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REVIEWER 1

This is an interesting paper concerned with the failure of worn valve train components of diesel 
engine. The components failed by excessive wear and the failure was influenced by material removal 
by scuffing and probably also by erosive cutting caused by free moving particles transported by the 
lubricant.
The paper is well written and is topical. The quality of English is good, with few or no significant 
grammatical errors. The conclusions are well written and are supported by the evidence presented. 
The paper makes an interesting and reasonably complete case study that is useful to workers in the 
field.
I recommend that the paper be accepted without alteration.

We thank the Reviewer for his/her favorable comments and his/her positive evaluation. We are glad for 
his/her appreciation of our study.

REVIEWER 2

Some minor editorial issues for instance:

274-275 "…up, producing wear particles and pits [16,22]. The intermittent propagation of fatigue 
cracks during each cycle has been observed in this study by the presence of fatigue striations inside 
pits. In all…". There one fatigue striation does not necessarily mean one load cycle. This may be better 
stated as "Fatigue cracking was identified by the presence of fatigue striations that indicate the 
periodic advance of the crack front during cyclic loading.".

Following the Reviewer’s suggestion, we amended the sentence as follows:

“...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…”.

298 - "…the permanence of free ferrite at the induction hardened regions of rocker arms favors the..." 
I believe permanence should actually be presence.

According to the Reviewer’s suggestion, we amended the sentence as follows:

“...the presence of free ferrite at the induction hardened regions of rocker arms favors the…”.



