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Abstract  The study determined the effect of increased water content in a brake fluid by measuring its hydration and 
boiling temperature and examining the impact of brake fluid wear on the safety and reliability of a braking 
system. Within the scope of work, the temperature of the brake discs was determined according to the braking 
distance. An experimental bench was set up to determine the boiling point of the hydrated brake fluid. The 
position is designed to reflect the operating conditions of intense braking and lead to the boiling of the brake 
fluid. A summary of all laboratory and operating tests of the brake fluid tested allowed the minimum braking 
distance to be determined after which the brake fluid of varying degrees of hydration (over various operating 
periods) could boil beyond the permitted boiling point.
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Streszczenie  W pracy określono wpływ zwiększonej zawartości wody w płynie hamulcowym poprzez pomiar jego zawod-
nienia i temperatury wrzenia oraz badanie wpływu zużycia płynu hamulcowego na bezpieczeństwo i nieza-
wodność układu hamulcowego. W ramach pracy wyznaczono temperatury tarcz hamulcowych w zależności 
od drogi hamowania. Skonstruowano eksperymentalne stanowisko do wyznaczenia temperatury wrzenia 
w zawodnionym płynie hamulcowym. Stanowisko ma za zadanie odzwierciedlić warunki eksploatacyjne pa-
nujące podczas intensywnego hamowania i prowadzące do zagotowania się płynu hamulcowego. Zestawienie 
wszystkich badań zarówno laboratoryjnych, jak i eksploatacyjnych badanego płynu hamulcowego pozwoliło 
na próbę wyznaczenia minimalnej drogi hamowania, po przekroczeniu której płyn hamulcowy o różnym 
stopniu zawodnienia (w różnych okresach eksploatacji) może się zagotować, przekraczając dopuszczalną 
temperaturę wrzenia.

* Silesian University of Technology, Faculty of Transport, ul. Krasińskiego 8, 40-019 Katowice, e-mail: henryk.bakowski@polsl.pl.

INTRODUCTION

The braking systems next to the steering and suspension 
systems are the most important safety and driving 
systems in a motor vehicle. All the components of 
the braking system are designed to stop the moving 
vehicle, reduce its speed or to keep it at a standstill, 
e.g. on an elevation. The braking process is possible 
by converting the kinetic energy of a moving vehicle to 
heat through friction. Heat energy initially causes the 
chassis components to warm up, and then dissipates in 
the atmosphere. Hydraulic fluids most commonly used 
in braking systems have strong hygroscopic properties. 
Absorption of water into the brake fluid is very harmful 
and can lead to a significant decrease in boiling 
temperature. An excessive temperature rise due to long-
term braking can cause high heat loads on the working 

fluid. Exceeding the brake fluid temperature limits 
causes the fluid to boil and, as a result, the possibility of 
effective braking is lost due to the presence of too much 
water in the fluid that lowers the boiling temperature and 
can lead to a so-called “steam coke.” Water not absorbed 
in winter can freeze in the ducts, resulting in loss of 
braking capacity. The brake fluid function is to transfer 
the force from the brake pedal to the brake pads [L. 1]. In 
addition, it is unfavourable that elastic hoses are usually 
in direct proximity to the elements that generate high 
temperatures, so the most unstable liquid is subjected to 
the highest thermal loads.

FMVSS 116 specifies the requirements and methods 
for testing the 12 basic properties of brake fluids. One 
of the most important parameters of the brake fluid is 
shown in Figure 1. 
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Fig. 1.  Dependence of boiling point (t, °C) on liquid 
hydration (lh,% – permissible state) of class 
DOT3, DOT4, DOT5.1 [L. 1]

Rys. 1.  Zależność temperatury wrzenia od zawodnie-
nia płynów klasy (stany dopuszczalne) DOT3, 
DOT4, DOT5.1 [L. 1]

On the basis of the standards for permissible 
fluid temperature and known standard characteristics, 
permissible hydration and the service life of the brake 
fluid to be decommissioned can be determined. However, 
the method has many disadvantages. The measured 
water content may not be accurate, since the electrical 
parameters depend on the chemical composition of 
the brake fluid (or fluid mixture), i.e. indirectly from 
the fluid class. In addition, the water content of the 
brake fluid is not entirely reliable because, depending 
on the chemical composition, the same water content 
results in a decrease in boiling temperature by different 
values. In addition, this type of device is designed 
to measure the fluid contained in the expansion tank 
whose physical properties (including water content) can 
deviate significantly from the properties of the fluid in 
the clamping plunger/cylinder. This difference can be up 
to 100% of the measured value [L. 2].

