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stated as "Fatigue cracking was identified by the presence of fatigue striations that indicate the
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“...up, producing wear particles and pits [16,22]. Fatigue cracking has been identified by the presence of
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Highlights

Excessive wear was detected in valve train components of a diesel engine.

The cause was probably misalignment of valves with respect to valve seat inserts.
The induction hardened regions of rocker arms and pushrods contained free ferrite.
Scuffing and pits were detected at the rocker arm/valve interface.

Scuffing and probably erosive cutting occurred at the rocker arm/pushrod interface.
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Abstract

This work investigates the causes of excessive wear occurring at the rocker arm/pushrod and rocker
arm/valve interfaces of a diesel engine for industrial cleaning machines, after only 1000 hours of
engine operation. In this engine, the recent replacement of tappets by hydraulic valve lifters not
only reduced the running time but also required supplementary maintenance. The chemical
composition of the worn components was verified by optical emission spectroscopy. The
microstructures, mechanical properties and surface textures were determined by optical microscopy,
Vickers hardness and non-contact 3D profilometry. To evaluate the wear mechanisms, the worn
surfaces were analyzed by scanning electron microscopy with energy dispersive spectroscopy. The
results indicated non-uniform wear damage at the rocker arm/valve interface, probably due to a
misalignment of valves with respect to valve seat inserts. For rocker arms and pushrods, improper
austenitization parameters and/or unsuitable design of the inductor left some free ferrite, responsible
for non-compliance with required specifications for the induction hardening treatment. All worn
surfaces were characterized by material removal by scuffing; initiation of fatigue cracks was also
observed at the rocker arm/valve interface, and probably erosive cutting occurred at the rocker
arm/pushrod interface.

Keywords: Failure analysis; Diesel engine; Microstructures; Scuffing; SEM/EDS
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1. Introduction

Diesel engines for industrial machines generally undergo heavy using conditions, thus wear may
quickly jeopardize their functions unless carefully monitored and controlled. From a tribological
point of view, since 1950 the use of more efficient fuels and compact engines with low
environmental impact caused an increase of specific loads, operative velocity and temperature of all
components subject to wear and friction. Moreover, the use of low-viscosity lubricating oils
necessarily has led to a reduction of lubricating film thickness between the contact surfaces in
reciprocating sliding motion [1]. The cost of diesel engines has been greatly affected by the
increasing demand for long duration and prolonged maintenance intervals [2,3]. The increasing
request by laws and customers for abatement of pollutant emissions has also favored the
development of several technologies to eliminate soot, mostly produced by obstruction of injectors
and accumulation of carbon particles in manifolds [4]. Soot particulate emissions are known to
reduce wear and fatigue resistance of diesel engine components due to the interactions between
soot, metal and lubricant additives or among soot particles [5-8].

Recently, modeling and simulation in engine designing have emerged as important tools for
optimizing and predicting wear of mechanical systems under variable load and/or sliding speed. For
example, a model of rigid body mechanics was used to simulate the contact between the rocker arm
pad and the valve bridge in the cam mechanism of a diesel engine: the results showed that the
radius and the center position of the wear pad influenced the maximum wear depth and distribution
[9]. When a re-design of the tribological system is required, it is advisable to perform a control of
the wear mechanism in real components, where the main cause of failure is faulty manufacturing
involving cracks, stress concentration or improper heat treatments. The failure analysis of two
rocker arms from heavy duty diesel engines [10] showed a banded microstructure and the
spheroidization of cementite in pearlite, deriving from an unsuitable normalizing heat treatment.
These metallurgical defects lowered fatigue strength and favored initiation and growth of fatigue
cracks with multiple origins. Another study attributed to stress concentration the failure by fatigue
of a diesel engine rocker arm [11].

The present study investigates the causes of excessive wear occurring at rocker arm/pushrod and
rocker arm/valve interfaces of a diesel engine for industrial cleaning machines. In this engine, the
recent replacement of tappets by hydraulic valve lifters not only reduced the running time but also
required supplementary maintenance. The chemical composition of the worn components was
determined by optical emission spectroscopy (OES) and the microstructures were identified by
optical microscopy (OM). Vickers hardness and surface texture measurements were also performed.
Finally, to determine the wear mechanisms the worn surfaces were studied at high magnification by
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS).

