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Abstract

Engine pistons are one of the most complex components among all automotive or other industry field compo-
nents. The engine can be called the heart of a car and the piston may be considered the most important part of
an engine. There are lots of research works proposing, for engine pistons, new geometries, materials and manufac-
turing techniques, and this evolution has undergone with a continuous improvement over the last decades and
required thorough examination of the smallest details. Notwithstanding all these studies, there are a huge number
of damaged pistons. Damage mechanisms have different origins and are mainly wear, temperature, and fatigue
related. Among the fatigue damages, thermal fatigue and mechanical fatigue, either at room or at high temperature,
play a prominent role.

This work is concerned only with the analysis of fatigue-damaged pistons. Pistons from petrol and diesel engines,
from automobiles, motorcycles and trains will be analyzed. Damages initiated at the crown, ring grooves, pin holes
and skirt are assessed. A compendium of case studies of fatigue-damaged pistons is presented. An analysis of both ther-
mal fatigue and mechanical fatigue damages is presented and analyzed in this work.

A linear static stress analysis, using “‘cosmos works”, is used to determine the stress distribution during the combus-
tion. Stresses at the piston crown and pin holes, as well as stresses at the grooves and skirt as a function of land clear-
ances are also presented. A fractographic study is carried out in order to confirm crack initiation sites.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Piston materials and designs have evolved over the years and will continue to do so until fuel cells, exotic
batteries or something else makes the internal combustion engines obsolete. The main reason of this
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continuous effort of evolution is based on the fact that the piston may be considered the ‘heart’ of an engine.
The piston is one of the most stressed components of an entire vehicle — pressures at the combustion cham-
ber may reach about 180-200 bar [1] — a few years ago this value was common only for heavy-duty trucks
but nowadays it is usual in HDSI engines. Speeds reach about 25 m/s and temperatures at the piston crown
may reach about 400 °C [1]. As one of the major moving parts in the power-transmitting assembly, the pis-
ton must be so designed that it can withstand the extreme heat and pressure of combustion. Pistons must
also be light enough to keep inertial loads on related parts to a minimum. The piston also aids in sealing the
cylinder to prevent the escape of combustion gases. It also transmits heat to the cooling oil and some of the
heat through the piston rings to the cylinder wall.

As one of the main components in an engine, pistons technological evolution is expected to continue and
they are expected to be more and more stronger, lighter, thinner and durable. The main reason is because
the mechanical efficiency of an engine is still low and only about 25% of the original energy is used in brake
power [2].

One thing that has not changed is the basic function of the piston. The pistons form the bottom half of
the combustion chamber and transmits the force of combustion through the wrist pin and connecting rod to
the crankshaft. The basic design of the piston is still pretty much the same. So what has changed? — The
operating environment. Today’s engines run cleaner, work harder and run hotter than ever before. At
the same time they are expected to last longer and with minimal maintenance. Developments have been
achieved in different fields: examples may be found on the following papers of piston geometry/combustion
flow [3,4]; materials/mechanical and thermal behavior [5-8]; materials/wear and lubrication (coatings)
[9-14]; analytical tools — FEA [15,16]; processing technologies [17,18]; etc.

Notwithstanding this technological evolution there are still a significant number of damaged pistons.
Damages may have different origins: mechanical stresses; thermal stresses; wear mechanisms; temperature
degradation, oxidation mechanisms; etc. In this work only mechanical damages and in particular fatigue
damages will be assessed.

Fatigue is a source of piston damages. Although, traditionally, piston damages are attributed to wear
and lubrication sources, fatigue is responsible for a significant number of piston damages. And some dam-
ages where the main cause is attributed to wear and/or lubrication mechanisms may have in the root cause
origin a fatigue crack.

