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Abstract

The main objective of this paper is to study and experimentally quantify the cam and follower wear mechanisms of a diesel direct
valve-gear. Camshafts are made of nodular cast iron, surface hardened, ion nitrided and nitrosulphurized, and those made of grey chilled
cast iron are mated with followers made of chilled grey cast iron and hardened steel. The investigation was carried out on a laboratory
bench equipped with an engine head with a camshaft, followers and systems creating the conditions necessary for a routine run of the
valve gear. Cam wear was defined by comparing the profile lifts of the cams. The height of the followers was measured using a
coordinative measuring machine and a perpendicular optimeter. The rotational speed, valve displacement and the torque required by the
valve gear were measured. Camshaft C9 and the thimble shaped followers with regulating plates F6 were also examined in a diesel
engine. The effects of the materials the kinematic pair was made of, heat treatment and thermochemical treatment, the cams’ own stresses
at the moment-of-friction value, as well as the extent and nature of element wear, were analysed. q 2000 Elsevier Science S.A. All rights
reserved.
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1. Introduction

A cam–follower kinematic pair works under compli-
cated conditions of mechanical load, and wears during
operation. The contact surfaces of the cam and the fol-
lower are usually surface hardened. The hardening may be
due to phase transformation or precipitation processes
occurring in the material during heat treatment or thermo-
chemical treatment.

2. Review of the literature on the valve shaft cam and
follower wear

With respect to the geometry and kinematics of com-
bustion engine valve gear, it is generally assumed that the
value of Hertzian pressure has a direct effect on the pitting

) Corresponding author.

w xwear value 1 . It often concerns cams mating with a roller
w xfollower 2 where the wear may be increased, particularly

due to the occurrence and propagation of cracks.
w xIt follows from a previous investigation 3 that an

increase in the valve spring strength by 310 N for cams
made of 38–42 HRC chilled cast iron mating with 50–52
HRC chilled cast iron plates after 3P106 revolutions of
900 r.p.m., increased the wear of the cam lobe by 9 mm
after 56 h and the attack and taper sides by about 12 mm.

Pitting most often occurs in a follower type timing gear
system with the camshaft inside the engine block. Scuffing
Ž .seizing caused by breaking through the oil film or scor-

Ž .ing scratches in the surface are typical kinds of cam–fol-
w xlower wear 4 . Most methods of scuffing investigation

concern an engine with OHC-overhead camshafts. Attri-
tion is also a typical kind of cam and follower wear. It
results from a considerable oil viscosity change in the
cam–follower contact area due to both load and tempera-
ture change. The thickness of the oil film is too small to
ideally separate all the irregularities of the mating surfaces
w x5 . It may lead to welding and breaking of the connections
between the peaks of the irregularities in the contact
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microareas. Those conditions are usually aggravated by
w xattrition, plastic deformation and adhesion wear 6 .

The most often mentioned factors affecting the cam–
follower wear are the materials the mating elements are
made of, rotational speed, the dynamics of the camshaft-
follower kinematic pair, the temperature and viscosity of

w xthe oil and operational conditions 7,8 .
Most often, the face of the follower shows even wear

over the whole area, and greater wear values sometimes
occur in the central area. It particularly refers to abrasive
wear due to pitting or scuffing. If scuffing is responsible
for intensive wear, higher wear values occur on the side of
the follower face or the wear process becomes more

w xcomplicated 6 .

3. Materials used for camshafts and followers

Chilled grey cast iron is commonly used worldwide for
camshaft production. The inclusion of that material in the

w x1966–1970 production was estimated at 32–55% 9 . The
percentage of camshafts made of steel and surface hard-
ened grey cast iron, nodular cast iron and malleable cast
iron was 21–29%, 11% and 7%, respectively.