2. Material and methods

Four pairs of rocker arms, pushrods and valves were collected from a four-cylinder diesel engine
for industrial cleaning machines. In this engine, all clearances at the induction hardened regions
were set back to zero due to excessive wear after only 1000 hours of engine operation. A schematic
representation of the outlet/inlet rocker arm and parts of the pushrod and exhaust/intake valve is
shown in Fig. 1, together with an indication of the regions with worn surfaces. The outlet/inlet
rocker arm, pushrods and the exhaust and intake valves were prepared for analysis of the chemical
composition of the steel types by optical emission spectroscopy (OES) through a SPECTROLAB
analyzer (SPECTRO Analytical Instruments GmbH, Kleve, Germany). The details of chemical
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composition of the different steel types are shown in Table 1. In order to increase surface hardness
and contact fatigue resistance, in this engine some regions of the outlet/inlet rocker arm pad, the
outlet/inlet rocker arm pivot socket, the pushrod ball ends and the exhaust/intake valve stem tip
were induction hardened. The required specifications concerning Rockwell hardness values (HRC)
and effective depth of the regions undergoing induction hardening treatment are shown in Table 2.
The worn surfaces were first observed by a Leica MZ6 (Leica, Wetzlar, Germany)
stereomicroscope. To determine the microstructures of alloys, longitudinal sections (parallel to the
metal surface) and cross-sections (perpendicular to the metal surface) of the samples were prepared,
mounted in resin, polished and analyzed by a Leica MEF4M optical microscope (Leica).
Microstructural investigations were carried out after chemical etching by Nital 4 (4% nitric acid in
ethanol) under the same optical microscope. The micrographs of the cross-sections were processed
by Leica Application Suite (LAS, Leica) image analysis software to evaluate the area fraction of
metallographic phases occurring in the induction hardened regions. A mean of 15 micrographs were
analyzed for each component. On the cross-sections, Vickers hardness measurements (HV1) under
1000 grload and 15 s loading time were performed in triplicate at increasing distances from the
worn surfaces (0.2-4.0 mm) by a Future-Tech FM-110 Vickers microindenter (Future-Tech Corp.,
Kawasaki, Japan). The Vickers hardness values were then converted in Rockwell hardness values
according to the standard ASTM E140-12 to verify the required specifications for the induction
hardening treatment.

The 3D surface textures of the outlet/inlet rocker arm pads and exhaust/intake valve stem tips were
evaluated by a Talysurf CCI-Lite non-contact 3D profilometer (Taylor-Hobson, Leicester, UK).
The 3D height parameters Sa (arithmetical mean height of the surface), Sq (root mean square height
of the surface), Ssk (skewness) and Sku (kurtosis) were determined according to the standard ISO
25178. Each value was an average of twenty measurements performed on 1.0x1.0 mm? areas of
both fresh and worn surfaces. To identify the wear mechanisms the worn surfaces were
characterized by a Zeiss EVO MA 15 (Zeiss, Oberkochen, Germany) scanning electron microscopy
(SEM), equipped with an Oxford X-Max 50 (Oxford Instruments, Abingdon-on-Thames, UK)
energy dispersive microprobe for semi-quantitative analyses (EDS). The SEM micrographs were
recorded in secondary electron imaging (SEI-SEM) and back-scattered electron (BSE-SEM) mode.