Fatigue exists when cyclic stresses/deformations occur in an area on a component. The cyclic stresses/
deformations have mainly two origins: load and temperature. Traditional mechanical fatigue may be the
main damaging mechanism in different parts of a piston depending on different factors. High temperature
fatigue (which includes creep) is also present in some damaged pistons. Thermal fatigue and thermal-
mechanical fatigue are also present in other damaged pistons. In this work, different pistons, from different
kinds of engines: train engines; motorcycle engines; and automotive engines will be presented. Different
damage mechanisms where fatigue prevails over other damaging mechanisms will be assessed. For a better
understanding of the damaging mechanism different analytical tools, such as finite element analysis, frac-
tographic analysis, metallurgical analysis, etc., will be used whenever they are necessary for a clear under-
standing of the damaging mechanism. A finite element linear static analysis, using “cosmos works”, is used
for stress and temperature determination.

Only aluminum pistons are assessed in this work because most of the engine pistons are in aluminum.

2. Experimental work
The fatigue-damaged pistons assessed on this work may be divided into two categories: the mechanical

and high temperature mechanical damaged pistons and the thermal and thermal-mechanical damaged pis-
tons. The mechanical and high temperature mechanical damaged pistons may be divided according to the
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damaged area: piston head; piston pin holes; piston compression ring grooves; and piston skirt. The anal-
ysis, in this work, will be made according to this classification.

2.1. Mechanical and high temperature mechanical fatigue

By mechanical fatigue it is meant that in a piston a crack will nucleate and propagate in critical stressed
areas. The stresses in this context are due to the loads acting externally on the piston. On point 2.2 stresses
induced by thermal gradients will be also assessed.

Although stresses on pistons change with piston geometries and engine pressures, Figs. 1 and 2 show a
typical stress distribution on an engine piston. In Figs. 1 and 2 pressures are merely indicative and are used
only with the purpose of determination of the most stressed areas. It is not intended to determine the real
stresses acting on the piston. The dynamic and thermal stresses are not also included in Figs. 1 and 2.

It is clear that there are mainly two critical areas: the top side of piston pin hole and two areas at the
piston head. Stress analyses on diesel pistons show the same critical areas. If holes or grooves are intro-
duced on the pin hole it is possible to introduce critical stressed areas on those discontinuities.

2.1.1. Piston head and piston pin hole

As observed in Figs. 1 and 2, due to the pressure at the piston head, there are mainly two critical areas:
piston pin holes and localized areas at the piston head. Subsequently will be presented different engine pis-
tons where the cracks initiated on those areas.

(a)Pressure at the piston head area  (b) Restraints at the piston pin holes

Fig. 1. Typical engine piston.

Critical areas

Fig. 2. Typical stress distribution on an engine piston.
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On piston in Fig. 3 it seems by fractographic analysis that the crack initiated at the pin-hole. On pistons
in Figs. 4 and 5 the crack initiated on the piston head near the combustion chamber.

A FEM analysis, Fig. 6, was made to piston of Fig. 5 and the results show that in pistons with a bowl
combustion chamber, besides the pin holes (and in this particular case on the curvature radius on the inner
side of the piston top) there are also two regions at the piston head where there exist a stress concentration.
These two areas are located on the same vertical plane that contains the pin holes.

Crack initiation

Fig. 5. Diesel engine piston with a crack from one side of the pin hole to the other pin hole going through the head of the piston.
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Fig. 6. Linear static stress distribution of piston in Fig. 5.

2.1.2. Piston compression grooves

Another typical fatigue damage occurs on piston compression grooves. Fig. 7 shows one damaged
piston.

It is clear by Fig. 7(b) that the mechanism is fatigue. The striations clearly show the propagation of the
crack. In Fig. 8 a simulation is made for stress analysis in piston grooves.

It is clear that there is a stress concentration on a stress radius of the groove when the compression ring is
not inside the groove — the inner side of the ring is located at mid distance of the groove depth.

For a comparison, a simulation of the maximum Von Mises stress with the ring inside the groove (close
to the piston wall) presented a maximum stress of about one third of the one shown in Fig. 8(b), where the
inner side of the ring is located at mid distance of the groove depth. Thus there is an exponential growth of
the stress when the distance between the ring and the piston wall increases. The same is to say that there is
an increase in the stress at the piston groove when the clearance between the piston and the cylinder
increases.

