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In this paper, a comparative analysis of structural materials used in the construction of high-pressure pumps

delivery sections was carried out. The focus was on a comparison of the ceramic materials such as corundum
(alumina, Al,0s) and silicon carbide (solid-state sintered) — SSiC with bearing alloy steel 100Cr6, that is the
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most common material used to make pistons and cylinders of the delivery section of common rail injection
pumps. Simulations performed using the finite element method have proven that ceramic materials have
a number of advantages and could therefore be an interesting substitute for materials traditionally used in this
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1. Introduction

A common feature of the high-pressure pumps used in
passenger cars from all manufacturers is the use of fuel as
a lubricant. During pump operation, fuel is supplied to both
the delivery sections and the drive train (shaft-cam). It is
therefore necessary to ensure proper lubrication parameters
that will allow the formation of an oil film and thus the
separation of the cooperating surfaces.

The lubricity of fuels is determined using the HFFR
method. It consists of determining the maximum diagonal
imprint resulting from a ball wear test using the test fuel as
a lubricant. Figure 1 shows the relationship between run-
ning time and wear on pump components (expressed in
micrometres of material layer loss). Analyzing the data,
a clear relationship can be seen between the HFFR parame-
ter and the durability of pump components. If the HFFR is
above 600 um, there is a very rapid increase in wear, lead-
ing to the destruction of the pump. For this reason, the fuel
delivered to filling stations must meet the requirements of
the standard [21], which sets an upper limit for the HFFR
parameter of 460 um. It should be emphasized that the
addition of rapeseed oil fatty acid methyl esters to diesel
effectively improves its lubricating properties due to the
very favorable HFRR coefficient, which for pure rapeseed
oil fatty acid methyl esters is below 200 pm.
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Fig. 1. The dependence of the wear of the pump components on the dura-
tion of the test [22]

One of the primary causes of pump failures is insufficient
fuel quality. This conclusion is related to the lubricity issue
described. It should be noted, however, that the inadequate
design of both the low-pressure feed pump and the high-
pressure pump is also a factor in the formation and progres-
sion of injection system failures. Thus, in terms of use, the
increased forces occurring in the pump drive system must not
translate into increased wear in the precision pair of cylinder
and piston and the cam and tappet area. It is these structural
components that are responsible for the pump's correct opera-
tion. Their durability can be increased by using modern ma-
terials in the field of engineering ceramics. To properly select
such materials, it seems necessary to know the nature of their
operation and the damage that occurs in their working area.

2. Causes of damage and functional problem

The main cause of wear in high-pressure injection sys-
tems is contamination. The destruction of precision compo-
nents, whose steel surfaces are finely machined, is influ-
enced by hard mineral particles (silica, alumina) [5]. They
can get into the pump system in the form of impurities
along with fuel or lubricating oil. Surface pressures in the
case of tappet and roller or plain bearings are the result of
the negative effect of excessive clearances and unevenness.
This leads to a rapid expansion of wear, and the products,
i.e. metal particles including steel, increase the amount of
contamination in the lubricating oil and fuel. On the other
hand, the formation of fretting corrosion is favored by wa-
ter getting into the oil. Such a process significantly acceler-
ates the wear of rubbing or rolling steel surfaces. As a re-
sult, hematite (Fe,0s), a product of wear, enters the fuel or
lubricating oil, impairing its lubricating properties. It is
often observed that the oil changes its consistency into
a dense mixture of heavy hydrocarbons with impurities and
water particles. This has a detrimental effect on mating
pump components, causing deposits to form, e.g. on cylin-
der walls [5].