The durability and reliability of the valve-gear depend
not only on what the camshaft is made of but also on the
material properties of the camshaft–follower pair. The
preferred material for a camshaft mating with a slide cam
follower at a crane and indirect valve drive is grey metal-

w xlurgically hardened cast iron 10,11 . It has the following
composition: 3.1–3.5% C, 1.8–2.5% Si, max. 0.15% S,
max. 0.2% P, 0.5–0.8% Mn, 0.15–0.25% Ni, 0.7–1% Cu,
0.15–0.25% Mo, the rest is Fe. The cam surface gets
hardened during primary cristallization. The minimum
hardness should be 45 HRC with a 3-mm hardened layer at
the lobe and the flanks. Considering the possibility of a
camshaft crack, especially during assembly and stripping,
the core tensile strength should be at least 235 MPa, at a
hardness of 240–300 HB. In such camshafts the cranks are
not chilled. The cast iron microstructure just below the
surface area should contain transformed ledeburite without
graphite. The mating follower should be made of chilled
cast iron, hardened and tempered, with an increased con-
tent of Ni, Cr, Mo, V. It has the following composition:
3–3.6% C, 2–2.8% Si, max. 0.12% S, max. 0.25% P,
0.4–1% Mn, 0.4–0.7% Ni, 0.9–1.25% Cr, 0.4–0.7% Mo,
the rest was Fe. The minimum hardness of the follower
should be 54 HRC with the depth of the hardened layer
being 3 mm. Such a material pair is particularly recom-
mended for heavy duty diesel engines.

The material recommended for a camshaft of a direct
valve drive mating with a slide follower is also chilled cast
iron. However, in this respect, the follower, in view of the
necessary great strength and rigidity, combined with a
small mass indispensable at great speeds, should have a

light skeleton structure and be made of steel. The face of
the follower is carburized down to 0.3 mm and hardened
up to 59–63 HRC. The strength of the follower core is
1000 MPa and its hardness 310–380 HB.

Cams mating with regulating plates resting in the nest
of the thimble-shaped follower and with a hydraulic fol-
lower are used for direct valve drive. Followers are also
made of chilled cast iron, hardened and tempered. How-
ever, a camshaft for a hydraulic follower must have an
extra chilled profile core surface of the cam.

Next, for a roller follower, the camshaft should be made
w xof steel composite 12 or steel, most often with induction

hardened cams to a depth of at least 1 mm, up to 60–64
HRC. The roller is made of steel carburized to a minimum
depth of 0.8 mm and hardened up to 60–64 HRC. The
roller is often made of hardened and low tempered steel.

Very often, camshafts and followers are subjected to
thermo-chemical treatment. It is most frequently ion nitrid-
ing, oxidation, phosphatizing, sulphurizing or spraying on
of multicomponent layers. At present, camshafts with
chilled cams are made using the upper surface remelting

Žmethod. It is usually done with an electric arc TIG
.method and rarely with laser light or an electron beam

w x13 . Much research work is also being done on the
application of technological ceramics, hard sintered metals

w xand composites 12,14,15 .
It was found that the kind of finishing touch machining

of shaft cams and the follower face has a crucial effect on
w xthe wear of the mating elements 16 . Traditional grinding

is being replaced by the abrasive honing of shaft cams,
preferably of plateau structure, as well as the lapping and
polishing of the follower face. The occurrence of negative
internal stresses after such work is of vital importance. The
application of such technology for grey chilled cast iron
cams mating with a follower made of grey isothermally
hardened and tempered cast iron made it possible, under
the same conditions, to reduce cam wear on average by 4
mm and the follower face wear by 1.5 mm in relation to

w xthose surfaces subjected only to grinding 8 .

4. Programme and research conditions

The investigation focused on the effect of cam and
follower materials and their thermal and thermochemical
treatment on cam and follower functional properties.