Fatigue striations

Fig. 7. Engine piston with damaged grooves: (a) piston; (b) detail of damaged grooves.
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(b)

Fig. 8. Typical stress distribution on stress radius on the grooves.

2.1.3. Piston skirt

Another common fatigue damage that occurs in pistons is related to broken skirts, as shown in Fig. 9.

In Fig. 9 is clear the crack (on the other side there is another crack) emanating from the curvature radius
on the skirt. In Fig. 10 a simulation is made for stress analysis in piston skirt for a specific angle in respect to
the vertical axis.

In Fig. 10 it is clear where the stresses are higher when there is an angle of the piston in relation to the
vertical position. It is important to consider that there is always a clearance between the piston and the cyl-
inder wall. Because of this clearance the piston never has its upward and downward movements in the ver-
tical position but has always an angle in relation to the cylinder wall. And it is also clear that the contact
points of the piston with the cylinder wall are: one side of the bottom part of the piston skirt and the oppo-
site side of the top part of the piston. If we observe in Fig. 9(b) it can be seen the bottom part of the skirt
that was in contact with the cylinder wall.

i+ Contact area

W between piston
skirt and

(a) (b) cylinder wall

Fig. 9. Engine piston with damaged skirt: (a) piston; (b) detail of damaged skirt.



486 E.S. Silva | Engineering Failure Analysis 13 (2006) 480-492

4Y
I Z
l..:c_wa

Fig. 10. Typical stress distribution on engine skirt with a big clearance.

If the clearance between piston and cylinder increases the piston rotation angle also increases and the
stress at the piston skirt, as shown in Fig. 10, increases substantially.

2.2. Thermallthermal-mechanical fatigue

Thermal fatigue is related to the stresses in the material induced by thermal gradients in the component.
Fig. 11 shows two train pistons with several cracks at the piston head.

Thermal stresses are difficult to simulate because there are, in a piston, two kinds of thermal stresses (see
Fig. 12):

(a) Thermal stresses due to the ‘vertical’ distribution of the temperature along the piston — high temper-
atures at the top and lower temperatures at the bottom.

(@)

Fig. 11. Train engine pistons with damaged head: (a) piston 1; (b) piston 2.
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Representation of
tensile residual
loads/stresses when

the piston gets cold Representation of

compressive
loads/stresses when
the piston is hot

Fig. 12. Sketch of an example of thermal stresses at the top of a piston and forces, F, acting on the material.

(b) Thermal stresses due to the different temperatures at the head of the piston due to the flow of the hot
gases or to fuel impingement (related to high-pressure injection).

(a) Thermal stresses due to the ‘vertical’ distribution are represented in Fig. 13(a)). There is a homoge-
neous and regular gradient of temperature on the radial direction along the head of the component. It is
observed that the bowl rim area is the area where temperatures are higher. Thermal deformations under
the operating bowl rim temperature are constrained by the surrounding material. This causes large com-
pressive stresses on the total bowl rim circumference that often exceed the yield strength of the material.
After creep relaxation of the high compressive stresses and when the piston gets cold creep effect gives rise
to tensile residual stresses on the bowl rim. This cyclic stresses origins cracks distributed all around the rim
area.

(b) Thermal stresses due to the different temperatures at the head of the piston are represented in
Fig. 13(b)). This distribution causes localized warmer areas. The mechanism under which the thermal

Bowl rim
=382°C

groove
=209°C

Pin bore
(a) =225°C

Fig. 13. Schematic thermal distribution at a piston: (a) homogeneous; (b) localized.
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cracks form is the same as mentioned in (a) with the exception that in this case these warmer areas will have
higher compressive stresses — followed by creep — followed by higher tensile stresses when the piston gets
cold. Thus, in this case is most probable that localized areas at the bowl rim will concentrate the thermal
fatigue cracks.