3. Results

The stereomicroscopy images representing the excessive wear at the induction hardened regions are
shown in Fig. 2a-f. The extent of wear on the surface of the outlet rocker arm pad (Fig. 2(a)) was
greater than that on the surface of the inlet rocker arm pad (Fig. 2(b)). At the exhaust side, the wear
damage was slightly offset from the center of the outlet rocker arm pad; conversely, at the intake
side, the wear damage was located at the center of the inlet rocker arm pad. At exhaust and intake
sides, the depth of wear was higher at the surface regions respectively located at the opposite
directions of the intake and of the exhaust side (white arrows in Fig. 2(a) and (b)). From a
morphological point of view, the worn surface of the outlet/inlet rocker arm pad could be divided
into two zones: the first one (Fig. 2(a), red outline) was shiny with scuffing appearance, whereas the
second one (Fig. 2(a), orange outline) was matted with numerous pits uniformly distributed over the
worn surface. Moreover, on the worn surface of the inlet rocker arm pad (Fig. 2(b)) several
concentric circles were visible. The morphology of the worn surfaces of exhaust and intake valve
stem tips was characterized by the same features observed on the worn surface of the outlet/inlet
rocker arm pad (Fig. 2(c) and (d)). Once again, at the center of the intake valve stem tip many
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concentric circles could be observed (Fig. 2(d)). Concerning the outlet and inlet rocker arm pivot
sockets, excessive wear involved material removal with grooves and scratch marks, mostly parallel
and distributed over the worn surfaces (Fig. 2(e) and (f)).

An example of the microstructure observed on the cross-section of the inlet rocker arm pivot socket
is shown in Fig. 3a-c. Beginning from the worn surface inwards, the microstructure of the induction
hardened region was bainitic-martensitic with some free ferrite (Fig. 3(a)), and that of the transition
region between the induction hardened layer and the unaffected core was upper bainitic with
troostite, again with some free ferrite (Fig. 3(b)). The coarse microstructure of the unaffected core
was ferritic-pearlitic (Fig. 3(c)). The microstructures of the cross-sections of the outlet rocker arm
pivot socket and of the outlet/inlet rocker arm pad were similar. The pushrod ball ends were totally
induction hardened, thus the microstructure was uniformly bainitic-martensitic with some free
ferrite. The mean area fractions in percentage of bainite-martensite and free ferrite occurring in the
induction hardened regions of the outlet/inlet rocker arm pad, outlet/inlet rocker arm pivot socket
and pushrod ball ends are shown in Table 3. The area fraction of free ferrite was the highest
(210%) in the outlet/inlet rocker arm pivot socket, while in the outlet/inlet rocker arm pad and
pushrod ball ends ranged from 3 to 6%.

An example of the banded microstructure observed on a cross-section of the intake valve stem tip is
shown in Fig. 4a-b. The microstructure of the induction hardened region was martensitic with large
primary carbides oriented along the working direction and small secondary carbides located along
the grain boundaries (Fig. 4(a)). The microstructure of the unaffected core was composed of fine
pearlite and globular cementite particles, with a greater amount of oriented large primary carbides
and segregated secondary carbides (Fig. 4(b)). The microstructures of the cross-sections of the
exhaust valve stem tip were similar.

The Vickers hardness profiles of the cross-sections of inlet rocker arm pad, inlet rocker arm pivot
socket, pushrod ball ends, exhaust valve stem tip and intake valve stem tip at different distances
from the worn surfaces are displayed in Fig. Sa-e. For the inlet rocker arm pad and inlet rocker arm
pivot socket, the hardness profiles did not comply with the specifications concerning HRC values
and effective depth required at the induction hardened regions: for the inlet rocker arm pad, the
required HRC values (55-59 HRC, corresponding to 595-674 HV 1) were maintained only up to
about 0.5 mm in depth (Fig. 5(a)); for the inlet rocker arm pivot socket (Fig. 5(b)), the HRC values
were not the required ones and no decrease in hardness was registered from the worn surface to the
core of material. Moreover, the hardness profile of the inlet rocker arm pivot socket (Fig. 5(b))
showed marked discontinuities between 1.1 and 2.6 mm in depth. Overall, the Vickers hardness
profiles showed that HRC values and effective depth were below the required specifications for all
pairs of rocker arms.

The Vickers hardness values of cross-sections of all pushrods (Fig. 5(c)) were more or less constant,
but the related HRC values were below the minimum requirement for the induction hardened region
(58 HRC, corresponding to 653 HV1).

For all exhaust and intake valves (Figs. 5(d) and (e)), the HRC values and effective depth at the
induction hardened regions satisfied the required specifications.