Damage to the surfaces of cams and eccentrics and the
tappet rollers that roll over them is also a major problem.
Particularly unfavorable are larger cavities, chipping of the
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surface layer of metal, the presence of developed corrosion
and localised collapsing of the cam distorting its profile,
especially at the transition from the cam's tangential surface
to its apex. The tappet spring is subject to surface scratch-
ing, corrosion and cracking. Other parts of the pump, the
design of which depends on the variety and type of pump,
are closely related to the potential for a variety of damage.
They also depend on the operating conditions of the high-
pressure pump. Such elements are: precision pairs, high
pressure connections, hoses, valves, and control sleeves [5].
An example of a pump where the failure rate is mainly
based on precision pair wear is the Bosch CP1 pump. This
is only an example illustrating the problem — Siemens VDO
pumps, for instance, are characterised by a similar design.
In the case of the Bosch, the defect is caused by the nega-
tive effect of the design itself in combination with the load.
The problem lies in the pivoting position of the tappet rela-
tive to the rotating cam on the pump shaft. This position of
the tappet results in a tangential force to the cam in addition
to the normal force. Under unfavorable conditions and
insufficient lubrication, in addition to the force perpendicu-
lar to the piston axis, the frictional force has a negative
effect [17]. This forces stresses into the mating components
and results in material breakage. The resulting wear prod-
ucts can enter the piston-cylinder precision pairs, causing
their destruction through abrasive wear and the formation
of cracks (Fig. 2). Noticeable scratches then occur on the
cylindrical surface of the piston, resulting, in a later stage of
wear, in leakage in the working area of the pump [9, 18].

scratches

Fig. 2. Pump section piston with scratches on the side surface [10]

Torn-off material particles can also enter the part of the
pump where the roller rotates. Material loss occurs on the
side surface of the tappet due to the occurrence of cavita-
tion and shearing due to contact between roughness vertices
[11]. The cavitation mentioned can occur within the pump
and high-pressure lines. It involves the formation of vapor
bubbles due to the action of varying pressure and implo-
sion, which, when occurring close to the walls, causes dam-
age to the walls. The high energy density contributes to the
formation of cavitation pits [11].

Some swarf also enters the high-pressure pump from the
pre-pumping pump. This is usually a gear pump characte-
rised by a discharge pressure of 300-600 kPa. The contact
area between the teeth and the pump raceway is exposed to
frictional forces resulting in tribological wear.

A sensitive area is the inlet and outlet valves from the
delivery section. A frequent cause of damage in this area is
particles from dirt in the pumped oil. The discharge valve is
made up of a ball embedded in a seat. The loss of tightness
of this association is caused by erosion and distortion of
both components. Defects can also occur in the throttling
hole safety valve used to distribute fuel between the dis-
charge section and the pump's lubrication and cooling cir-
cuit, under the influence of pressure variations in the low-
pressure circuit. Defects in this area result in reduced cool-
ing of the delivery section and consequent heating of the
components [11].

The drive shaft of the pump is also susceptible to dam-
age. During the transmission via the coupling, run-out of
the cam shaft can occur, as well as its rubbing under the
sealing ring. Wear occurs at the point of connection be-
tween the shaft and the coupling (Fig. 3) [11]. The seals
also deteriorate under pressure and contaminants present,
resulting in fuel leaking outside the pump body. The high
pressures generated by the pump contribute to high loads on
the shaft itself and the eccentric placed on it, as well as on
the plain bearings in the body. The highest loads from the
pressure forces occur when reaching the top extreme posi-
tion of the piston. The loads are transferred at the bearing
locations. These are characterised by varying wear of the
roller surfaces. Micro-cutting and furrowing occur at those
locations adjacent to the shortest radius of the eccentric [1].

Fig. 3. Examples of damage to the pump cam shaft [10]

3. Ceramics as a material for precision pump pairs
For the material analysis, ceramic materials such as co-
rundum (alumina, Al,O3) and silicon carbide (solid-state
sintered) — SSiC were used and compared with 100Cr6
alloy bearing steel, i.e. the most popular of the materials
from which the pistons and cylinders of the pumping sec-
tions of the pumps are made common rail injection system.
Alumina, also called corundum, especially in the stable
polymorphic form alpha (a-Al,Os3), is characterized by
properties suitable for construction purposes [12, 18]. The
variety mentioned here, crystallized in the hexagonal sys-
tem, has good strength and tribological properties, although
it should be mentioned that they depend on the course of
the sintering process [8]. Valuable properties in terms of
strength are also shown by silicon carbide, which is charac-
terized by similar and even more favorable material param-
eters than Al,Os. Its advantages are greater hardness and
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resistance to thermal shock, and better mechanical proper-
ties, including, for example, durability. When choosing
a material for a specific application, its mechanical proper-
ties should be taken into account. The materials of the ele-
ments of precision pairs should behave appropriately under
the influence of occurring loads.

