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Summary

The design of the steering rod  pin for research vehicles has been presented in the article. The aim of 
described research has been the estimation of values for the coefficient of friction between sphere 
surfaces of the stud and of its seat, for two cases of grease. A road test has been carried out to estimate 
the number of relative displacements of the surfaces of the pin and its seat, in the measuring length. 
The model of the pin – seat assembly has been elaborated using a finite elements method. The unit 
loading on the pin surface has been calculated in the model. Additionally, the scheme of the research 
stand for the measurement of friction moment, between mating spherical surfaces of pin and its seat, in 
reversing motion conditions has been presented. Research on friction moment values between surfaces 
of the pin and its seat have been made in the stand, for the case of pure lithium grease existence and for 
the case of  lithium grease with the boron nitride additive. Based on calculated unit pressure loading the 
spherical surface of the pin and on values of measured friction moment, values of friction coefficient 
between mating surface of the pin and its seat have been estimated. It has been noted a nonlinear 
dependence of the friction coefficient against the slip speed and hysteresis phenomena.
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1. Introduction

The McPherson suspension is the system currently employed in many small and medium-
sized cars. Its common configuration (Fig. 1) consists of a strut (S) rigidly connected to the 
wheel support, or knuckle (K). The upper part of the strut is joined to the body (B) by means 
of a flexible union formed by an elastic element and a thrust ball bearing, which allows the 
rotation of strut [1].

Fig. 1.  The McPherson suspension elements for the right front wheel. A – steering rack–body translational 
joint, B – body - strut spherical joint, C – steering tie rod–strut–knuckle spherical joint, D – steering rod–
steering rack spherical joint, K– knuckle, M – damper tube, O’ – wishbone–strut–knuckle spherical joint, 
R

1
 – bushing, R

2
 – bushing, S – strut, W – wishbone

In the lower part of the suspension there is a wishbone (W), which joins the knuckle to the 
body. The union between the knuckle and the wishbone is made via a spherical joint (O’), 
the wishbone being connected to the body by means of two bushings (R

1
 and R

2
) which 

allow the relative rotation between both elements.

In order to transmit the turn of the steering wheel to the wheel, the tie rod is connected to 
the knuckle or the damper also by means of a spherical joint (Fig. 1).

As shown in Figure 2, the ball joint assembly includes a stud 1 with a ball 2 at its distal 
end. The ball is embedded in grease 3, within the socket 4, which may be integral with the 
stabilizer bar link. An elastomeric boot 5 is secured by lower and upper clamping rings 6, 7 
to seal the socket 4.
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Fig. 2.  The ball joint assembly. 1 – stud, 2 – ball, 3 – grease, 4 – socket, 5 – elastomeric boot, 6, 7 – lower and 
upper clamping rings

2. Operational conditions for analized stud of steering rod

The ball joint can be manufactured using an AISI-SAE 5140 steel. At it has been revealed 
in [2] the microstructure of the ball has been formed mainly by tempered martensite with 
acicular grains of ferrite on the grain boundaries. Such presence of tempered martensite 
indicates that the material endured a heat treatment of quenching and tempering. This has 
resulted in the beneficial effect of increasing material toughness of acicular ferrite in low 
carbon steels [3–5]. Additionally the acicular ferrite can decrease the fracture toughness 
and mechanical strength of heat treated steels when it appears on tempered martensite 
grain boundaries [6, 7].

The presence of acicular ferrite on grain boundaries can also induce a localized reduction 
on the hardness of the material, which results in a reduction of the fatigue endurance limit. 
This, along with the reduction on toughness can strongly reduce the life of the component.

According to Murakami [8], the uniaxial fatigue strength σf can be related with the Vickers 
hardness Hv as: 
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The measured bulk Vickers hardness of the failed element was of 353 Hv. Therefore, using 
Eq. (1), the uniaxial fatigue strength

of the material can be estimated as 565 MPa ± 35.3 MPa. Alsaran et al. [9, 10] researched the 
effect of heat treatment on the properties of AISI-SAE 5140 steel used in the manufacture 
of suspension system ball joints, finding a fatigue endurance limit of 416 MPa. As Alsaran’s 
endurance limit is lower than the value found using Eq. (1), this value is then used as the 
bulk fatigue endurance limit of the analyzed ball joint element.