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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22 Abstract
23 This work investigates the causes of excessive wear occurring at the rocker arm/pushrod and rocker 
24 arm/valve interfaces of a diesel engine for industrial cleaning machines, after only 1000 hours of 
25 engine operation. In this engine, the recent replacement of tappets by hydraulic valve lifters not 
26 only reduced the running time but also required supplementary maintenance. The chemical 
27 composition of the worn components was verified by optical emission spectroscopy. The 
28 microstructures, mechanical properties and surface textures were determined by optical microscopy, 
29 Vickers hardness and non-contact 3D profilometry. To evaluate the wear mechanisms, the worn 
30 surfaces were analyzed by scanning electron microscopy with energy dispersive spectroscopy. The 
31 results indicated non-uniform wear damage at the rocker arm/valve interface, probably due to a 
32 misalignment of valves with respect to valve seat inserts. For rocker arms and pushrods, improper 
33 austenitization parameters and/or unsuitable design of the inductor left some free ferrite, responsible 
34 for non-compliance with required specifications for the induction hardening treatment. All worn 
35 surfaces were characterized by material removal by scuffing; initiation of fatigue cracks was also 
36 observed at the rocker arm/valve interface, and probably erosive cutting occurred at the rocker 
37 arm/pushrod interface. 
38
39
40 Keywords: Failure analysis; Diesel engine; Microstructures; Scuffing; SEM/EDS
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42 1. Introduction
43 Diesel engines for industrial machines generally undergo heavy using conditions, thus wear may 
44 quickly jeopardize their functions unless carefully monitored and controlled. From a tribological 
45 point of view, since 1950 the use of more efficient fuels and compact engines with low 
46 environmental impact caused an increase of specific loads, operative velocity and temperature of all 
47 components subject to wear and friction. Moreover, the use of low-viscosity lubricating oils 
48 necessarily has led to a reduction of lubricating film thickness between the contact surfaces in 
49 reciprocating sliding motion [1]. The cost of diesel engines has been greatly affected by the 
50 increasing demand for long duration and prolonged maintenance intervals [2,3]. The increasing 
51 request by laws and customers for abatement of pollutant emissions has also favored the 
52 development of several technologies to eliminate soot, mostly produced by obstruction of injectors 
53 and accumulation of carbon particles in manifolds [4]. Soot particulate emissions are known to 
54 reduce wear and fatigue resistance of diesel engine components due to the interactions between 
55 soot, metal and lubricant additives or among soot particles [5-8]. 
56 Recently, modeling and simulation in engine designing have emerged as important tools for 
57 optimizing and predicting wear of mechanical systems under variable load and/or sliding speed. For 
58 example, a model of rigid body mechanics was used to simulate the contact between the rocker arm 
59 pad and the valve bridge in the cam mechanism of a diesel engine: the results showed that the 
60 radius and the center position of the wear pad influenced the maximum wear depth and distribution 
61 [9]. When a re-design of the tribological system is required, it is advisable to perform a control of 
62 the wear mechanism in real components, where the main cause of failure is faulty manufacturing 
63 involving cracks, stress concentration or improper heat treatments. The failure analysis of two 
64 rocker arms from heavy duty diesel engines [10] showed a banded microstructure and the 
65 spheroidization of cementite in pearlite, deriving from an unsuitable normalizing heat treatment. 
66 These metallurgical defects lowered fatigue strength and favored initiation and growth of fatigue 
67 cracks with multiple origins. Another study attributed to stress concentration the failure by fatigue 
68 of a diesel engine rocker arm [11].
69 The present study investigates the causes of excessive wear occurring at rocker arm/pushrod and 
70 rocker arm/valve interfaces of a diesel engine for industrial cleaning machines. In this engine, the 
71 recent replacement of tappets by hydraulic valve lifters not only reduced the running time but also 
72 required supplementary maintenance. The chemical composition of the worn components was 
73 determined by optical emission spectroscopy (OES) and the microstructures were identified by 
74 optical microscopy (OM). Vickers hardness and surface texture measurements were also performed. 
75 Finally, to determine the wear mechanisms the worn surfaces were studied at high magnification by 
76 scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS). 
77
78 2. Material and methods
79 Four pairs of rocker arms, pushrods and valves were collected from a four-cylinder diesel engine 
80 for industrial cleaning machines. In this engine, all clearances at the induction hardened regions 
81 were set back to zero due to excessive wear after only 1000 hours of engine operation. A schematic 
82 representation of the outlet/inlet rocker arm and parts of the pushrod and exhaust/intake valve is 
83 shown in Fig. 1, together with an indication of the regions with worn surfaces. The outlet/inlet 
84 rocker arm, pushrods and the exhaust and intake valves were prepared for analysis of the chemical 
85 composition of the steel types by optical emission spectroscopy (OES) through a SPECTROLAB 
86 analyzer (SPECTRO Analytical Instruments GmbH, Kleve, Germany). The details of chemical 
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87 composition of the different steel types are shown in Table 1. In order to increase surface hardness 
88 and contact fatigue resistance, in this engine some regions of the outlet/inlet rocker arm pad, the 
89 outlet/inlet rocker arm pivot socket, the pushrod ball ends and the exhaust/intake valve stem tip 
90 were induction hardened. The required specifications concerning Rockwell hardness values (HRC) 
91 and effective depth of the regions undergoing induction hardening treatment are shown in Table 2.
92 The worn surfaces were first observed by a Leica MZ6 (Leica, Wetzlar, Germany) 
93 stereomicroscope. To determine the microstructures of alloys, longitudinal sections (parallel to the 
94 metal surface) and cross-sections (perpendicular to the metal surface) of the samples were prepared, 
95 mounted in resin, polished and analyzed by a Leica MEF4M optical microscope (Leica). 
96 Microstructural investigations were carried out after chemical etching by Nital 4 (4% nitric acid in 
97 ethanol) under the same optical microscope. The micrographs of the cross-sections were processed 
98 by Leica Application Suite (LAS, Leica) image analysis software to evaluate the area fraction of 
99 metallographic phases occurring in the induction hardened regions. A mean of 15 micrographs were 