Ceramic materials are prone to brittle fracture, which is
different from metals, where a certain range of plastic de-
formation is noticeable. The reason lies in the structure of
the ceramic, where the covalent bonds are directional. In
addition, there are defects in the form of cracks, pores and
voids, and the samples are destroyed already in the range of
elastic deformations [8, 16]. These discontinuities in the
structure contribute to a lower resistance to tensile loading
and cracking due to tensile stresses that are lower than
those assumed based on interatomic bonds. Then, the
aforementioned empty spaces are expanded, which in turn
leads to a reduction in the load-carrying capacity [15]. Ce-
ramics are characterized by higher compressive strength
compared to tensile strength (R, = 15 - Ry,) [20]. Therefore,
it is advantageous to use engineering ceramics in section
pump pistons, but also in rollers, because due to the nature
of work, these elements transfer compressive loads. The
most important mechanical properties of the analyzed mate-
rials from the point of view of the conducted considerations
are presented in Table 1.
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Fig. 4. Comparison of the hardness of ceramics and steels [24]

The characteristic features of ceramic materials are their
high hardness and abrasion resistance. This is due to the
structure in which the network with ionic bonds resists
dislocations [19]. It is very difficult to initiate their move-
ment, and permanent plastic deformation occurs through
these linear defects. The determination of hardness by vari-
ous available methods is also the determination of the state
of plasticity, so it can be considered through deformation.
To activate the dislocation, high stresses are needed in the
tangential direction of the bonds, which results in their
tearing [9]. The critical stress of alumina ceramics that
initiates dislocation slipping is high, of the order of E/30,
while for metals it is only E/1000 [3]. A comparison of the
hardness of ceramics and steel is shown in Fig. 4. An anal-

ogous combination concerning Young's modulus is shown
in Fig. 5.

In the case of Al,O; alumina with ionic bonds, the
movement of atoms in certain directions is complete, so the
resistance is lower [3, 9]. Note the high hardness of SSiC,
even greater than Al,Os, far exceeding the level typical for
metals. The associated Young's modulus E, which deter-
mines the resistance to elastic deformation, is about 430
GPa. At the same time, it is not dependent on the load oper-
ation time. Hardness and strength, which are dependent
properties, are affected by the type of structure-building
bonds. As mentioned, these are covalent bonds resistant to
activation and dislocation [23]. Like alumina, silicon car-
bide has a certain strength distribution, describing the pos-
sibility of failure even under stresses at which it should
withstand the load.
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Fig. 5. Comparison of Young's modulus of ceramic materials and steel [24]

An important parameter from the point of view of injec-
tion pumps is the stress intensity factor K1C. Its value for
ceramic materials is more than three times lower than for
100Cr6 steel. According to the definition of the parameter,
this indicator determines the load causing uncontrolled
crack development in sections [7]. This is the adverse effect
of hindering dislocation slippage. Ceramic materials are
characterized by lower fracture toughness than metals due
to the limited plastic deformation capacity, and thus lower
impact strength. The high brittleness of engineering ceram-
ics can be the main obstacle in the structural applications of
the designed elements. Products made of it are often de-
stroyed during use or their premature damage is noticeable.
It is therefore important to avoid structure discontinuities,
e.g. micro-cracks, by maintaining a low tolerance for de-
fects [14]. Even micro-scale cracks, within the tolerance
range, smaller than critical cracks, can develop and contrib-
ute to their further propagation [20]. Compressive and flex-
ural strengths should also be closely monitored — ceramic
materials withstand pressure loads much better than metals
[9, 14, 20, 25].