The Vickers microhardness of the acicular ferrite on the tempered martensite grain 
boundaries was also measured, finding a mean value of 204 Hv. Using Eq. (1), the endurance 
limit for the acicular ferrite approximates to 326 MPa ± 20.4 MPa. Despite the differences 
found on the endurance limit of the material by using Murakami’s or Alsaran’s approaches, it 
is evident that acicular ferrite reduces the endurance limit of the material in approximately 
40%. This reduction on endurance limit is considered to be the cause of the fatigue crack 
initiation on the element, which was further enhanced by the contact stresses highlighted 
by the ratchet marks present on the fracture surface.

Loading for the stud of steering rod can approach up to 500 N [2, 11].

Angular displacements of stud ball surface in respect to its seat have not been greater 
than 15°. Angular velocities for such displacements have not been so high and they have 
been highly dependent to driver reactions.

In order to obtain estimated values of displacements for spherical surfaces of steering rod 
studs and of their seats, this was keenly observed during steering displacements during 
driving OPEL VECTRA B 1997.

When driving a measuring length of 1300 m, with the mean speed equal 40 kph, it has been 
done 67 steering displacements took place, what is compatible with 67 displacements in 
spherical joints of steering rods. Such displacements were due to the roughness passing 
necessity. Observed angular displacements of steering wheel have been equal 30 - 100°, 
making in time up to 1 s. Taking into considerations the maximum ratio gear rack steering 
gear, equal 16.5:1 [12], it has corresponded to angular displacements of spherical surfaces 
in ball joints equal 1.8° - 6°. Of course, at larger angles the steering gear ratio is a bit smaller, 
which increases the angular movement of mentioned spherical surfaces.

The averaged velocity for relative motion of mating spherical surfaces on the stud and its 
seat can be estimated from equation (2): 

where: R – radius of stud spherical part,  – maximal angular velocity of the stud relative 
to its seat. 

Estimated values of maximal angular velocity have been equal from 0.032 – 0.105 rd/s. 
It has corresponded to values of average relative velocity va equal 0.00019 -  0.00063 m/s.
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3. The aim of the study and means used to reduce the 
resistance to motion for the contact of stud with its seat

The aim of the research discussed in the article has been to determine the value of the 
coefficient of friction between the spherical surfaces of the stud and seat for the two 
types of lubricants.

In the case of greases including lithium one, it has been used in some special cases, as  
a means of antiseizure and seal: graphite [13], molybdenum disulfide [14], boron nitride 
[15-17], metal powders, and more. The grease keeps solid particles in suspension. The 
finely ground, solid lubricants such as molybdenum disulfide and graphite are mixed with 
the grease at a high temperature or at a very high pressure [18].

An example of grease with molybdenum disulfide is Vecolit MOS elaborated for chassis 
lubrication mechanisms vehicles and industrial equipment, operating under shock loads, 
vibration and dust. It is intended for operation in the temperature range from -50 to 140 °C. 
It is recommended for lubrication of constant velocity joints vehicles [19].

An example of grease with graphite is graphite Vecocal, elaborated for vehicle chassis 
lubrication mechanisms and mechanisms of low precision performance (mixer gear, 
helical gear, guides) operating under typical operating conditions. It can be used as  
a grease fitting for easy assembly and disassembly of threaded connections again and 
pins. It is designed for operation in the temperature range from -30 to 60 ° C [19].

For the grease it is applied the thermodynamically stable boron nitride, which under normal 
conditions is the hexagonal phase (α-BN), with a strength similar to that of graphite. It can 
be obtained using combustion synthesis by decomposition of N2H5BH4 [20].

Boron nitride is referred to as "white graphite" which is a solid lubricant material, of the 
plate hexagonal structure like graphite. Unlike graphite it is a good insulator. It has a very 
high thermal conductivity and high resistance to thermal shock. It is stable in inert or 
reducing atmosphere up to 2800 °C, in an oxidizing atmosphere up to 850° C [21].

According to the patent [22], for a plastic grease basis with high purity and low softening 
point and dropping point it is recommended to implement the finely ground boron nitride 
(BN-α) in an amount up to 10% by weight during mixing process with the mentioned basis. 
In the impregnation of the grease into porous bearing, made of sintered powder of iron or 
brass, with a porosity of 20 - 30%, α-BN is most preferably used in an amount of 5% by 
weight [22].

Boron nitride does not substantially affect the rheological properties of lithium grease.