Examples of 3D surface textures of the worn surfaces of the outlet/inlet rocker arm pad and
exhaust/intake valve stem tip are shown as 3D isometric views in Fig. 6a-d. The 3D isometric view
of the surface of the inlet rocker arm pad was apparently less worn in comparison to that of the
other three components. The mean values of the 3D height parameters Sa, Sq, Ssk and Sku of the
fresh and worn surfaces of the outlet/inlet rocker arm pad and exhaust/intake valve stem tip are
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shown in Table 4. For the outlet rocker arm pad and the exhaust/intake valve stem tip, the Sa and Sq
values of the worn surfaces were higher than those of the fresh ones; on the contrary, as previously
mentioned, those of the inlet rocker arm pad were lower than those of the fresh ones. The skewness
(Ssk) of the fresh surfaces was negative, but that of the worn surfaces became positive for all
components except the exhaust valve stem tip. Concerning the kurtosis (Sku), this parameter
exhibited a different behavior: for the outlet/inlet rocker arm pad, Sku values of the fresh surfaces
were higher than those of the worn surfaces (Sku < 3.00), but those of the exhaust/intake valve stem
tip were lower than those of the worn surfaces (Sku > 3.00).

The SEI-SEM micrographs of the worn surfaces of pushrod ball ends are shown in Fig. 7a-c. The
morphology of the worn surface of pushrod ball ends (Fig. 7(a)) was characterized by two features:
material removal by scuffing (Fig. 7(b)) and probably by erosive cutting (Fig. 7(c)). The material
removal by scuffing was associated with linear grooves and scratch marks, mostly parallel and
uniformly distributed over a wide area of the worn surface. All plastically deformed material was
mostly removed by the surface during motion and to a minor extent it accumulated to the sides of
the grooves. The erosive cutting generated a series of ripples oriented along the direction of grooves
and limited to a narrow region of the worn surface. For all pairs of pushrod ball ends and rocker
arm pivot sockets the morphology of the worn surfaces was similar.

The SEM/EDS analysis of the shiny area observed on the worn surface of outlet rocker arm pad
(Fig. 2(a)) indicated material removal by scuffing, as in pushrod ball ends. Concerning the matted
area observed on the worn surface of the same component, the SEI-SEM micrographs showed the
presence of numerous pits, ranging in size from a few tens of micrometers to several hundred
micrometers (Fig. 8(a)). At higher magnification, subsurface interconnected microcracks and
fatigue striations were visible inside the pits (Fig. 8(b)), together with wear particles in the form of
spherical agglomerates (Fig. 9 (left)). The semi-quantitative EDS analysis of spherical agglomerates
indicated the presence of high percentages of oxygen and iron, and traces of manganese, silicon and
calcium (Fig. 9 (right)). For all pairs of outlet/inlet rocker arm pads the morphology of the worn
surfaces was similar.

The morphology of the worn surfaces of all pairs of exhaust/intake valve stem tips was
characterized by the same features identified on the worn surfaces of the outlet/inlet rocker arm
pads, but the grooves, scratch marks and pits were less marked (Figs. 10(a) and (b)).

These worn surfaces were also analyzed by SEM/EDS in back-scattered electron mode (BSE-
SEM), followed by semi-quantitative EDS analysis. In all surfaces, dark and light contrast areas
could be identified (Fig. 11 (left)): the EDS analysis revealed the presence of sulfur, phosphorous,
calcium and zinc in the dark contrast areas, which was related to the residues of lubricant additives

(Fig. 11 (right)).

4. Discussion

A failure analysis process was performed to investigate the excessive wear occurring at rocker
arm/pushrod and rocker arm/valve interfaces of a diesel engine for industrial cleaning machines.
The worn surfaces of the outlet rocker arm pad show a high wear damage due to the harsh chemical
environment and high temperatures occurring at the exhaust side. For the outlet/inlet rocker arm
pad, the position of the wear tracks and the higher wear depth at the surface regions located at the
opposite direction of the intake/exhaust side suggest a misalignment of the valves with respect to
the valve seat inserts. The role of valve seat insert is to avoid direct contact of the valve with the
cylinder head, absorbing part of the combustion heat transferred to the valve and passing it onto the
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cylinder head [12]. Slight misalignments caused by small differences in roundness or valve seating
face angles may lead to uneven wear and non-uniform heat transfer from the valve head to the seat
insert. Eventually, misalignments occurring during assemblage may cause the valve recession into
the seat insert [13,14]. The absence of concentric circles on the wear surfaces of the outlet rocker
arm pad and exhaust valve stem tip, associated to non-rotating valve during engine operation,
support the hypothesis of misalignment, although the concentric circles could have been removed
by scuffing at the rocker arm/valve interface. On the other hand, the concentric circles are visible on
the worn surfaces of the inlet rocker arm pad and intake valve stem tip, thus the valve rotates more
or less correctly, reducing wear and friction [15].