In the first case, Fig. 13(a) it would be expected several fatigue radial cracks over the whole piston head.
In the second case, Fig. 13(b) it would be expected fatigue cracks in specific areas of the piston head (those
where the thermal gradients occur). As a fact the piston in Fig. 11(b) seems to be representative of the first
case — cracks all around the piston rim, while Fig. 11(b) seems to be representative of the second case —
cracks on localized areas of the rim.

Together with the mechanical load due to peak cylinder pressure, the bowl rim experiences cyclic load in
the compressive range. After creep relaxation of the high compressive stresses, alternating fatigue loading,
at least along the pin axis, may occur.

3. Examinations and discussion
In this section the different kinds of fatigue damage mechanisms will be analyzed separately.
3.1. Mechanical fatigue

3.1.1. Piston head and piston pin hole

Mechanical fatigue damages at piston head and piston pin holes is the reason of several damaged engine
pistons. Static stresses concentrate mainly at pin holes (Figs. 2 and 6) both for petrol and diesel pistons, as well
as for automotive, train, and other engine fields. This explains cracks initiated at piston pin holes (Fig. 3).
However, if the critical stress is at the piston pin holes why some of the pistons start their cracks at the head,
as presented in Figs. 4 and 5?7 A metallographic study was made in piston of Fig. 5 to see if there was a special
reason for that the crack initiated there (such as pores or microstructural defects) and nothing was detected.
The reason for the crack to initiate at that point at the piston rim area may be related to two different aspects:

e Mechanical fatigue: The crack always initiate at the same points — at the same vertical plane that contains
the pin holes (see Figs. 4 and 5). The stresses at the piston head are higher at those areas (Fig. 6). In
pistons of Figs. 4 and 5, both broken by the piston head, there is only one visible crack, and this is typical
of mechanical fatigue. In Ref. [19] there is a description of a piston with only one crack, similar to those
in Figs. 4 and 5, and the crack was attributed to thermal fatigue. Thermal fatigue does not seem to be the
reason for these cracks because thermal fatigue produces more then one visible crack and mostly several
visible cracks (see Figs. 11(a) and (b)). However, the reason why the crack initiated at the head instead of
the pin hole, where the stresses are higher, is not answered yet. The reason may be on temperature.

o High temperature mechanical fatigue: There is a temperature distribution along the vertical axis of the
piston. The head is always hotter than the bottom and the pin hole area. Thus the fatigue resistance
of the material at the head is lower even though the material is the same. In Ref. [20], based on temper-
atures read with temperature extensometers, is shown that in diesel engine pistons the areas where the
temperature is higher is right at the bowl rim of the piston, where the temperature may reach about
382 °C (see Fig. 13(a)). Thus, the edge area at the combustion chamber bowl rim is the less resistant
due to the high temperature. If we combine the effect of the temperature with the static stresses, there
are two critical areas — those on both sides of the bowl rim area on the same vertical plane that contains
the pin holes (this results of a superposition of static stresses (Fig. 2) with temperature distribution (Fig.
13(a)). And the observations show that the pistons broken at the head (Figs. 4 and 5), both initiated the
cracks (only one visible crack) in those particular regions.
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Thus, depending on the particular geometry of each piston, and taking into account both the static stres-
ses and the temperature influence on the material resistance, either the pin hole area and the bowl rim area
may be critical. For a comparison, temperatures on the pin hole may reach about 225 °C at the same piston
where temperature at the bowl rim area reaches about 382 °C. At the same time temperature at the top
groove is about 209 °C.

This kind of fatigue damage represents, according to our experience on engine pistons, the biggest slice
of fatigue-damaged pistons.

3.1.2. Piston compression grooves

There is a number of pistons that arrive to our labs broken by the compression ring grooves. The com-
pression ring is the one who has the function of not allowing the pressure to be lost between the piston and
the cylinder wall. However, when the clearance between the piston and cylinder wall becomes high (due to
wear of the cylinder wall) there is an increase of the pressure acting on the ring (because the ring comes out
of the groove — see Fig. 8(b)) and consequently a stress increase on the compression groove. The stresses at
that particular curvature radius at the compression ring groove seem to be enough to initiate fatigue cracks
on the piston.