100 analyzed for each component. On the cross-sections, Vickers hardness measurements (HV1) under 
101 1000 gf load and 15 s loading time were performed in triplicate at increasing distances from the 
102 worn surfaces (0.2-4.0 mm) by a Future-Tech FM-110 Vickers microindenter (Future-Tech Corp., 
103 Kawasaki, Japan). The Vickers hardness values were then converted in Rockwell hardness values 
104 according to the standard ASTM E140-12 to verify the required specifications for the induction 
105 hardening treatment.
106 The 3D surface textures of the outlet/inlet rocker arm pads and exhaust/intake valve stem tips were 
107 evaluated by a Talysurf CCI-Lite non-contact 3D profilometer (Taylor-Hobson, Leicester, UK). 
108 The 3D height parameters Sa (arithmetical mean height of the surface), Sq (root mean square height 
109 of the surface), Ssk (skewness) and Sku (kurtosis) were determined according to the standard ISO 
110 25178. Each value was an average of twenty measurements performed on 1.0x1.0 mm2 areas of 
111 both fresh and worn surfaces. To identify the wear mechanisms the worn surfaces were 
112 characterized by a Zeiss EVO MA 15 (Zeiss, Oberkochen, Germany) scanning electron microscopy 
113 (SEM), equipped with an Oxford X-Max 50 (Oxford Instruments, Abingdon-on-Thames, UK) 
114 energy dispersive microprobe for semi-quantitative analyses (EDS). The SEM micrographs were 
115 recorded in secondary electron imaging (SEI-SEM) and back-scattered electron (BSE-SEM) mode.
116
117 3. Results
118 The stereomicroscopy images representing the excessive wear at the induction hardened regions are 
119 shown in Fig. 2a-f. The extent of wear on the surface of the outlet rocker arm pad (Fig. 2(a)) was 
120 greater than that on the surface of the inlet rocker arm pad (Fig. 2(b)). At the exhaust side, the wear 
121 damage was slightly offset from the center of the outlet rocker arm pad; conversely, at the intake 
122 side, the wear damage was located at the center of the inlet rocker arm pad. At exhaust and intake 
123 sides, the depth of wear was higher at the surface regions respectively located at the opposite 
124 directions of the intake and of the exhaust side (white arrows in Fig. 2(a) and (b)). From a 
125 morphological point of view, the worn surface of the outlet/inlet rocker arm pad could be divided 
126 into two zones: the first one (Fig. 2(a), red outline) was shiny with scuffing appearance, whereas the 
127 second one (Fig. 2(a), orange outline) was matted with numerous pits uniformly distributed over the 
128 worn surface. Moreover, on the worn surface of the inlet rocker arm pad (Fig. 2(b)) several 
129 concentric circles were visible. The morphology of the worn surfaces of exhaust and intake valve 
130 stem tips was characterized by the same features observed on the worn surface of the outlet/inlet 
131 rocker arm pad (Fig. 2(c) and (d)). Once again, at the center of the intake valve stem tip many 
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132 concentric circles could be observed (Fig. 2(d)). Concerning the outlet and inlet rocker arm pivot 
133 sockets, excessive wear involved material removal with grooves and scratch marks, mostly parallel 
134 and distributed over the worn surfaces (Fig. 2(e) and (f)).
135 An example of the microstructure observed on the cross-section of the inlet rocker arm pivot socket 
136 is shown in Fig. 3a-c. Beginning from the worn surface inwards, the microstructure of the induction 
137 hardened region was bainitic-martensitic with some free ferrite (Fig. 3(a)), and that of the transition 
138 region between the induction hardened layer and the unaffected core was upper bainitic with 
139 troostite, again with some free ferrite (Fig. 3(b)). The coarse microstructure of the unaffected core 
140 was ferritic-pearlitic (Fig. 3(c)). The microstructures of the cross-sections of the outlet rocker arm 
141 pivot socket and of the outlet/inlet rocker arm pad were similar. The pushrod ball ends were totally 
142 induction hardened, thus the microstructure was uniformly bainitic-martensitic with some free 
143 ferrite. The mean area fractions in percentage of bainite-martensite and free ferrite occurring in the 
144 induction hardened regions of the outlet/inlet rocker arm pad, outlet/inlet rocker arm pivot socket 
145 and pushrod ball ends are shown in Table 3. The area fraction of free ferrite was the highest 
146 (≅10%) in the outlet/inlet rocker arm pivot socket, while in the outlet/inlet rocker arm pad and 
147 pushrod ball ends ranged from 3 to 6%.
148 An example of the banded microstructure observed on a cross-section of the intake valve stem tip is 
149 shown in Fig. 4a-b. The microstructure of the induction hardened region was martensitic with large 
150 primary carbides oriented along the working direction and small secondary carbides located along 
151 the grain boundaries (Fig. 4(a)). The microstructure of the unaffected core was composed of fine 
152 pearlite and globular cementite particles, with a greater amount of oriented large primary carbides 
153 and segregated secondary carbides (Fig. 4(b)). The microstructures of the cross-sections of the 
154 exhaust valve stem tip were similar.
155 The Vickers hardness profiles of the cross-sections of inlet rocker arm pad, inlet rocker arm pivot 
156 socket, pushrod ball ends, exhaust valve stem tip and intake valve stem tip at different distances 
157 from the worn surfaces are displayed in Fig. 5a-e. For the inlet rocker arm pad and inlet rocker arm 
158 pivot socket, the hardness profiles did not comply with the specifications concerning HRC values 