The elements of the valve gear are shown in Fig. 1.
During the combustion engine operation, the cam of the
camshaft mating with the follower of the direct valve gear
is under the load of valve springs P , force of inertia P ,s b

friction forces T , T , T , T , T , T , gas force or the force1 2 3 4 5 6
Ž .of the rest of exhaust fumes P Fig. 1 . Axial frictiong

forces put extra load an the attack flank of the cam and
release the taper flank. The forces are due to the friction of
the bottle against the valve guide surface in head T as5
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Ž .Fig. 1. Elements of valve gear with forces and moments. 1 — cam, 2 — cam follower construction variant consisting of a bottle and tappet , 3 — valve
key, 4 — upper valve spring cup, 5 — bottle, 6 — outer spring, 7 — inner spring , 8 — lower cup of valve spring, 9 — valve guide, 10 — engine head
case, 11 — valve, 12 — valve seat, M — moment of inertia, P — force of inertia, P — gas force, P — spring force, P — resultant force, T , T , T ,b b g s 1 2 3

T , T , T — friction forces.4 5 6

well as the friction of the valve stem against valve guide
T . The circumferential friction forces result from the shift2

of the cam axis from that of the follower. Force T causes1

the rotation of the follower together with its bottle. The
friction of the follower against the cam due to its rotation
T , the friction of the bottle against head T as well as3 6

against the face of the T valve stem, also occur.4

The investigation was carried out on a laboratory bench
equipped with an engine head with a camshaft, followers
and systems creating the conditions necessary for a routine
run of the valve gear. The main details of the experimental
apparatus are presented in Fig. 2. The test conditions were
worked out as a basis using the procedure of checking the
oil usability to counteract the wear of valve gear elements
w x17 . The so called ‘‘cold’’ test phase, at 40"108C oil

Ž 6 .temperature, lasted for 40 h 1.7=10 revolutions at a
camshaft speed of 750 r.p.m. The hot test phase, at 100"

Ž 6108C oil temperature, lasted for about 60 h 5.4=10
.revolutions at 1500 r.p.m. An electric motor, not a com-

bustion one, with a possibility of controlling and stabiliz-
ing the rotational speed was used to drive the camshaft.
The filtering and oil lubrication systems were comparable

to those of a combustion engine. A diesel CD class engine
mineral oil of 15W40 viscosity was used for the test.

Fig. 2. Bench for checking cam and follower wear. 1 — electric motor, 2
— belt transmission, 3 — shaft power unit, 4 — flexible coupling, 5 —
engine head with camshaft, followers and valves, 6 — lubricating oil
pipe, 7 — oil filter, 8 — oil pump with overflow valve and electric
motor, 9 — lubricating oil outlet pipe, 10 — control and stability system
of lubricating oil temperature, 11 — measurement, control and stability
system of shaft rotational speed, 12 — power measurement system, 13
— system of measurement and analysis of amplitude, speed and accelera-
tion.
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Table 1
Metalographic characterization of the camshafts under investigation

Cam-shaft Chemical composition, % Mean hardness Hardness of the Thickness of Method of hardening
aof the cams cam-shaft core lobe hardening the cams

C Si Mn P S Cr Ni Mg Cu – HB mm –

C1 3.42 2.20 0.56 0.04 0.01 – 0.90 0.06 – 53 HRC 270 5 HP
C2 3.44 2.15 0.60 0.05 0.01 – 0.95 0.05 – 55 HRC 275 13 HP
C3 3.42 2.20 0.65 0.05 0.01 – – 0.06 0.80 587 HV1 280 0.01 AJ
C4 3.41 2.10 0.70 0.06 0.01 – – 0.05 0.80 443 HV1 290 0.01 AS
C5 3.44 2.21 0.58 0.04 0.01 – 0.90 0.06 – 587 HV1 274 0.01 HP, AJ

5.5
C6 3.47 2.24 0.62 0.05 0.01 – 0.85 0.05 – 443 HV1 275 0.01 HP, AS

5.5
5.5

C7 3.60 1.82 0.68 0.16 0.03 0.20 – – – 47 HRC 270 15 Z
C8 3.44 2.15 0.61 0.05 0.01 0.64 0.80 – – 51 HRC 280 12 Z

bC9 3.40 2.10 0.60 0.05 0.01 0.61 0.80 – – 51 HRC 280 12 Z

a HP — surface hardening, AJ — ion nitriding, AS — sulfonitriding, Z — chilling.
b1000-h engine test.