Thus the main reason for this damage is related to the clearance between the piston and the cylinder wall.

3.1.3. Piston skirt

There are also some pistons with broken skirts. As shown on this work the skirt may break by fatigue
(Fig. 9) and the reason are the stresses that act on the curvature radius of some skirt geometries (Fig. 10).
As well as on the previous item the main reason for this damage may be related to the clearance between
the piston and the cylinder wall. As a fact a big clearance allows the piston to rotate and to contact the cylinder
wall mainly in two points: the bottom part of the skirt and the top part of the piston head. If we look carefully at
Fig. 9(b) it can be observed that the surface is rough because of the contact with the cylinder wall. These
contacts introduce a flexural load on the piston skirt. The consequence will be the stress concentration areas
shown in Fig. 10.

The main reason for this damage is also related to the clearance between the piston and the cylinder wall.

3.2. Thermallthermal-mechanical fatigue

Thermal fatigue cracks are easy to identify because they usually show a particular feature. Typically
there are some visible fatigue cracks on the areas with cyclic thermal gradients as can be seen on brake disks
and other components under thermal fatigue [23]. On mechanical fatigue and high temperature mechanical
fatigue there is only one prevailing crack (naked eye visible crack).

As referred before, it may be considered two ways through which thermal gradients act on stresses: ther-
mal stresses due to the vertical distribution of the temperature along the piston — high temperatures at the top
and lower temperatures at the bottom (Fig. 13(a)); and thermal stresses due to the different temperatures at
the head of the piston due to the flow of the hot air or fuel impingement (Fig. 13(b)). On the first case it would
be expected several fatigue radial cracks over the whole piston head. On the second case it would be expected
fatigue cracks in specific areas of the piston head (those where the thermal gradients occur). Fig. 11(b) is rep-
resentative of the first case while Fig. 11(b) seems to be representative of the second case.

It seems that there is no other plausible explanation for cracks shown in Fig. 11.

In Fig. 11(b) there are cracks distributed along the bowl rim and it seems clear that the main mechanism
was thermal fatigue due to an homogeneous temperature distribution. In Fig. 11(a) there are several cracks
located in opposite sides at the piston crown. If they were high temperature mechanical fatigue cracks it
would be only one crack and the crack would be located at the vertical plane that contains the pin holes.
That is not the case — cracks are located on a different plane.
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4. Proposals and in course solutions

There are a number of in course solutions and some theoretical proposals for the aforementioned fatigue
problems. We will mention some of the most promising proposals. In this chapter it is not intended an
exhaustive study on this subject. The aim is to point out that the fatigue problem in engine pistons is impor-
tant and companies take it seriously.

This analysis will be divided into five aspects: materials; local reinforcements; surface coatings; design;
and piston cooling.

4.1. Materials

For many years the eutectic Al-Si alloy has been used for pistons (because only aluminum pistons have
been assessed in this work only aluminium alloys will be presented). With increased piston temperatures,
the need for equal or improved fatigue strength could no longer be satisfied. New alloys with increased
Si content and Cu content, and other alloying elements, have been proved be satisfactory to the new
requirements [8,21]. Use of metal matrix composites is already in use and also under investigation [4-6].
For the future, additional improvements of the materials properties may be expected. New technologies
are also promising such as PM since its components exhibit excellent strength properties. PM has a signif-
icant potential for further development. However, these changes must take into account that an efficient
heat transport from the piston to the liner and to the oil is needed. Other technologies and die-casting pro-
cesses are also being developed [16,17].

The development of new materials and processing technologies with improved high temperature
mechanical and fatigue performance would help solving the different fatigue damages identified in this
work.

4.2. Local reinforcements

The application of inserts or shrink-fitted parts can locally increase the properties of a component be-
yond the strength of the base alloy. An application that is already in use for years is the austenitic cast ring
carrier insert to give improved ring groove wear behavior.

