/H-74240, 
– low-carbon galvanized steel tubes with a polyamide coating, 
– drawn brass tubes (grade M63) in the temper states "r" or "z4" according to PN-77/H-

74586/01, 
– drawn copper tubes in the grades M1E, M1R, M2G, M2R in a semi-hard state (z4). 

The PN-EN 12449:2023-11 standard also defines material properties applicable to brake 
tubes. 

Considering the significance of proper flare geometry for leak-tight connections and com-
pliance with standard requirements, a detailed experimental study was conducted. The aim 
of this study is to experimentally determine the optimal initial extension length of brake tubes 
when using a die flaring tool, in order to meet the geometrical requirements specified in BN-
90/3617-09. This study quantifies the relationship between the initial protrusion of the brake 
tube beyond the die face and the resulting single-flare diameter d₂ for two tube sizes, com-
putes the associated measurement uncertainty, and identifies protrusion ranges that ensure 
compliance with BN-90/3617-09 when using a Falcon-type die flaring tool. 

Materials and Methods 
The study investigated single-flare (SF) formations on brake tubes of two nominal diam-

eters – ∅4.75 mm (wall 0.9 mm) and ∅6.35 mm (wall 1.0 mm) – produced using a Falcon-
type die flaring tool. The subsequent subsections describe specimen preparation, the trial 
series to bound the feasible protrusion l, the measurement series (l = 4.0–5.0 mm in 0.2 mm 
steps), the metrological procedure, and the statistical/uncertainty treatment used for conform-
ity assessment against BN‑90/3617‑09. 

The subject of this research was single flares (SF) formed on brake tubes with outer di-
ameters of 4.75 mm and 6.35 mm and wall thicknesses of 0.9 mm and 1 mm, respectively. 
The flares were formed using a Falcon flaring tool set. The experimental procedure consisted 
of the following steps: 
– preparation of samples, 
– conducting preliminary flaring trials to determine the feasible range of initial extensions, 
– performing test flaring operations, 
– measuring flare diameters and conducting statistical analysis, 
– drawing conclusions. 

Sample preparation involved cutting copper brake tubes to a length of 24 mm, regardless 
of tube size. The cuts were made using a specialized cutter designed for rigid copper tubing, 
followed by deburring to eliminate any sharp edges or material residues. The selected length 
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facilitated proper positioning within the flaring device and ensured consistent shaping (Wrze-
siński, 2020). 

The Falcon kit includes a manual flaring press and a set of forming dies. In each case, the 
copper tube segment was clamped in the split die, and its end was extended beyond the die 
face (initial protrusion). Before performing the main test series, preliminary flares were made 
to identify the acceptable range of protrusion. It was observed that protrusions above 5.0 mm 
caused excessive material deformation or buckling, while values below 4.0 mm resulted in 
underformed flares. Based on these observations, the test range of initial extensions was set 
between 4.0 mm and 5.0 mm, at 0.2 mm intervals. 

Figure 2 illustrates the reference shape and dimensions of a properly formed single flare 
(SF) as specified in the BN-90/3617-09 standard. 

 
Figure 2. Dimensions of single flare (SF) according to the BN-90/3617-09 standard 

After completing the flaring process, the external diameters d2 of the copper brake tube 
ends were measured at four equidistant positions spaced 45° apart around the flare circum-
ference. Measurements were performed using a Mitutoyo micrometer with a measuring range 
of 0–25 mm and the maximum permissible error (MPE) of 0.01 mm (Wrzesiński, 2020). To 
evaluate the measurement uncertainty, both Type A (based on statistical analysis of repeated 
measurements) and Type B (based on instrument specifications) standard uncertainties were 
taken into account. The Type A standard uncertainty (standard deviation of the mean) was 
calculated using the formula: 

 𝑢𝑢𝐴𝐴(𝑑𝑑) = 𝜎𝜎𝑑𝑑
√𝑁𝑁

= �∑ (𝑑𝑑𝑖𝑖−𝑑𝑑)2𝑁𝑁
𝑛𝑛=1
𝑁𝑁(𝑁𝑁−1)

 (1) 

where:  
 σd  – standard deviation of the flare diameter,  
 N  – number of measurements,  
 dᵢ  – individual flare diameter measurements,  
 d̅  – mean flare diameter. 
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The Type B standard uncertainty, related to the micrometer's accuracy, was calculated as: 

 𝑢𝑢𝐵𝐵(𝑑𝑑) = 𝑀𝑀𝑀𝑀𝑀𝑀
√3

 (2) 

where:  
 MPE  – maximum permissible error of the measuring instrument. 