Hydration in a sealed brake system is a consequence 
of the use of a flexible brake lines connecting the wheel 
guiding elements to the fixed body part. Flexible hoses are 
made of plastics (e.g., EPDM Ethyl-Propylene-Dienne-
Monomers) and remain tight even at 350 bars. Brake 
fluid hydration is the result of the osmosis phenomenon 
in that the hygroscopic brake fluid absorbs the water 
contained in the rubber material and complements its 
deficiency in the surrounding air. The amount of water 
thus consumed depends on the type of rubber material, 
the length of the conduit, and the location of the water in 
the car (front and rear axles) [L. 3]. 

An innovative method for measuring the 
percentage concentration of water in brake fluid 
is chronoamperometry RC using a DLC diamond 
electrode. The method is to immerse the electrode in the 
brake fluid and then generate a DC pulse. Measurement 
of hydration is made on the basis of current fading in 
the test sample. The speed of decay depends on the 
resistance of the brake fluid changing with its hydration. 
During the power outage, the curves of formula [L. 4] 
are formed:

    
  (1)

where
I(t) – current curve from time,
u – amplitude of pulse applied,
Rs – resistance of solution,
Cd – total capacitance measured on the electrode,
t – time.

For samples with gradually increasing hydration, 
pattern curves of current intensity loss were plotted. 
Plots for DOT 4 and DOT 5.1 were developed (Fig. 2).

Fig. 2.  Loss of current intensity (I) from hydration of brake fluid [L. 4]
Rys. 2.  Zanik natężenia prądu od zawodnienia płynu hamulcowego [L. 4]

t, 
°C
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Applied technology allows hydration measurement 
of even less than 1% with high accuracy during the 
measurement lasting 10ms. 

Even more interesting is the use of additional discs 
located in the wheel hub that directly contact the brake 
fluid, so that a permanent temperature measurement is 
possible [L. 5]. 

The purpose of the study was to determine the wear 
and tear of the brake fluid by measuring its hydration and 
boiling temperature and to examine the effect of brake 
fluid wear on the safety and reliability of the braking 
system by field testing. 

MATERIALS,  DEVICES,  AND  CONDITIONS 
OF  TESTS

Brake fluids should include oxyalkylene glycols, alkyl 
monoethers of oxyalkyl glycols, and borate esters of 
the listed glycols and ethers. In addition, they may 
contain corrosion and oxidation inhibitors and other 
additives to improve the performance [L. 6]. A separate 
group is silicone-based brake fluids. Modified silicones 
(diorganpolisiloxanes) are used for the preparation of 
this class. DOT 4 brake fluids have been used for testing, 
with varying levels of wear (Table 1). 

Brake fluids currently manufactured have higher 
boiling points in the non-hydrated state, meeting the 
requirements of excess. The advantage of such a solution 
is the ability to carry high thermal loads through the 
fluid. This is to increase the safety of the braking system. 
The major disadvantage is that the higher the initial 
boiling point, the higher the hygroscopicity, and the 
shorter is the life of the fluid. Manufacturers recommend 
it for frequent replacement. Leading manufacturers 
recommend replacing the brake fluid not less than every 
2-3 years or every 36-40000 km.