The optical microscope images show some free ferrite at the induction hardened regions of the
outlet/inlet rocker arm and pushrods. The outlet/inlet rocker arm pivot socket contained the highest

percentage of free ferrite (£10%), while the outlet/inlet rocker arm pad and pushrod ball ends had
percentages ranging from 3 to 6%. The induction hardening treatment should involve a rapid
austenitization of the surface of a steel part through the magnetic field of a water-cooled copper coil
(inductor), and then quenching by spraying of water or other fluids [16]. The essential issue is rapid
heating, which shifts to higher values the start temperature for austenite formation (A.;) and the
temperature at which transformation of ferrite to austenite is completed (A.3). More specifically,
A is a function of the heating rate, of the microstructure prior to induction hardening and of the
chemical composition of steel [17]. For the outlet/inlet rocker arm and pushrods composed of
hypoeutectoid carbon steels, the starting microstructures consisted of pearlite and proeutectoid
ferrite. When A, is reached, these phases initiate the transformation into austenite, which occurs
more rapidly in pearlite. The rates of austenitization depend on size and shape of the workpieces, so
the final microstructure and grain size distribution will be non-uniform from the surface to the core
of material [17]. Previous research showed that A.; and A ; temperatures were significantly higher
for an initial microstructure of ferritic-pearlitic type than for a tempered martensitic one [18]. In the
present study, for all pairs of rocker arms unsuitable austenitization temperatures and times left
some of the proeutectoid ferrite untransformed, in the form of free ferrite. The presence of free
ferrite was also probably favored by a design of the inductor shape unsuitable for the induction
hardened regions, especially for those of the rocker arm pivot sockets. Improper austenitization
parameters and/or unsuitable design of the inductor shape could therefore be responsible for the
non-compliance with the required specifications for the induction hardening treatment.

For all components, the scanning electron microscope analyses revealed linear grooves and scratch
marks which were mostly parallel and uniformly distributed over wide areas of the worn surfaces.
These data suggest scuffing as the main failure mode. Scuffing is known to be promoted by the
presence of free ferrite in the microstructure, while pearlite tends to retard it [19]. In boundary
lubrication conditions, it is associated with the progressive desorption of the lubricant at the contact
interface, depending on the interaction among polar constituents of lubricants and surfaces, and on
the rate of destruction and reforming of protective oxides [19]. When scuffing occurs, a severe
surface destruction process is established [20,21], as confirmed by the increase in Sa, Sq and Ssk
parameters from fresh to worn surfaces in the present study. Concerning the worn surfaces of
exhaust/intake valve stem tip, the material removal by scuffing at the rocker arm/valve interface
could be accelerated by the large primary carbides surfacing at the contact interface, identified by
optical microscope observations, and by the Sku values > 3.00, indicating a surface with sharp
peaks and deep valleys [20].
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The SEM/EDS analyses of the worn surfaces at the rocker arm/valve interface also revealed the
presence of numerous pits with subsurface interconnected microcracks and fatigue striations. The
pits contained wear particles in the form of spherical agglomerates identified as iron oxides by EDS
analyses. Pitting is the consequence of fatigue affecting surfaces characterized by non-conformal
contacts [22]. In these conditions, fatigue cracks may nucleate either at the surface or at stress
concentration points at small depths below the surface, such as non-metallic inclusions, precipitates
or pre-existing flaws, and/or soft spots in the microstructure, for example in regions where free
ferrite is present. Cracks then propagate towards the interior of the material and eventually curve
up, producing wear particles and pits [16,22]. Fatigue cracking has been identified by the presence
of fatigue striations inside pits that indicate the periodic advance of the crack front during cyclic
loading. In all surfaces, residues of lubricant additive containing sulfur, phosphorous, calcium and
zinc were detected, attributable to Zinc Dialkyl Dithio Phosphate (ZDDP) anti-wear additives.
Previous research showed that ZDDP additives may promote fatigue crack initiation by preventing
surface roughness reduction during running-in, or by creating corrosion pits on the contact surfaces
[23,24]. Due to the high pressure at these surfaces, the lubricant flows into cracks, exerting a
pumping effect which increases the driving force for crack propagation [25].