 
The combined standard uncertainty was determined by: 

 𝑢𝑢𝐶𝐶(𝑑𝑑) = �𝑢𝑢𝐴𝐴2(𝑑𝑑) + 𝑢𝑢𝐵𝐵2(𝑑𝑑) (3) 

Finally, the expanded uncertainty was estimated using: 

 𝑈𝑈(𝑑𝑑) = 𝑘𝑘 ⋅ 𝑢𝑢𝐶𝐶(𝑑𝑑) (4) 

where:  
 k  – expansion coefficient. 

 
Given the small sample size (N=4), the expansion factor k=3.18 was selected from the 

Student’s t-distribution for 3 degrees of freedom and a confidence level of 95%. 

Results and Discussion 
The results of the flare diameter d2 measurements for the tubes with the diameter of ∅4.75 

mm and the wall thickness of 0.9 mm are presented in Table 1, while those for the tubes with 
the diameter of ∅6.35 mm and the wall thickness of 1 mm are summarized in Table 2. 

Table 1.  
Results of measurements and calculations for the tube with the diameter of ∅4.75 mm and 
the wall thickness of 0.9 mm 

Quantity Designation Initial protrusion l (mm) 
4.0 4.2 4.4 4.6 4.8 5.0 

Diameter after flaring* 𝑑𝑑2 (mm) 

6.5 
6.47 
6.54 
6.53 

6.59 
6.57 
6.59 
6.54 

6.65 
6.67 
6.68 
6.55 

6.73 
6.74 
6.72 
6.68 

6.88 
6.83 
6.84 
6.83 

6.77 
6.76 
6.74 
6.83 

Arithmetic mean 𝑑̅𝑑2 (mm) 6.510 6.573 6.638 6.718 6.845 6.775 
Type A uncertainty uA(d2) (mm) 0.016 0.012 0.030 0.013 0.012 0.019 
Type B uncertainty uB(d2) (mm) 0.012 
Total uncertainty uC(d2) (mm) 0.020 0.017 0.032 0.018 0.017 0.023 
Expansion coefficient k 3.18 
Expanded uncertainty U(d2) (mm) 0.062 0.053 0.102 0.056 0.053 0.072 
* - based on (Wrzesiński, 2020). 
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Table 2.  
Results of measurements and calculations for the tube with the diameter of ∅6.35 mm and 
the wall thickness of 1 mm 

Quantity Designation 
Initial protrusion l (mm) 

4.0 4.2 4.4 4.6 4.8 5.0 

Diameter after flaring* d2 

8.44 
8.43 
8.42 
8.43 

8.24 
8.26 
8.27 
8.23 

8.42 
8.41 
8.43 
8.45 

8.73 
8.80 
8.79 
8.67 

8.81 
8.90 
8.88 
8.83 

8.92 
8.94 
8.95 
8.93 

Arithmetic mean 𝑑̅𝑑2 (mm) 8.430 8.250 8.428 8.746 8.855 8.935 
Type A uncertainty uA(d2) (mm) 0.004 0.009 0.009 0.030 0.021 0.006 
Type B uncertainty uB(d2) (mm) 0.012 

Total uncertainty u(d2) (mm) 0.012 0.015 0.014 0.032 0.024 0.013 
Expansion coefficient k 3.18 
Expanded uncertainty U(d2) (mm) 0.039 0.047 0.046 0.103 0.076 0.042 
* based on (Wrzesiński, 2020). 

In Table 3 the measurement results of the flare diameter d2, along with the uncertainty, 
for the tubes with the diameters of ∅4.75 mm and ∅6.35 mm are presented.  

 

Table 3.  
Summary of the diameters d2 obtained from the flares for the tubes with the diameters of 
∅4.75 mm and ∅6.35 mm for the applied initial protrusion l. 

Initial protrusion l (mm) 

Measurement result of the flare diameter 
d2 (mm) 

Diameter 
4.75 mm 

Diameter 
6.35 mm 

4.0 6.51 ± 0.06 8.43 ± 0.04 
4.2 6.57 ± 0.05 8.25 ± 0.05 
4.4 6.64 ± 0.10 8.43 ± 0.05 
4.6 6.72 ± 0.06 8.75 ± 0.10 
4.8 6.85 ± 0.05 8.86 ± 0.08 
5.0 6.78 ± 0.07 8.94 ± 0.04 

 
In Figure 3 the scatter plot of the flare diameter d2 of the tube with the diameter of 4.75 

mm is presented as a function of the initial protrusion l, along with the determined uncertainty 
and the specified limit dimensions defined by the BN-90/3617-09 standard. 
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Figure 3. Observed values of the flare diameter as a function of the initial protrusion for the 
tube with a diameter of ∅4.75 mm, showing the uncertainty and the specified limit dimen-
sions defined by the BN-90/3617-09 standard 

The average measurement values for the initial protrusion l ranging from 4.4 to 5.0 mm 
fall within the tolerance ranges specified in the BN-90/3617-09 standard. However, consid-
ering the measurement uncertainty, the required flare diameters d2 will be obtained for the 
initial protrusion in the range of 4.6 to 5.0 mm. 