Table 1.  Normalized values of physical properties of 
different classes of brake fluids [L. 7]

Tabela 1.  Normowane wartości własności fizycznych róż-
nych klas płynów hamulcowych [L. 7]

 
  Property
 

DOT 4
FMVSS 116

ISO 4925 
Class 4

FMVSS 
116SAE J 1704

JIS K 2233 
Class 4

ISO 4925 
Class 6

Dry boiling 
point, oC >230 >230 >250
Wet boiling 
point, oC >155 >155 >165

Kinematic 
viscosity in 
temp. -40oC 
[mm2/s]

<1800 <1500 <750

pH value                                      7 – 11,5

Brake fluid testing involves measuring the boiling 
temperature or percentage of hydration. The method 
of measuring the water content of a brake fluid is an 
indirect method. This is done by measuring the electrical 
conductivity of the brake fluid (conductance) and by 
means of a conductivity meter. On the basis of the 
change of electrical parameters (current intensity), the 
amount of water in the test brake fluid can be determined 
(Fig. 3). 

A much more accurate method is to directly measure 
the boiling temperature of the tested brake fluid on an 
experimental apparatus for testing the boiling point of 
a fluid at a specified pressure. To determine this, the 
brake fluid contained in the probe is heated and boiled 
under operating pressure prevailing in the brake system. 
This temperature is a better measure of the usefulness of 
the brake fluid in use than the water content. The main 
advantage of the method is that the result does not depend 
on the brake fluid class, its manufacturer, or whether it is 

Fig. 3. Measurement of the current intensity flowing through the hydrated brake fluid: a) scheme, b) measurement system 
Rys. 3.  Pomiar natężenia prądu płynącego przez zawodniony płyn hamulcowy

a)                                                                          b)                                                      
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a mixture of two or more fluids. Analysing the literature, 
no experimental equipment was found that allowed the 
boiling point to be measured, possibly because they are 
high priced and have longer measurement times than 
the intermediate method. The authors have designed 
and constructed a station for designating boiling point 
under pressure that is adequate for a braking system. The 
layout of the station is shown in Figure 4.

DOT 4 class brake fluids have been derived from 
the most sensitive, i.e. the front axle brake caliper, which 
has the most extreme operating conditions. The study 
was conducted at the experimental station (Fig. 5).

RESULTS

The median method was to determine the hydration 
values of the brake fluid of artificially hydrated DOT 
4 brake fluid. For this purpose, the brake fluid was 

Fig. 4.  Diagram of a system for measuring the temperature 
of a brake fluid pressure: 1 – brake pedal, 2 – Roman 
screw, 3 – brake pump, 4 – brake fluid reservoir,  
5 – brake hoses, 6 – tee, 7 – pressure gauge,  
8 – thermometer, 9 – main tank for brake fluid,  
10 – tank filler, 11 – electric heater, 12 – tank nozzle,  
13 – potentiometer, 14 – KDSF20 control element, 
15 – electrical plug

Rys. 4.  Schemat układu do pomiaru temperatury wrzenia 
płynu hamulcowego pod ciśnieniem: 1 – pedał ha-
mulca, 2 – śruba rzymska, 3 – pompa hamulcowa,  
4 – zbiornik wyrównawczy płynu hamulcowego,  
5 – przewody hamulcowe, 6 – trójnik, 7 – manometr,  
8 – termometr, 9 – zbiornik główny na płyn hamulco-
wy, 10 – wlew w zbiorniku, 11 – grzałka elektryczna, 
12 – wylew w zbiorniku, 13 – potencjometr, 14 – ele-
ment sterujący KDSF20, 15 – wtyczka elektryczna

Fig. 5.  Measurement station for testing the boiling point 
of the brake fluid under pressure

Rys. 5. Stanowisko pomiarowe do badania temperatury wrze-
nia płynu hamulcowego pod ciśnieniem

artificially hydrated from 0–30% and was tested using 
the apparatus of Figure 3. The values of current flow 
(I, mA) were obtained, which in turn were compared to 
the value of the current flowing in the brake fluids of the 
used motor vehicles (Table 2). 