Finally, in some narrow regions of the worn surfaces of pushrod ball ends and rocker arm pivot
sockets, a series of ripples oriented along the direction of grooves were observed, generated by
erosive cutting. For ductile materials, these ripples may be the product of free moving particles
transported by the lubricant and wearing out the softer surface [19].

5. Conclusions

A failure analysis of rocker arms, pushrods and valves collected from a four-cylinder diesel engine
for industrial cleaning machines was performed to investigate the causes of excessive wear
occurring at the rocker arm/pushrod and rocker arm/valve interfaces, after only 1000 hours of
engine operation. Based on the results, the following conclusions can be drawn:

- the non-uniform wear damage detected at the rocker arm/valve interface suggests a
misalignment of the valves with respect to the valve seat inserts;

- improper austenitization parameters and/or unsuitable design of the inductor shape left some
free ferrite at the induction hardened regions of the rocker arms and pushrods. This faulty
procedure could be responsible for non-compliance with required specifications for the
induction hardening treatment;

- the presence of free ferrite at the induction hardened regions of rocker arms favors the
material removal by scuffing and the initiation of fatigue cracks at the rocker arm/valve
interface. The propagation of cracks is promoted by the pumping effect exerted by the
ZDDP anti-wear additives;

- at the rocker arm/pushrod interface the wear damage is caused by material removal by
scuffing and probably also by erosive cutting caused by free moving particles transported by
the lubricant.
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FIGURE CAPTIONS

Fig. 1. Schematic representation of outlet/inlet rocker arm and parts of pushrod and exhaust/intake
valve. The dashed lines enclose the regions with worn surfaces. A: outlet/inlet rocker arm pad. B:
exhaust/intake valve stem tip. C: outlet/inlet rocker arm pivot socket. D: pushrod ball end.

Fig. 2. Stereomicroscopic images representing the excessive wear at the induction hardened
regions: (a) outlet rocker arm pad; (b) inlet rocker arm pad; (c) exhaust valve stem tip; (d) intake
valve stem tip; (e) outlet rocker arm pivot socket; (f) inlet rocker arm pivot socket. In (a) and (b)
white arrows indicate the surface regions respectively located at the opposite directions of the
intake and of the exhaust side, and in (a) the red and orange dashed lines enclose regions with
different morphological features.

Fig. 3. Optical micrographs of the microstructure observed in cross-sections of the inlet rocker arm
pivot socket. From the worn surface inwards: (a) induction hardened region with free ferrite (white
areas); (b) transition region between the induction hardened layer and the unaffected core, with
troostite (dark grey clusters) and free ferrite (white areas); (c) unaffected core.

Fig. 4. Optical micrographs of the microstructure observed in cross-sections of the intake valve
stem tip. From the worn surface inwards: induction hardened region (a) and unaffected core (b)
with primary and secondary carbides (white areas).

Fig. 5. Vickers hardness profiles of the cross-sections of inlet rocker arm pad (a), inlet rocker arm
pivot socket (b), pushrod ball ends (c), exhaust valve stem tip (d) and intake valve stem tip (¢), at a
distance (mm) from the worn surfaces. Error bars represent standard deviation.

Fig. 6. The 3D isometric views of the worn surfaces of the outlet rocker arm pad (a), inlet rocker arm
pad (b), exhaust valve stem tip (c) and intake valve stem tip (d).

Fig. 7. SEI-EM micrographs of the worn surface of pushrod ball ends: (a) overview of worn
surface; (b) detail of the surface showing material removal by scuffing with parallel grooves and
scratch marks; (c) detail of the surface showing erosive cutting with ripples oriented along the
direction of grooves.