159 and effective depth required at the induction hardened regions: for the inlet rocker arm pad, the 
160 required HRC values (55-59 HRC, corresponding to 595-674 HV1) were maintained only up to 
161 about 0.5 mm in depth (Fig. 5(a)); for the inlet rocker arm pivot socket (Fig. 5(b)), the HRC values 
162 were not the required ones and no decrease in hardness was registered from the worn surface to the 
163 core of material. Moreover, the hardness profile of the inlet rocker arm pivot socket (Fig. 5(b)) 
164 showed marked discontinuities between 1.1 and 2.6 mm in depth. Overall, the Vickers hardness 
165 profiles showed that HRC values and effective depth were below the required specifications for all 
166 pairs of rocker arms. 
167 The Vickers hardness values of cross-sections of all pushrods (Fig. 5(c)) were more or less constant, 
168 but the related HRC values were below the minimum requirement for the induction hardened region 
169 (58 HRC, corresponding to 653 HV1). 
170 For all exhaust and intake valves (Figs. 5(d) and (e)), the HRC values and effective depth at the 
171 induction hardened regions satisfied the required specifications.
172 Examples of 3D surface textures of the worn surfaces of the outlet/inlet rocker arm pad and 
173 exhaust/intake valve stem tip are shown as 3D isometric views in Fig. 6a-d. The 3D isometric view 
174 of the surface of the inlet rocker arm pad was apparently less worn in comparison to that of the 
175 other three components. The mean values of the 3D height parameters Sa, Sq, Ssk and Sku of the 
176 fresh and worn surfaces of the outlet/inlet rocker arm pad and exhaust/intake valve stem tip are 
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177 shown in Table 4. For the outlet rocker arm pad and the exhaust/intake valve stem tip, the Sa and Sq 
178 values of the worn surfaces were higher than those of the fresh ones; on the contrary, as previously 
179 mentioned, those of the inlet rocker arm pad were lower than those of the fresh ones. The skewness 
180 (Ssk) of the fresh surfaces was negative, but that of the worn surfaces became positive for all 
181 components except the exhaust valve stem tip. Concerning the kurtosis (Sku), this parameter 
182 exhibited a different behavior: for the outlet/inlet rocker arm pad, Sku values of the fresh surfaces 
183 were higher than those of the worn surfaces (Sku < 3.00), but those of the exhaust/intake valve stem 
184 tip were lower than those of the worn surfaces (Sku > 3.00).
185 The SEI-SEM micrographs of the worn surfaces of pushrod ball ends are shown in Fig. 7a-c. The 
186 morphology of the worn surface of pushrod ball ends (Fig. 7(a)) was characterized by two features: 
187 material removal by scuffing (Fig. 7(b)) and probably by erosive cutting (Fig. 7(c)). The material 
188 removal by scuffing was associated with linear grooves and scratch marks, mostly parallel and 
189 uniformly distributed over a wide area of the worn surface. All plastically deformed material was 
190 mostly removed by the surface during motion and to a minor extent it accumulated to the sides of 
191 the grooves. The erosive cutting generated a series of ripples oriented along the direction of grooves 
192 and limited to a narrow region of the worn surface. For all pairs of pushrod ball ends and rocker 
193 arm pivot sockets the morphology of the worn surfaces was similar.
194 The SEM/EDS analysis of the shiny area observed on the worn surface of outlet rocker arm pad 
195 (Fig. 2(a)) indicated material removal by scuffing, as in pushrod ball ends. Concerning the matted 
196 area observed on the worn surface of the same component, the SEI-SEM micrographs showed the 
197 presence of numerous pits, ranging in size from a few tens of micrometers to several hundred 
198 micrometers (Fig. 8(a)). At higher magnification, subsurface interconnected microcracks and 
199 fatigue striations were visible inside the pits (Fig. 8(b)), together with wear particles in the form of 
200 spherical agglomerates (Fig. 9 (left)). The semi-quantitative EDS analysis of spherical agglomerates 
201 indicated the presence of high percentages of oxygen and iron, and traces of manganese, silicon and 
202 calcium (Fig. 9 (right)). For all pairs of outlet/inlet rocker arm pads the morphology of the worn 
203 surfaces was similar.
204 The morphology of the worn surfaces of all pairs of exhaust/intake valve stem tips was 
205 characterized by the same features identified on the worn surfaces of the outlet/inlet rocker arm 
206 pads, but the grooves, scratch marks and pits were less marked (Figs. 10(a) and (b)). 
207 These worn surfaces were also analyzed by SEM/EDS in back-scattered electron mode (BSE-
208 SEM), followed by semi-quantitative EDS analysis. In all surfaces, dark and light contrast areas 
209 could be identified (Fig. 11 (left)): the EDS analysis revealed the presence of sulfur, phosphorous, 
210 calcium and zinc in the dark contrast areas, which was related to the residues of lubricant additives 
211 (Fig. 11 (right)).
212
213 4. Discussion
214 A failure analysis process was performed to investigate the excessive wear occurring at rocker 
215 arm/pushrod and rocker arm/valve interfaces of a diesel engine for industrial cleaning machines. 
216 The worn surfaces of the outlet rocker arm pad show a high wear damage due to the harsh chemical 
217 environment and high temperatures occurring at the exhaust side. For the outlet/inlet rocker arm 
218 pad, the position of the wear tracks and the higher wear depth at the surface regions located at the 
219 opposite direction of the intake/exhaust side suggest a misalignment of the valves with respect to 