( )J. Michalski et al.rWear 240 2000 168–179172

Table 2
Metalographic characterization of the followers under investigation

Notation Chemical composition, % Face Thickness of the Method of
ahardness hardened layer hardening

C Si Mn P S Cr Ni Mo Ti V HRC mm –

F1 3.50 2.25 0.78 0.13 0.09 0.40 1.4 0.7 0.03 0.15 60 5 Z
F2 3.40 2.35 0.75 0.14 0.10 0.35 1.3 0.6 0.03 0.12 61 5 Z
F3 3.60 2.35 1.00 0.15 0.07 0.60 1.7 0.7 0.03 0.20 63 7 Z
F4 3.50 2.30 0.90 0.15 0.09 0.55 1.5 0.6 0.03 0.15 58 4 Z, H
F5 0.37 0.22 0.86 – 0.01 0.89 – – – – 59 2 HP

bF6 0.38 0.20 0.86 – 0.01 0.85 – – – – 59 2 HP

aZ — chilling, H — hardening, HP — surface hardening.
b1000-h engine test.

Physical properties of the applied oil were the following:
absolute viscosity at 408C, 119 mPa s; absolute viscosity at
1008C, 14.4 mPa s; viscosity index 130, freezing point
y248C, kindling temperature 2108C, base number 10 mg
KOHrg, density 882 kgrm3. A mercury and electric
thermometers made it possible to measure the oil tempera-
ture and regulate it automatically. The rotational speed,
valve displacement and the torque required by the valve
gear were measured.

Ž .Camshaft C9 Tables 1 and 2 and the thimble shaped
Ž .followers with regulating plates F6 Table 2 were also

examined in a diesel engine. The running-in of the engine
and its reliability tests were carried out at a bench equipped
with an eddy-current dynamometer. The total time of the
shortened running-in according to the Polish standard was

w x30 h 18 . In 11 consecutive stages, the rotational speed of
the crankshaft increased gradually from 800 to 5200 r.p.m.
The torque was gradually increased until it reached the
final value at maximum power. The 1000-h long reliability

w xtests were carried out in 3-h cycles 19 . Each cycle
consisted of eight stages. Each stage comprised the follow-
ing successive sub-stages: running the engine at 800 r.p.m.
and no external load, at 3500 r.p.m. at maximum torque
and at 5200 r.p.m. at maximum power torque.

The examined elements had material properties identi-
cal to those of the C8 and F5 elements tested in the engine
head in the laboratory bench. Cam wear was defined by
comparing the profile lifts of the cams. The measurement
was carried out using the plunger ball end of a coordina-
tive measuring machine and, additionally, on an optical
dividing head using a flat end. The height of the followers
was also measured using a coordinative measuring ma-
chine and a perpendicular optimeter. The internal stresses
of the cams and the volume of the retained austenite were
determined by the X-ray method. The layer of the material
was electrolytically removed. The stresses were measured
perpendicularly to the camshaft axis by the sin2

c method.
The cams had a synthetic profile and a 9-mm travel. The
maximum speeds of the lost slide motion were 3 and 4.2
mrs. The resultant forces exerting load on the kinematic
pair are, at 1500 revrmin, 600 N at the lobe and 1150 N at
the flanks of the cams. This produces a Hertzian unit
pressure equal to 425 MPa at the lobe and 250 MPa at the
flanks. The heights of the irregularities of the ground
surfaces of the cams and the follower faces were R sa