Table 2.  Summary of used DOT 4 brake fluid
Tabela 2. Zestawienie wartości zużytych płynów hamulcowych klasy DOT 4

Service life Indirect method Direct method
Mileage,  

0x1000 km
Time,  
years

I,  
mA

Hydrated brake fluid,
%

Boiling point, 
oC

Pressure,  
MPa

Boiling point, 
oC

10 3 0.125 16.5 124.3 8.0 151
10 2 0.117 16.0 125.0 9.0 149
18 2 0.117 16.0 125.0 8.0 145
20 2 0.130 17.0 123.7 5.0 132
20 3 0.116 15.5 125.7 9.0 146
20 2 0.085 13.0 129.6 9.0 155
22 2 0.193 21.0 119.1 5.0 130
27 2 0.119 16.0 125.0 8.0 145
30 1 0.181 20.5 119.6 7.0 139
30 1 0.187 20.9 119.2 4.5 131
30 3 0.370 31.5 110.2 9.0 105
30 1 0.221 23.0 117.1 5.0 123
33 3 0.137 17.5 123.0 5.0 136
40 3 0.078 12.0 131.3 9.0 150
40 2 0.233 23.5 116.6 7.0 130
45 3 0.175 20.0 120.1 5.0 135
52 3 0.268 25.9 114.5 5.0 152
60 3 0.264 25.6 114.7 6.0 119
73 7 0.303 27.8 112.9 8.0 125

121 4 0.213 22.6 117.4 6.0 118
143 2 0.074 11.8 131.7 5.0 135

Mean 19.7 121.2 6.8 135.8
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Fig. 6.  The dependence of brake system pressure on the brake fluid temperature (a) and in the equalizing  
tank (b)

Rys. 6.  Zależność ciśnienia panującego w układzie hamulcowym od temperatury płynu hamulcowego (a) oraz w zbior-
niku wyrównawczym (b)

The summary illustrated in Table 2 was made 
possible by obtaining brake fluid samples from used 
vehicles with documented mileage and operating time. 
Figure 6 shows an example of the course of pressure 
changes as a function of the brake fluid temperature.

Experimental work was carried out under working 
pressure close to that of the real system. Brake fluids 
were used which were tested by indirect method.

The research carried out has a multi-stage nature 
and can be divided into laboratory tests (indirect method 
– electrical conductivity and direct – on an experimental 
basis) and operational (field). The temperature of the 
brake discs was determined according to the braking 
distance. Dependence was determined during long-
term, consistent braking of a vehicle that was freely 
descending down a hill with five repetitions (average 
value of standard deviation of five trials was 4.5°C). The 
road difference was 321m and the average road slope 

was 8%. During the descents by breaking the working 
brake, the vehicle's constant speed was maintained at 
about 20 km/h. Temperature measurements of the brake 
discs were made every 500 m with a pyrometer and 
a contact thermocouple (Fig. 7).

Although the temperature after approx. 3000 m 
has not so rapidly increased (Fig. 7a), an extrapolation 
of the obtained results was made on the basis of the 
observation, determining the limit of braking at which 
the brake fluid exceeds the boiling point and steam plugs 
are formed in the brake lines.

Table 3 shows the results of the individual 
temperature measurements obtained during in-service 
tests with a contact thermocouple and a pyrometer and 
an average value (marked by *) from each test cycle.

The temperature of the brake discs (t, °C) increases 
with the braking distance (l, m). With the average slope of 
the roadway of 8%, the temperature of the disc increases

a)                                                                      b)                                                      

Fig. 7.  Brake disc temperature t, °C dependence on braking distance l (a) and extrapolation of the obtained 
results (b)

Rys. 7.  Zależność temperatury tarczy hamulcowej od drogi hamowania (a) oraz ekstrapolacja uzyskanych wyników (b)

braking distance, s

t, 
°C
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Table 3.  Statistical analysis of the measurement results of brake discs from field tests*

Tabela 3.  Statystyczne opracowanie wyników pomiarów temperatury tarcz hamulcowych z badań terenowych*

Figure 8 shows the results of the equations (2).