220 the valve seat inserts. The role of valve seat insert is to avoid direct contact of the valve with the 
221 cylinder head, absorbing part of the combustion heat transferred to the valve and passing it onto the 
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222 cylinder head [12]. Slight misalignments caused by small differences in roundness or valve seating 
223 face angles may lead to uneven wear and non-uniform heat transfer from the valve head to the seat 
224 insert. Eventually, misalignments occurring during assemblage may cause the valve recession into 
225 the seat insert [13,14]. The absence of concentric circles on the wear surfaces of the outlet rocker 
226 arm pad and exhaust valve stem tip, associated to non-rotating valve during engine operation, 
227 support the hypothesis of misalignment, although the concentric circles could have been removed 
228 by scuffing at the rocker arm/valve interface. On the other hand, the concentric circles are visible on 
229 the worn surfaces of the inlet rocker arm pad and intake valve stem tip, thus the valve rotates more 
230 or less correctly, reducing wear and friction [15]. 
231 The optical microscope images show some free ferrite at the induction hardened regions of the 
232 outlet/inlet rocker arm and pushrods. The outlet/inlet rocker arm pivot socket contained the highest 
233 percentage of free ferrite (≅10%), while the outlet/inlet rocker arm pad and pushrod ball ends had 
234 percentages ranging from 3 to 6%. The induction hardening treatment should involve a rapid 
235 austenitization of the surface of a steel part through the magnetic field of a water-cooled copper coil 
236 (inductor), and then quenching by spraying of water or other fluids [16]. The essential issue is rapid 
237 heating, which shifts to higher values the start temperature for austenite formation (Ac1) and the 
238 temperature at which transformation of ferrite to austenite is completed (Ac3). More specifically, 
239 Ac1 is a function of the heating rate, of the microstructure prior to induction hardening and of the 
240 chemical composition of steel [17]. For the outlet/inlet rocker arm and pushrods composed of 
241 hypoeutectoid carbon steels, the starting microstructures consisted of pearlite and proeutectoid 
242 ferrite. When Ac1 is reached, these phases initiate the transformation into austenite, which occurs 
243 more rapidly in pearlite. The rates of austenitization depend on size and shape of the workpieces, so 
244 the final microstructure and grain size distribution will be non-uniform from the surface to the core 
245 of material [17]. Previous research showed that Ac1 and Ac3 temperatures were significantly higher 
246 for an initial microstructure of ferritic-pearlitic type than for a tempered martensitic one [18]. In the 
247 present study, for all pairs of rocker arms unsuitable austenitization temperatures and times left 
248 some of the proeutectoid ferrite untransformed, in the form of free ferrite. The presence of free 
249 ferrite was also probably favored by a design of the inductor shape unsuitable for the induction 
250 hardened regions, especially for those of the rocker arm pivot sockets. Improper austenitization 
251 parameters and/or unsuitable design of the inductor shape could therefore be responsible for the 
252 non-compliance with the required specifications for the induction hardening treatment.
253 For all components, the scanning electron microscope analyses revealed linear grooves and scratch 
254 marks which were mostly parallel and uniformly distributed over wide areas of the worn surfaces. 
255 These data suggest scuffing as the main failure mode. Scuffing is known to be promoted by the 
256 presence of free ferrite in the microstructure, while pearlite tends to retard it [19]. In boundary 
257 lubrication conditions, it is associated with the progressive desorption of the lubricant at the contact 
258 interface, depending on the interaction among polar constituents of lubricants and surfaces, and on 
259 the rate of destruction and reforming of protective oxides [19]. When scuffing occurs, a severe 
260 surface destruction process is established [20,21], as confirmed by the increase in Sa, Sq and Ssk 
261 parameters from fresh to worn surfaces in the present study. Concerning the worn surfaces of 
262 exhaust/intake valve stem tip, the material removal by scuffing at the rocker arm/valve interface 
263 could be accelerated by the large primary carbides surfacing at the contact interface, identified by 
264 optical microscope observations, and by the Sku values > 3.00, indicating a surface with sharp 
265 peaks and deep valleys [20].
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266 The SEM/EDS analyses of the worn surfaces at the rocker arm/valve interface also revealed the 
267 presence of numerous pits with subsurface interconnected microcracks and fatigue striations. The 
268 pits contained wear particles in the form of spherical agglomerates identified as iron oxides by EDS 
269 analyses. Pitting is the consequence of fatigue affecting surfaces characterized by non-conformal 
270 contacts [22]. In these conditions, fatigue cracks may nucleate either at the surface or at stress 
271 concentration points at small depths below the surface, such as non-metallic inclusions, precipitates 
272 or pre-existing flaws, and/or soft spots in the microstructure, for example in regions where free 
273 ferrite is present. Cracks then propagate towards the interior of the material and eventually curve 
274 up, producing wear particles and pits [16,22]. Fatigue cracking has been identified by the presence 