0.56–0.80 mm and R s0.35–0.47 mm, respectively. Af-a

ter ion nitriding, the approximate height increased to R sa

0.74–1.15 mm. The approximate height value for sulfoni-

Table 3
Material characterization of the camshafts under investigation and their hardened layer

aC1 C2 C3 C4 C5 C6 C7 C8, C9

nodular nodular pearlito-ferritic pearlito-ferritic pearlite pearlite grey cast iron chromic grey cast
pearlitic cast pearlitic cast nodular cast nodular cast nodular cast nodular cast iron
iron iron iron iron iron iron
fine-acicular acicular diffusion sulfanitrided diffusion sulfanitrided converted converted
martensite, martensite, nitrided layer diffusion layer, nitrided layer diffusion layer, ledeburite ledeburite
ferrite 5%, ferrite 5%, phase ´, pearlite, phase ´, tempered cementite,
retained retained pearlite, nodular tempered martensite, pearlite
austenite 5%, austenite 12%, nodular graphite, martensite, bainite,
nodular nodular graphite, ferrite 20% bainite, nodular
graphite graphite ferrite 20% nodular graphite

graphite

a1000-h engine test.
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trided surfaces was R s0.32–0.46 mm. The thermal anda

thermochemical treatment followed the routine typical of
those elements.

5. Investigation results

Camshafts of nodular cast iron and of grey cast iron
were denoted with symbols ranging from C1 to C8. Their
chemical composition and technical characterization are
presented in Table 1. A similar presentation of character-
istics for followers F1–F5 is given in Table 2. The mi-
crostructures of the kinematic pairs under investigation are
shown in Tables 3 and 4. The tribologic wear values for
those pairs are listed in Table 5. The interval stress values
in the surface area of the cams and the moment of fric-
tional resistances were also presented. Figs. 3–5 show the
characteristic microstructures and the fractographic exami-
nation results. A light microscope and matrix replicas were
used. Subsequently, Fig. 6 shows the distribution of inter-
nal stresses, the volumes of retained austenite and the
hardness values as a function of the depth of the hardened
layer for cams C1 and C2.

5.1. Analysis of inÕestigation results for nodular cast iron
camshafts and mating followers

Camshafts C1 and C6 were cast of nodular and pearlitic
Ž .cast iron Table 1 . The pearlite in the matrix has a fine

plate structure. In addition, there occur rare, small grains
of free ferrite in the metallic matrix. The surface layers of
cams C1, C2, C5 and C6 were hardened inductively and
have a hardness typical of that material, i.e. 52–55 HRC.
The hardened layers of camshafts C1, C5 and C6 are
similar. They are quite different from those of camshaft
C2.

5.1.1. Cams of martensite–bainite structure with a Õaried
amount of retained austenite

The particular cams of camshafts C1 and C2 differed
noticeably in the thickness of the hardened layer which
was equal to 5 and 13 mm, respectively. At the attack and
taper sides of the cam, they were 2 and 6 mm, respec-

tively. Detailed investigation has shown that cams of
greater hardened depth were strongly overheated and had

Ž .an increased about 12% retained austenite content. Cams
of smaller thickness contained 5% retained austenite. Inter-
nal stresses near the surface were negative and of similar

Ž .value Fig. 7a . However, camshaft C1 had a negative
internal stress to a depth of 0.18 mm. On the other hand,
camshaft C2, at about 0.04 mm depth, attained zero stress
changing into positive stress of 480 MPa at a depth of 0.08
mm. The microstructure of camshaft C1 is fine-acicular

Ž .martensite with nodular graphite Fig. 8b . In the transitory
layer, martensite is transformed into bainite. Camshaft C2
has a microstructure composed of acicular martensite and

Ž .nodular graphite Fig. 4 . The cams of camshaft C1,
mating with follower F1, show smooth abrasive wear on
the flanks. In the lobe part of the metal, there occurs the
same deep surface cracks, formed perpendicularly to the

Ž .slide direction Fig. 8c,d . The maximum value of the lobe
wear is 0.022 mm. On the other hand, the flank surfaces of
the cams of camshaft C2 mating with follower F2 show
numerous large and deep cracks in the surface layer metal.
They run more or less perpendicularly to the direction of

Ž .the sliding on the follower surface Fig. 4c . In the lobe
part, cams C2 have numerous cavities due to metal chip-

Ž .ping Fig. 4d . The maximum value of the lobe wear is
1.022 mm. Although the wear values of cams C1 and C2

Ž .differ considerably Table 5 , their wear mechanisms are
similar despite a considerable difference in intensity. Cam

Ž .C1 wore abrasively Fig. 8c,d . Cam C2 wore by surface
Ž .cracking and peeling Fig. 4c,d . The resistances due to the

friction of cams C2 against followers F2 were greater too
Ž .Table 5 .