Pin bores is also a potential area where inserts would be useful. Pin bores are highly loaded because they
transfer the total cylinder pressure load to the piston pin and in most designs this region of aluminium pis-
tons is loaded very close to the lifetime limit. Other solutions such as geometric measures (see below) are
being taken into consideration for these areas. The use of shrink-fitted brass pin bore bushings is also a way
of increasing pin bore load carrying capability.

Another area where inserts are applicable is the bowl rim in the piston crown. In this area, normally,
yield strength is exceeded. A known solution is to use Al,Oj3 fiber inserts with, for example, 15% of the
volume [20,21]. These fiber preforms are infiltrated with the molten aluminium (traditionally by squeeze
casting) and create a local reinforcement. This results in higher fatigue strength and increased young
modulus (stiffness). Thermal cycle fatigue strength is significantly improved as well as mechanical
fatigue.

This solution may be useful either for thermal fatigue damages identified in this work as well as for
mechanical and high temperature mechanical fatigue damages, both at the piston head and at the pin holes.

4.3. Surface coatings

All modern aluminum pistons for HDSI engines employ a graphite-modified polymer coating of the skirt
[20,21]. Other coatings are also under investigation [8,9]. These coatings optimizes skirt reliability and
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reduces friction. Another possible future development may include hard anodising of the piston crown, in
diesel pistons, to prevent thermal fatigue crack initiation.

This treatments by reducing friction would be useful to reduce wear at the cylinder wall. This means that
clearances would resist more time and problems such as broken grooves and broken skirts would be
avoided.

4.4. Design

Two specific areas that are under high stresses need an improvement in design: the bowl rim area and the
pin bore area.

As mentioned before the highest thermally loaded region is the bowl rim area because of the heat
conduction cross section is small in relation to the surface exposed to heat input. Sharp edges or small
radii on the bowl rim induce locally steeper temperature gradients and an increased stress of the mate-
rial. In addition high pressure injection can cause liquid fuel impingement leading to very high frequency
local thermal cycles in the surface of the material (Fig. 13(b)). The design of the bowl rim must account
for these loading conditions. This implies the need to design smooth transitions and sufficient radii in
the bowl rim area. In addition, a larger bowl diameter and reduced bowl depth improve piston strength
significantly. Thermal fatigue cracks and high temperature mechanical fatigue cracks may be reduced
with design improvement.

The specific pin bore load, for various reasons (weight, using available conrods, etc.), is close to or even
exceeds the capability of the cylindrical pin bore at the given operating temperature and can cause pin bore
cracks to occur. Current improvements in strength are related to local geometries. A shaped pin bore, side
reliefs or an oval pin bore [20,21], change the contact conditions and can help to increase the acceptable
specific load. A different assembling geometry, a spherical contact between the rod and the piston, as al-
ready proposed and patented by NASA [22] would substantially reduce static stresses. However, these
changes result in different deformations and stresses, specially on the bowl rim. Hence, it is necessary to
find a compromise between pin bore strength and bowl rim stresses that can give acceptable piston lifetime.

4.5. Piston cooling

The importance of a good piston cooling has been mentioned before. For some applications, spray cool-
ing of the piston is sufficient. However, with increased specific output, there is an increasing amount of
cooling gallery pistons. This implies that more heat is transferred to the cooling oil. The temperatures in
the first ring groove area are reduced by typically 30-50 °C and at other areas, like the bowl rim area, lower
temperatures can be reached. With lower temperatures fatigue resistance increases and fatigue damages
would reduce.

5. Conclusions

The first main conclusion that could be drawn from this work is that although fatigue is not the respon-
sible for biggest slice of damaged pistons, it remains a problem on engine pistons and its solution remains a
goal for piston manufacturers. And it will last a problem for long because efforts on fuel consumption
reduction and power increase will push to the limit weight reduction, that means thinner walls and higher
stresses. To satisfy all the requirements with regard to successful application of pistons, in particular
mechanical and high temperature mechanical fatigue and thermal/thermal-mechanical fatigue there are
several concepts available that can be used to improve its use, such as design, materials, processing tech-
nologies, etc.
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