During the study of conical roller bearings No. 30 209, of main dimensions 45x85x19 mm at 
a load of P = 1820 N and n = 1700 rpm it has been obtained twice less friction force for ŁH43 
lubricated with 2% by weight of boron nitride as compared with the pure lubricant [22].

On the other hand, during the tests of self-starter porous bearings made of sintered bronze 
powder and impregnated by lithium grease filled with boron nitride in an amount of 1 - 10% 
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by weight, it has been found the reduction of the friction torque for a nitride content of  
2 - 4% by weight, in respect to the case of the pure grease [23].

In [24] it has been presented the results of research for resistant to low temperature 
greases, developed on the basis of a mixture of synthetic olefin and dioctyl sebacate and 
concentrated by modified silica – for cases of pure grease and of one with the addition of 
boron nitride. It has been found that the boron nitride used in a concentration of 2%, 4%, 
8% deteriorated antiwear properties of developed grease and not influence its antiseizure 
properties.

4. Research stand for measurement of friction moment 
between spherical surfaces of stud and its seat

One of the aforementioned original studs of steering rod has been studied in the research 
stand allowing us to obtain values of friction moment between the stud ball and its seat. 
The photograph of the research stand, owned by Department of Vehicles and Fundamentals 
of Machine Design at the Technical University of Lodz, has been presented in the figure 3. 

The stud of steering rod with its seat has been researched . The diameter for the spherical 
part of the stud was 27 mm. Fixed stud has been loaded by constant force equal to 7 N. The  
seat has made reverse displacements with the constant frequency equal 36 Hz. 

Two measuring series were made:
•	 for	the	stud	ball	mating	with	its	seat	in	lubrication	conditions	of	original	lithium	grease,

Fig. 3.  a) Research stand for measurement of friction moment between spherical surfaces of stud and its seat, 
b) the investigated stud (after cutting)

spring

strain gaugr

the ball joint assembly

engibe pressure to force

motor forcing rotation
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•	 	for	the	stud	ball	mating	with	 its	seat	 in	 lubrication	conditions	of	 lithium	grease	with	 
4% BN additive.

5. Model for the stud of steering rod

The model for the stud of the steering rod has been made using FEM and has been presented 
in the figure 4.The  model has consisted of the stud 1, seat 2, grease 3 and bushing 4.  
A finite elements mesh has been generated automatically by commercial program ANSYS 
[13]. Boundary conditions, presented in the figure 5, followed. The bushing has been fixed 
on its outer cylindrical surface. In the case to corresponding real loading conditions (fig. 
5A), the stud has been supported in  place a on the cylindrical surface sector with the 
length equal 3 mm and with the height equal 1 mm. The stud has been loaded by a radial 
force equal 500 N. Such value has been assumed based on literature data [2, 11].

In the case corresponding test conditions (fig. 5B), the stud has been loaded by axial force 
equal 7 N, as the force loading tester.

Fig. 5.  Boundary conditions in the model for the stud of steering rod; A) loading by radial force F, B) loading by 
axial force F; a – fixed outer cylindrical surface of bushing, b – stud support in the cylindrical surface 
sector, F – loading of the stud 

Fig. 4. Finite element mesh for model of , 1 - stud, 2 - seat, 3 – grease, 4 -  bushing
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Fig. 6.  a) Friction moment vs. time, frequency of the reversive motion 36 Hz, b) zoom of part view 1, c) zoom of 
part view 2; the steel – steel contact case

6. Results of measurements

As a result of the measurements carried out  in the research stand  the courses of friction 
moment vs. time for the casa of ball joints lubricated by original grease and by grease with 
BN additive have been obtained. Obtained values of the measured friction model vs. time 
have been shown in the Figure 6a. Zoom of the part view 1 and 2 have been shown in the 
Figures 6b and 6c respectively. The absolute values of the moment have not been greater 
than 2.5 Nm.

a)

b)

c)
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Fig. 7.  a) Friction moment vs. time, frequency of the reversive motion 36 Hz, b) zoom of part view 1, c) zoom of 
part view 2; the steel – steel contact with BN grease case

a)

b)

c)
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Fig. 8.  von Misses stresses in the model for the stud of steering rod; A – loading by radial force F = 500 N,  
B – loading by axial force F = 7 N

Fig. 9. von Misses stresses in the model for the stud of steering rod, loading by axial force F = 7 N

During loading the stud by radial force F = 500 N, averaged von Misses stresses in contact 
zone have been equal 0.87 MPa.