Followers F1, F2, F3 and F4 were made of cast iron and
flake graphite. Due to fast cooling, the cast iron of the
follower heads crystallized as white and then was hard-

Ž .ened. It ensurered a hardness of 58–63 HRC Table 2 .
The side surfaces of the followers crystallized as grey cast
iron with flake, fine graphite, with a matrix which under-

Ž .went hardening bainite . The faces of followers F1 and F2
wore differently. When performing characteristic rotary
motion, follower F1 showed even, circumferential, abra-

Ž .sive wear Fig. 3a,b . Follower F2 showed no traces of
Ž .rotary work and its face was chipped Fig. 5a . The

microstructure of the facial metal shows a number of

Table 4
Material characterization of the examined followers and their hardened layer

aF1 F2 F3 F4 F5, F6

Grey chilled cast iron grey chilled cast iron grey chilled cast iron grey chilled and steel
hardened cast iron

Transformed ledeburite transformed ledeburite, fine transformed ledeburite cementite, martensite, without
torn off metal fragments, bainite nitriding
broken cementite plates layer, martensite

a1000-h engine test.
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Table 5
Internal stress values and tribologic characterization of cam–follower pairs

The kind of kinematic Internal, Friction moment, Follower maximum Cam lobe maxmum Cam flank maximum
cam–follower pair close–to–surface stresses, interval of variability wear value, interval wear value, interval wear value, interval

Ž . Ž . Ž . Ž . Ž .interval of variability MPa Nm of variability mm of variability mm of variability Mm

C1–F1 y570"37 24"5 0.012"0.005 0.024"0.005 0.017"0.004
C2–F2 y450"16 29"7 0.184"0.040 1.022"0.310 0.022"0.007
C3–F3 y600"40 21"5 0.120"0.002 0.420"0.060 0.047"0.014
C4–F3 y120"12 18"6 0.175"0.040 1.350"0.400 0.055"0.019
C5–F3 y700"47 16"4 0.020"0.010 0.015"0.004 0.013"0.005
C6–F3 y220"22 12"3 0.040"0.008 0.095"0.020 0.035"0.013
C7–F4 y530"39 17"4 0.080"0.013 0.034"0.008 0.025"0.008
C8–F5 y650"47 8"2 0.003"0.002 0.012"0.004 0.007"0.003
C9–F6 y655"52 – 0.007"0.004 0.042"0.006 0.015"0.005
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Ž . Ž .Fig. 3. Follower F1. Macrophotography of the face surface a , microstructure of the surface layer-transformed ledeburite b .

tear-outs and some delimination wear on the surface and
Ž .the cementite plates were broken Fig. 5b . The typical

shapes of cams C2 and C1 also show that after wear, the
Ž .attack side wore more than the taper one Fig. 9 .

5.1.2. Cams of pearlite–ferrite or martensite–bainite base
with a layer formed by ion nitriding or nitrosulfurizing

Camshaft C5 was ion nitrided and camshaft C6 was
submitted to sulfonitriding by diffusion. Camshafts C3 and
C4 were subjected to the same thermochemical treatment
as camshafts C5 and C6 but they were not induction
hardened. The camshafts were mated with F3 followers

Ž .Table 2 . Sulfonitriding was carried out in a soaking
furnace with ammonia and sulphur. The thin diffusion
layer obtained after nitriding and, first of all, after sulfoni-
triding dramatically reduces the frictional resistance of the