Test 1, t
°C

Test 2, t
°C

Test 3, t
°C

Test 4, t
°C

Test 5, t
°C

Standard 
deviation, °C

35.5 46 31 40 57.5 10.2
58 77 65 81.5 90.5 12.9
99 95 91 118 127 15.6
94 111.5 117.5 143.5 150.5 23.3

108.5 133.5 123.5 157.5 154 20.6
137.5 149.5 148.5 165.5 170 13.3
155.5 145 189.5 183 190 20.9
155 156.5 177 188.5 200.5 19.8

146.5 163.5 163.5 170.5 202.5 20.5
109.9* 119.7* 122.9* 138.6* 149.1* 4.5

* Average temperature value for brake disc on left and right wheels.

by approx. 35°C for each kilometre of breaking distance 
(Table 3). This dependence can be observed up to about 
3,000 m after which the temperature is rises more slowly 
or even stabilizes. This is due to the heat dissipation and 
the heat capacity of the individual components of the 
braking system. Upon reaching a certain temperature 
(usually close to the boiling point of the brake fluid), 
further heat reception through the material and braking 
performance drastically decreases. Operation of friction 
elements under such conditions can lead to premature 
wear.

It is important, however, that the benchmark 
characteristics of the brake fluid boiling points are 
prepared for normal conditions, i.e. at a pressure 
of 1013 hPa. The standard characteristics (Fig. 7) 
quite well match the values obtained empirically 
on an experimental scale (Fig. 5a). In fact, 
the braking system is much higher in braking.  
A pressure of approximately 150 bar (15 MPa) is 
required to stop the vehicle. According to Clausius-
Clapeyron's law, the boiling temperature increases with 
increasing pressure. From the differential equation used 
to calculate the saturation vapour pressure, you can 
calculate the change in boiling temperature, depending 
on the pressure of the liquid.

  (2)

where    
T1 – water boiling point under normal conditions 373,15K,
T2 – calculated boiling point K,
H – heat of water evaporation,
R – gas constant,
P1 – normal pressure 760 mmHg,
P2 – pressure in the brake system mmHg.

Fig. 8. The dependence of the boiling point of water in 
relation to pressure

Rys. 8.  Zależność temperatury wrzenia wody od ciśnienia

Table 4 summarizes the measurement results of 
worn brake fluid used in a vehicle after a specific run on 
an experimental station under operating pressure in the 
brake system. 

Table 4.  Average boiling point values for DOT 4 brake 
fluid

Tabela 4.  Średnie wartości temperatur wrzenia dla płynu ha-
mulcowego DOT 4

Mileage,  
x1000 km

Boiling point,  
°C

10 150

20 141

30 130

Due to the limited number of samples (21), a larger 
number of users should be tested. 
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CONCLUSIONS

Comparative studies of the used brake fluids by direct 
and indirect methods showed significant convergence 
(a difference of about 15%) in the obtained results 
(Table 2). This means that we are able to determine the 
boiling point with sufficient accuracy, provided that we 
have a sufficient number of samples of the brake fluid 
type with documented history (mileage and operating 
time). For a brake fluid with unknown mileage and 
operating time, the best method for determining the 
boiling temperature is the direct method (under operating 
pressure). It gives the best results and allows carrying 
out research on the order of a court expert examining 
traffic accidents in matters that raise technical doubts 
about the suitability of the brake fluid for further use.  

Based on the research, the following conclusions 
were made:
• On the test station, it has been shown that the boiling 

point of the brake fluid decreases with the increase 
in the distance of the vehicle in which the fluid was 
used (Table 4).

• In order to obtain the boiling point of the brake 
fluid used in real conditions, it should be artificially 
hydrated (mixing the right amount of water with the 
liquid) to almost 19.7% H2O. This corresponds to 
the actual water content of the brake fluid (Table 2).

• It is possible with high probability prediction of the 
braking distance based on the technical condition of 
the brake fluid, i.e. the water content of the brake 
fluid influencing its boiling temperature (Figure 7b).

• Further research on brake fluid that has been boiled 
as a result of exceeding the allowable boiling 
temperature and the degree of hydration is to be 
carried out.

• Research on an experimental device gives the 
greatest opportunity to assess technical conditions, 
but it is a complicated and time-consuming process.

Work done under BK-254/RT1/2017.
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