275 of fatigue striations inside pits that indicate the periodic advance of the crack front during cyclic 
276 loading. In all surfaces, residues of lubricant additive containing sulfur, phosphorous, calcium and 
277 zinc were detected, attributable to Zinc Dialkyl Dithio Phosphate (ZDDP) anti-wear additives. 
278 Previous research showed that ZDDP additives may promote fatigue crack initiation by preventing 
279 surface roughness reduction during running-in, or by creating corrosion pits on the contact surfaces 
280 [23,24]. Due to the high pressure at these surfaces, the lubricant flows into cracks, exerting a 
281 pumping effect which increases the driving force for crack propagation [25].
282 Finally, in some narrow regions of the worn surfaces of pushrod ball ends and rocker arm pivot 
283 sockets, a series of ripples oriented along the direction of grooves were observed, generated by 
284 erosive cutting. For ductile materials, these ripples may be the product of free moving particles 
285 transported by the lubricant and wearing out the softer surface [19].
286
287 5. Conclusions
288 A failure analysis of rocker arms, pushrods and valves collected from a four-cylinder diesel engine 
289 for industrial cleaning machines was performed to investigate the causes of excessive wear 
290 occurring at the rocker arm/pushrod and rocker arm/valve interfaces, after only 1000 hours of 
291 engine operation. Based on the results, the following conclusions can be drawn:
292 - the non-uniform wear damage detected at the rocker arm/valve interface suggests a 
293 misalignment of the valves with respect to the valve seat inserts;
294 - improper austenitization parameters and/or unsuitable design of the inductor shape left some 
295 free ferrite at the induction hardened regions of the rocker arms and pushrods. This faulty 
296 procedure could be responsible for non-compliance with required specifications for the 
297 induction hardening treatment;
298 - the presence of free ferrite at the induction hardened regions of rocker arms favors the 
299 material removal by scuffing and the initiation of fatigue cracks at the rocker arm/valve 
300 interface. The propagation of cracks is promoted by the pumping effect exerted by the 
301 ZDDP anti-wear additives;
302 - at the rocker arm/pushrod interface the wear damage is caused by material removal by 
303 scuffing and probably also by erosive cutting caused by free moving particles transported by 
304 the lubricant.
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367 FIGURE CAPTIONS
368
369 Fig. 1. Schematic representation of outlet/inlet rocker arm and parts of pushrod and exhaust/intake 
370 valve. The dashed lines enclose the regions with worn surfaces. A: outlet/inlet rocker arm pad. B: 
371 exhaust/intake valve stem tip. C: outlet/inlet rocker arm pivot socket. D: pushrod ball end.
372
373 Fig. 2. Stereomicroscopic images representing the excessive wear at the induction hardened 
374 regions: (a) outlet rocker arm pad; (b) inlet rocker arm pad; (c) exhaust valve stem tip; (d) intake 
375 valve stem tip; (e) outlet rocker arm pivot socket; (f) inlet rocker arm pivot socket. In (a) and (b) 
376 white arrows indicate the surface regions respectively located at the opposite directions of the 
377 intake and of the exhaust side, and in (a) the red and orange dashed lines enclose regions with 
378 different morphological features.
379
380 Fig. 3. Optical micrographs of the microstructure observed in cross-sections of the inlet rocker arm 
381 pivot socket. From the worn surface inwards: (a) induction hardened region with free ferrite (white 
382 areas); (b) transition region between the induction hardened layer and the unaffected core, with 
383 troostite (dark grey clusters) and free ferrite (white areas); (c) unaffected core.
384
385 Fig. 4. Optical micrographs of the microstructure observed in cross-sections of the intake valve 
386 stem tip. From the worn surface inwards: induction hardened region (a) and unaffected core (b) 
387 with primary and secondary carbides (white areas).
388
389 Fig. 5. Vickers hardness profiles of the cross-sections of inlet rocker arm pad (a), inlet rocker arm 
390 pivot socket (b), pushrod ball ends (c), exhaust valve stem tip (d) and intake valve stem tip (e), at a 
391 distance (mm) from the worn surfaces. Error bars represent standard deviation.
392
393 Fig. 6. The 3D isometric views of the worn surfaces of the outlet rocker arm pad (a), inlet rocker arm 
394 pad (b), exhaust valve stem tip (c) and intake valve stem tip (d).
395
396 Fig. 7. SEI-EM micrographs of the worn surface of pushrod ball ends: (a) overview of worn 
397 surface; (b) detail of the surface showing material removal by scuffing with parallel grooves and 
398 scratch marks; (c) detail of the surface showing erosive cutting with ripples oriented along the 
399 direction of grooves.
400
401 Fig. 8. SEI-SEM micrographs of the matted area with pits observed on the worn surface of outlet 
402 rocker arm pad: (a) overview of pits; (b) details of the subsurface of a pit showing interconnected 
403 microcracks and fatigue striations.
404
405 Fig. 9. SEI-SEM micrograph of a wear particle in form of a spherical agglomerate detected inside a 
406 pit of the matted area on the worn surface of outlet rocker arm pad (left) and semi-quantitative EDS 
407 analysis of the spherical agglomerate (right).
408
409 Fig. 10. SEI-SEM micrographs of the worn surface of an exhaust valve stem tip: (a) detail of 
410 grooves and scratch marks; (b) detail of pits.
411
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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).

