Table 1. Mechanical properties of the analyzed materials

_ Standardised Vickers hardness Stress intensity Compressive Bending strength Young's
Material hardness HKO.1 [HV] factor Kf/zc strength R, Rq modulus E
[GPa] [MPa m™] [MPa] [MPa] [GPa]
Al,03 23 1650 42-6.0 3500 350 380
SSiC 24,5 2540 4.0 > 2500 400 430
100Cr6 - 800 15.4-18.7 - - 212
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The nature of the operation of precision pairs, i.e. slid-
ing contact, imposes high demands on their surface re-
sistance to various types of wear. The condition of the sur-
face structure of products plays a key role in the issue of
abrasion. Roughness is also important, but in the case of
engineering ceramics, there are some limitations in this
respect. The reason is the occurrence of "losses" of the
material, i.e. voids, pores, etc., which significantly change
the distribution of the surface layer. However, the descrip-
tion of the surface is made possible by other parameters
related to load capacity, lubricant capacity (Rpk, Rk, Rw),
etc. The study of ceramic wear shows the conclusion [4]
that the final surface treatment is an important aspect, sig-
nificantly influencing the roughness. The structure of alu-
minum oxide depends on the sintering process, the average
grain diameter is about 7.5 pm. On the other hand, for
SSiC, this value is at the level of about 1.9 um, so Al,O3 is
characterized by greater roughness. At the same time, how-
ever, both materials show relatively deep defects due to
grain tearing, although the number of defect cavities is
smaller on the surface of the alumina subjected to polish-
ing.
The parameter determining the quality of the surface is,
among others, the coefficient of friction, which plays an
important role in the fitting of elements of precision pairs.
In common rail injection pumps, a long surface cover is
used, which significantly affects the tightness of the node
and reduces losses. Unfortunately, the accuracy of the fit
increases the contact area of the surfaces and the resistance
to movement, and also causes the occurrence of increased
phenomena such as heat release. The presence of liquid in
the mating pair is also important aspect. The use of ceramic
materials should also be considered in above mentioned
areas. It is important to reduce the coefficient of friction,
which increases the efficiency of the system, but also min-
imizes the possibility of wear.

The hardness of the surface has a significant impact on
the elements in the friction node. Increasing the value of
this parameter minimizes the negative effects of tribological
processes, including abrasion. The use of ceramic materials
leads to the elimination of tribochemical wear, so no adhe-
sive bonds are leading to seizing of the piston-cylinder
friction node.

Another issue worth mentioning concerning the use of
engineering ceramics in high-pressure injection systems is
their chemical and corrosion resistance. Ceramic materials
achieve significant resistance even at high operating tem-
peratures, which becomes important in various demanding
applications. What is important then is the oxidation pro-
cess. However, in this system, there is only elevated tem-
perature, because the diesel fuel in the injection pump
reaches temperatures of 60°C.

4. Simulation of precision pair operation

with results

In the initial preparation for the simulation, the piston-
cylinder system of the Bosch CP3 and CP4 pumps was
analysed. The difference between the two is the way the
motion is transmitted to the piston. In the CP3 pump (Fig.
6), the reciprocating movement is forced by an eccentric on

the glass tappet mechanism. In CP4, the movement is
forced by a roller (Fig. 7).

stroke

stroke

stroke
[

Fig. 7. Principle of operation of the pumping section of the CP4 pump

The course of the piston lift during the entire operating
period is variable with some momentary constant values
during the supply of fuel to the cylinder's working volume

(Fig. 8).
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tappet on the angle of rotation of the CP3 pump shaft [6]
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It moves from the inlet valve to the bottom dead center,
below the high-pressure outlet valve. Thus, the volume of
the pumped fuel depends geometrically on the position of
the piston during its operation — for the assumed typical
dimensions of the section, it varies from 100 to 250 mm®.