Figure 4 presents the scatter plot of the flare diameter d2 of the tube with a diameter of 
6.35 mm. 

In this case the average measurement values for the initial protrusion l ranging from 4.6 
to 5.0 mm fall within the tolerance ranges specified in the BN-90/3617-09 standard. Consid-
ering the measurement uncertainties, the required flare diameters d2 will be obtained for the 
initial protrusion in the range of 4.8 to 5.0 mm. The results clearly show that insufficient or 
excessive initial protrusion leads to deviations in the flare diameter, which may affect the 
conformity with the BN-90/3617-09 standard. In particular, excessive protrusion resulted in 
oversized flares, while shorter protrusion often produced undersized or asymmetrical flares. 
These findings are consistent with the observations made by Pliassounov (2007), who em-
phasized that even minor geometric inaccuracies or assembly-related disturbances in brake 
tube connections can significantly compromise sealing performance. The flare geometry, es-
pecially in single flare systems where no sealing rings are used, plays a crucial role in achiev-
ing leak-free connections. Therefore, the observed sensitivity of flare diameter to protrusion 
length confirms the importance of strictly controlling this parameter during tube forming. 
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Figure 4. Observed values of the flare diameter as a function of the initial protrusion for the 
tube with the diameter of ∅6.35 mm, with indicated uncertainty and marked limit dimensions 
specified by the BN-90/3617-09 standard 

Conclusions 
Based on the results presented in this study the following conclusions can be drawn: 

1. For the tube with a diameter of ∅4.75 mm and wall thickness of 0.9 mm, the average 
measurement values for the initial protrusions in the range of 4.4 to 5.0 mm fall within 
the tolerance ranges specified in the BN-90/3617-09 standard. Additionally, considering 
the measurement uncertainty, the required flared diameters will be obtained for the initial 
protrusion in the range of 4.6 to 5.0 mm. 

2. For the tube with a diameter of ∅6.35 mm and wall thickness of 1.0 mm, the average 
measurement values for the initial protrusions in the range of 4.6 to 5.0 mm fall also 
within the tolerance ranges specified in the BN-90/3617-09 standard. Moreover, consid-
ering the measurement uncertainties, the required flared diameters will be obtained for 
the initial protrusion in the range of 4.8 to 5.0 mm. 
The results of the experimental studies were utilized in the design of a hydraulic press for 

flaring tubes. Pairs of dies with dimensions ensuring the appropriate initial protrusion were 
applied (Wrzesiński, 2020). 
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BADANIA EKSPERYMENTALNE POJEDYNCZEGO  
ROZSZERZENIA PRZEWODÓW HAMULCOWYCH 
 
Streszczenie. W niniejszym opracowaniu przedstawiono wyniki badań eksperymentalnych zakończeń 
pojedynczego rozszerzenia (SF) przewodów hamulcowych o średnicach ∅4,75 mm i ∅6,35 mm oraz 
grubościach ścianek odpowiednio 0,9 mm i 1 mm, z wykorzystaniem zestawu narzędzi FALCON. Ce-
lem badań było określenie optymalnego zakresu początkowego wysunięcia przewodu, który skutkuje 
średnicą rozszerzenia zgodną z normą BN-90 3617-09. W artykule przedstawiono szczegółowy opis 
metodyki badań, przedstawiono surowe dane pomiarowe, obliczenia statystyczne i ich analizę. Zgod-
ność lub niezgodność ze specyfikacją oceniono zgodnie z wytycznymi określonymi w normie PN-EN 
ISO 14253-1:2018-02. Dla przewodów o średnicy ∅4,75 mm i grubości ścianki 0,9 mm, średnie zmie-
rzone średnice rozszerzenia dla początkowego wysunięcia w zakresie 4,4–5,0 mm mieszczą się w tole-
rancji określonej normą. Jednakże, uwzględniając niepewność pomiaru, wymagane średnice rozszerze-
nia uzyskuje się dla początkowego wysunięcia w zakresie 4,6–5,0 mm. W przypadku przewodów o 
średnicy ∅6,35 mm i grubości ścianki 1,0 mm, średnie zmierzone średnice rozszerzenia spełniają wy-
magania normy dla początkowego wysunięcia 4,6–5,0 mm. Natomiast, uwzględniając niepewność po-
miaru, wymagane średnice rozszerzenia uzyskuje się dla początkowego wysunięcia  
w zakresie 4,8–5,0 mm. 

Słowa kluczowe: przewód hamulcowy, pojedyncze rozszerzenie (SF), średnica rozszerzenia, począt-
kowe wysunięcie 
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