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 
Rocker arm

0.42 0.020 0.71 0.16 0.13 0.08 < 0.03 0.17 balance

Pushrods 0.37 < 0.002 0.67 0.20 0.19 0.07 0.06 0.14 balance

Exhaust valve 0.50 0.006 0.47 3.34 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
Rocker arm pad

55-59 2.0

Outlet/Inlet
Rocker arm pivot socket

55-59 2.0

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 mm2) 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 (μm), Sq (μm), 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.

Sa (μm) Sq (μm) Ssk Sku
Induction hardened region

Mean SD Mean SD Mean SD Mean SD

Fresh surface 0.78 0.07 1.00 0.09 -0.56 0.26 3.59 0.55
Outlet rocker arm pad

Worn surface 1.49 0.26 1.81 0.30 0.14 0.21 2.57 0.21

Fresh surface 0.74 0.05 0.91 0.07 -0.42 0.14 2.87 0.42
Inlet rocker arm pad

Worn surface 0.42 0.12 0.50 0.16 0.27 0.15 2.46 0.24

Fresh surface 0.63 0.05 0.81 0.08 -0.30 0.17 2.22 0.20
Exhaust valve stem tip

Worn surface 1.16 0.21 1.47 0.30 -0.26 0.51 3.74 1.10

Fresh surface 0.65 0.04 0.86 0.05 -0.35 0.15 2.25 0.21
Intake valve stem tip

Worn surface 0.72 0.13 0.90 0.14 0.18 0.40 3.10 0.45