Fig. 8. SEI-SEM micrographs of the matted area with pits observed on the worn surface of outlet
rocker arm pad: (a) overview of pits; (b) details of the subsurface of a pit showing interconnected
microcracks and fatigue striations.

Fig. 9. SEI-SEM micrograph of a wear particle in form of a spherical agglomerate detected inside a
pit of the matted area on the worn surface of outlet rocker arm pad (left) and semi-quantitative EDS

analysis of the spherical agglomerate (right).

Fig. 10. SEI-SEM micrographs of the worn surface of an exhaust valve stem tip: (a) detail of
grooves and scratch marks; (b) detail of pits.
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412  Fig. 11. BSE-SEM micrograph of the worn surface of an intake valve stem tip (left) and semi-
413  quantitative EDS analyses of dark (A) and light (B) contrast areas in the same surface (right).
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Table 1 Chemical composition (wt%) of steel types of the worn components of a four-cylinder diesel
engine for industrial cleaning machines.

Component C S Mn Si Cr Ni Mo Cu Fe
Outlet/Inlet 042 0020 071 016 013 008 <003 017 balance
Rocker arm

Pushrods 037 <0.002 0.67 0.20 0.19 0.07 0.06 0.14 balance

Exhaust valve 0.50 0.006 047 334  7.68 0.13 0.03 0.03  balance

Intake valve 0.88 <0.002 0.60 0.61 16.15 0.13 1.75 0.05 balance




Table 2 Required specifications concerning Rockwell hardness values (HRC) and effective depth
(mm) of the regions undergoing induction hardening treatment.

Induction hardened region HRC Effective depth (mm)
Outlet/Inlet
- 2.

Rocker arm pad 55-59 0
Outlet/Inlet

. - 2.
Rocker arm pivot socket 55-59 0
Pushrod ball ends > 58 -
Exhaust valve stem tip >54 0.8
Intake valve stem tip > 48 0.8

* No effective depth could be established because the pushrod ball ends were totally induction hardened.



Table 3 Mean area fractions (%) + standard deviation (SD) of bainite-martensite and free ferrite in
the induction hardened regions of the outlet/inlet rocker arm pad, outlet/inlet rocker arm pivot
socket and pushrod ball ends. Each area fraction was evaluated on wide areas (1.0x0.5 mm?) of the
cross-sections by image analysis software.

Bainite-martensite Free ferrite
Induction hardened region
Mean SD Mean SD
Outlet rocker arm pad 95.12 0.78 4.88 0.78
Inlet rocker arm pad 94.26 0.44 5.74 0.44
Outlet rocker arm pivot socket 90.10 0.97 9.90 0.97
Inlet rocker arm pivot socket 90.35 0.72 9.65 0.72

Pushrod ball ends 96.17 0.69 3.83 0.69



Table 4 Mean Sa (um), Sq (um), Ssk and Sku + standard deviation (SD) of the fresh and worn surfaces of the outlet/inlet rocker arm pad and

exhaust/intake valve stem tip.

Induction hardened region

Ssk

Sku

Mean SD Mean SD Mean SD Mean SD

Outlet rocker arm bad Fresh surface 0.78 0.07 1.00 0.09 -0.56 0.26 3.59 0.55
P Worn surface 1.49 0.26 1.81 0.30 0.14 0.21 2.57 0.21

Inlet rocker arm pad Fresh surface 0.74 0.05 0.91 0.07 -0.42 0.14 2.87 0.42
ockeratmp Worn surface 0.42 0.12 0.50 0.16 0.27 0.15 2.46 0.24
Exhaust valve stem {i Fresh surface 0.63 0.05 0.81 0.08 -0.30 0.17 2.22 0.20
p Worn surface 1.16 0.21 1.47 0.30 -0.26 0.51 3.74 1.10

Intake valve stem £i Fresh surface 0.65 0.04 0.86 0.05 -0.35 0.15 2.25 0.21
v p Worn surface 0.72 0.13 0.90 0.14 0.18 0.40 3.10 0.45