During loading the stud by axial force F = 7 N, averaged von Misses stresses in contact 
zone have been equal 0.00393 MPa, maximal von Misses stresses in contact zone have 
been equal 0.008 MPa. 

Values of friction coefficient can be calculated from equation (3):

where: M
T
 – friction force, σ – averaged von Misses stress in contact zone
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Fig. 10.  Friction moment M
T
 and maximal friction moment M

Tmax
 = 4.86 Nm ratio vs. angular velocity and maximal 

angular velocity ω
max

 = 0.16 rad/s ratio

The calculated value of friction coefficient, for lithium grease, has been equal to 0.062. 
The value, for lithium grease with addition of 4% BN, valued from 0.031 to 0.045. With the 
addition of 4% BN into the lithium grease, friction force has decreased about 27 – 50%.

The power P
T
, need to overloading such a moment can be estimated from the equation (4):

During loading of stud by radial force F = 500 N, there exist the friction moment with the 
value of 553 Nmm, in the contact between spherical surfaces of stud and of its seat,  
lubricated by lithium grease.

To overcome such a moment the power P
T
 is needed, which is calculated from the equation 

(4) and equal 0.012 – 0.041 W.

Also it is interesting the change in the coefficient of friction as a function of the average 
peripheral speed. For approximate analysis it has been assumed that the time course 
of changes in the relative friction in the contact against the relative angular velocity is 
similar to the time course of changes in the relative friction against the relative slip angular 
velocity for the friction clutch case, obtained from rotational LuGre model (Fig. 10) [26]. 
The relationship is nearly linear. To simplify the analysis it has been omitted the stick-
slip phenomena, but due to the relatively low frequency of excitations (0.12 Hz) they can 
generate cyclical changes in the friction force / torque by up to 10%, the rate of at least an 
order greater than the frequency of excitation, as indicated in [26, 27].

y = 1.0252x

R2 = 0.9935

characteristic

liniowy
(characteristic)
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In addition, it has been developed a chart for the slip speed of the investigated stud 
relative to its seat as a function of time (Fig. 11), basing on the data in [28]. Based on such 
chart and on the equation (2) it has been calculated changes in time course of the average 
slip speed in the tested stud against the time. 12). On the basis of the time courses for the 
speed and the friction torque and of equation (3) it has been obtained charts of friction 
coefficient against sliding velocity for three cases: pure lithium grease (Fig. 13), lithium 
grease with the addition of 4% boron nitride (Fig. 14) and the friction torque obtained from 
the rotational LuGre model (Fig. 15) [26].

Fig. 12.  Friction coefficient μ in the contact zone of the investigated stud and its seat vs. angular velocity ω, for 
the case of the pure lithium grease 

Fig. 11. The absolute value of angular velocity ω vs. time t 
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Fig. 14.  Friction coefficient μ in the contact zone of the investigated stud and its seat vs. angular  
velocity ω, for the case of  the moment calculated from LuGre rotational model.

Fig. 13.  Friction coefficient μ in the contact zone of the investigated stud and its seat vs. angular 
velocityω, for the case of the lithium grease with addition of 4% BN

The differences in the time courses of the angular velocity ω vs. time t have been due to 
differences in the tester stiffness at different rotation directions of the seat relative to the 
stud.

Dependence of the friction coefficient on the slip angular velocity shows nonlinearity (Fig. 
10, 12-13), and hysteresis phenomena have occurred  (Figures 13 and 14). The nature of the 
hysteresis for the case of pure lithium grease has been definitely different from the lithium 
grease with the addition of 4% boron nitride. The negative values of the coefficient of 
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friction and the rotational speed have occurred due to rotation. Almost linear dependence 
of friction coefficient on slip velocity, obtained from the rotational LuGre model only roughly 
reflects changes in time course for the coefficient of friction against slip speed.

7. Conclusions

1.  Averaged values of stress in contact zone for spherical surfaces the stud and its seat 
are smaller about 50% than the maximal values.

2.  Averaged values of the relative velocity in contact zone for spherical surfaces the stud 
and its seat are smaller about 22 % than the maximal values.

3.  Additive of 4% BN into pure lithium grease has decreased friction force about 27 – 50% 
in respect to pure lithium grease.

4.  There is non-linear dependence of the friction coefficient against slip velocity in the 
contact zone for the investigated stud and its seat lubricated with lithium grease. 
Hysteresis phenomena are present, the nature of which is changed after the addition 
of α-BN.
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