During full load, after a certain period, the initial vol-
ume is already approx. 123 mm?® [6]. The movement of the
piston enables the generation of pressures in the CP3 pump
up to approx. 180 MPa. The maximum value is reached at
the initial pressure resulting from the operation of the feed-
ing pump is about 0.7 MPa. The newer generation of the
pump already can generate a pressure of about 200 MPa.
The design of the piston must withstand such high pressure
loads. Both pumps are devoid of construction defects that
occurred in the CP1 generation discussed in Chapter 2.
A roller or bucket tappet mechanism avoided the occur-
rence of forces transverse to the piston axis caused by a
sliding plate tappet. This resulted in wear on the lateral
surfaces, including the cylinder. Ceramic materials, which
are not resistant to bending and are prone to fracture, may
not have fulfilled their role in this application [13].

The geometry of the CP4 pump head was used for fur-
ther finite element analysis. A schematic of the pump mod-
el including the components (head, piston, cylinder) is
shown in Fig. 9.

head
cylinder
-.____-.
piston

Fig. 9. Model of a CP4 pump

This assumed the use of ceramic materials in the piston-
cylinder junction as respectively made junction pairs:
Al,O4/Al,O5 or, in the second variant, SSiC/SSiC. It was
further assumed that both components were made by pow-
der metallurgy methods — sintering, while the mating sur-
faces themselves were subjected to grinding, achieving low
surface roughness. The piston and cylinder model used for
the simulation, is shown in Fig. 10.

The CAD model of the pump piston used in the simula-
tions was made in the Autodesk Inventor environment. The
simulation in this area, using FEM, was realised in the
Nastran In Cad package. The discretisation of the piston
allowed the model to be divided into finite elements and
nodes, by determining a finite element size reduction run
for the entire geometry. The model was divided into 35,584
finite elements and 55,426 nodes (Fig. 11).
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Fig. 11. Piston model discretised into finite elements

It was assumed that the analysis would replicate the
conditions prevailing at maximum load, however, the ef-
fects of the cylinder/pump head were ignored. For this
reason, the piston is subjected to a higher load than the
actual load. The interaction of the spring thrust plate with
the piston shoe has also been omitted — so the main focus is
on the pressure action and its effects. Accordingly, the
piston was subjected to the highest possible pressure that
was assumed to exist in the pump, i.e. 180 MPa at the end
of the compression stroke. The pressure force was applied
to the top surface of the piston and the bottom surface of
the bead was restrained. The simulation was carried out for
three variations of the component design. The first material
was corundum the second material was silicon carbide
(solid-state sintered) — SSiC, the third material was 100Cr6
alloy-bearing steel.

The material properties were determined based on refer-
ence materials [2, 7]. It was decided to collect the results at
the moment of the highest discharge pressure, with the
assumed course of its variation, as this is a variable load
analysis for the moment 0.02 s when the maximum was
reached.

An example of simulation results for a component made
of sintered silicon carbide is presented in Fig. 12 and 13.
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Fig. 12. Huber-Misses reduced stress distribution [MPa] for a component
made of made of SSiC
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Fig. 13. Strain distribution [-] for a component made of SSiC

Through the finite element computational environment,
the feasibility of using Al,Os; and SSiC ceramic materials
and 100Cr6 steel was analysed. The time-varying load
analysis was generalised as a static compression test, thus
a strictly strength simulation, and this was adopted in fur-
ther inference. The set of results is illustrated in Table 2.

The concentration of the maximum stress results for all
variants of the component design falls within the area of
geometric change. For bearing steel, the smallest maximum
reduced stress was obtained, as metals, unlike ceramics, are

characterised by elastic and plastic periods. In contrast, as
in the other cases, the clustering of the highest stresses and
strains occurs just at the transition of the piston geometry to
its bead. In this case, the reduced stresses exceed the value
of the allowable stresses calculated analytically according
to relation (1).

Odop = (0.55 — 0.65)R, 1)

Table 2. Results of the analyses

Al,O3 SSiC 100Cr6
Huber-Misses maximum
reduced stresses [MPa] 3734 385.7 3728
Maximum strain [-] 0.000852 0.000752 0.001539

For compression, the parameter R, has approximate
values determined from the tensile test. In the analysis,
a yield strength of 400 MPa was determined for 100Cr6
steel, for which, according to the above relationship, the
allowable stress is in the range 220-260 MPa. The maxi-
mum simulation result was 372.8 MPa, and condition (2)
was not met.

Ored < 0-dop (2)

The occurrence of maximum stresses in this area of the
component can cause the structure to weaken, and the max-
imum deformation with respect to the entire component
indicates that this area is subject to some plastic defor-
mation. This is confirmed by numerous examples of piston
damage. Most often, material swelling occurs in this area as
a result of plastic deformation caused by the generation of
pressures up to their maximum value and the cyclic nature
of these pressures — the internal stresses then exceed the
permissible values. The resulting load cycles cause fatigue,
which can result in cracks forming in the plasticisation
zone. It is clear that plastic deformation can result from
friction between piston and cylinder, inhomogeneities in
material strengthening, uneven temperature distribution and
the influence of strain rate. The effects of such a process are
changes in the properties of the structure, and (under ap-
propriate geometric conditions) swelling. This may result in
slight changes in the diameter of the piston, which directly
affects its function — the friction of the mating surfaces. It
should be noted, however, that the yield strength considered
to illustrate an example of this type of bearing steel can be
higher, for example, when hardening is applied. R, then
reaches a value of approximately 1300 MPa.

5. Summary

The paper compares selected ceramic materials Al,Os
and SSiC with 100Cr6 steel. Particular attention was paid to
the use of the above materials in the precision pairs of
a common rail injection pump. A simulation was carried
out using FEM by inducing a load on the upper part of the
piston, which was assigned the properties of the three com-
pared materials.

The results of the example simulation show that the lev-
el of deformation in ceramic components is lower than in
metal. In ceramics, plastic deformation does not occur un-
der load, and failure occurs through brittle fracture. The
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strain level of Al,0zand SSiC ceramics in this analysis was
smaller by an order of magnitude.

Taking the compressive strength as equivalent to the
tensile strength (such a simplification is reasonable when
describing elastic-plastic materials), a significant advantage
of ceramics over steel is noted. The compressive strength of
Al,O; and SSiC is higher than that of 100Cr6 steel, even
when subjected to processes that increase the overall
strength parameters. It is also possible to determine analyti-
cally the allowable stresses if the yield strength (Re) is
replaced by the compressive strength in formula (1). In this
way, the clear limit of the value after which failure (fracture)
of the material will occur is much higher than those present-
ed by metals. On the other hand, the fracture itself may occur
below the allowable stress values — with regard to ceramics,
this is a particularly noteworthy strength aspect.

The results of the analysis mainly depend on the adopt-
ed elasticity constants of the material: Young's modulus (E)
and Poisson's number. For a constant surface perpendicular
to the applied pressure, and therefore for a constant piston
diameter, the deformation in the test depends on the longi-

tudinal modulus of elasticity. The greater its value, the
smaller the deformation will be and the more rigid the
component. For ceramics, this modulus is significantly
higher than for steel, as can be seen in the analysis results.

The inhomogeneous structure of ceramics, or more pre-
cisely, the pores present in them, is the reason for the ap-
pearance of notches, where stresses are concentrated to
varying degrees. The simulation does not take into account
the presence of defects in the structure, i.e. cracks, pores,
voids. It should be emphasized that the analysis carried out
is a certain simplification, as parts with a more complex
structure and irregular pores may have different stress and
strain field distributions that are more difficult to determine
properly. This simplification was made because stress con-
centrations caused by the presence of structural defects are
not taken into account for compressive stresses. This means
that a component such as a piston subjected mainly to
a compressive force is not affected by internal defects,
because with such an actual condition the pores are closing
and not opening [18].

Nomenclature

SSiC  sintered silicon carbide
HFRR high frequency reciprocating rig

FEM finite element method
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