Ž .cam–follower kinematic pair Table 5 . The hardness of
the surface layer obtained after short nitriding has an
average value of 587 HV1. The hardness was considerable,
from 401 to 742 HV1, although the measurements were
taken on a metal matrix. The thickness of the diffusion
zone of phase ´ did not exceed 10 mm. The internal

Žstresses were of negative value, y700–y600 MPa Table
.5 . The hardness of the sulfonitrided layer is a bit smaller

Ž .and equal to 405 HV1 321–533 HV1 . Its thickness is

Ž . Ž .Fig. 4. Cam C2. Crossection with a dark layer hardened on the circumference a , the surface of a grinding cam b , numerous cracks in the cam flank
Ž . Ž .perpendicular to the direction of the slide on the follower face c , numerous scaling cavities in the metal near the lobe of the cam d .
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Ž .Fig. 5. Follower F2. Macrophotography of the face surface a , microstructure of the surface layer-transformed ledeburite, separated metal fragments,
Ž .broken cementite plates b .

similar to that of the nitrided layer. However, the stresses
have a much smaller negative value, i.e. y120–y220
MPa. Irrespective of the base, which was either ferrito-
pearlitic or martensitobainitic, the diffusion layers, both
nitrided and sulfonitrided, are very uneven, heterogeneous,
do not stick to the base very well and are weakened by the

Ž .release of nodular graphite Fig. 6b . In the case of cams
C3 and C4, up to 20% ferrite was identified, which proves
the occurrence of the graphitization process during the
thermochemical treatment. The cams of camshafts C3 and
particularly C4 show a very extensive lobe wear, i.e.
0.420–1.350 mm. The diffusion layer cracks begin in the

Ž .graphite phase Fig. 6d . The process of microcracking
Ž .under the scaled surface is of similar nature Fig. 6c . It

should be assumed that the pattern of graphite phases may
also be a place where cracks occur and surface scaling
begins.

The formation of a nitrided layer on the hard and thick
martensitobainitic matrix of cams C5 ensures its small

Ž .radial wear Table 5 . The cam undergoes smooth abrasive
Ž .wear Fig. 6a . Follower F3 also undergoes smooth abra-

sive wear of a small value. The application of sulfonitrid-
ing is not recommended because of the increased wear on
the cam and follower despite smaller resistance to motion

6 Ž .Fig. 6. Cams C4 and C5. Smooth worn surface of shaft C5 after 0.8P10 revolutions a , ion nitrided diffusion layer of shaft C5 together with pearlite,
6 Ž .ferrite and nodular graphite structures after 0.8P10 revolutions b , scaled C4 shaft surface after sulfonitriding together with pearlite, ferrite and nodular

Ž . Ž .graphite structures c , down-to-the base cracks propagating from the scaled C4 shaft surface after sulfonitriding d .
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Ž . Ž .Fig. 7. Change in internal stress a , participation of retained austenite b ,
Ž .microhardness c in the function of the distance from the surfaces of

cams C1 and C2.

Ž .Table 5 . The wear on the cam is of fatigue nature
manifested as numerous surface cracks. The impression of
the surface was similar to that shown in Fig. 6c,d.

5.2. Analysis of inÕestigation results for grey cast iron
camshafts and mating followers

5.2.1. Chilled cams of transformed ledeburite, cementite
and pearlite structure — cam followers of martensite and
cementite structure

The valve shaft was made of C7 grey pearlite low-al-
loyed cast iron. The core was 270 HB and has a pearlite
cast iron structure with flake graphite and free carbides
which precipitated at the borders of eutectic cells to form a
cementite network. The cams were chilled using external

Ž .Fig. 9. Outlines of worn out C1 and C2 cams a , outlines of a fragment
Ž .of a worn out C2 cam with its outline before the lift test b .

chills. The microstructure of this part of the cam consists
of transformed ledeburite: cementite crystals and pearlite
grains. The hardness of the cam surface is 0.4–1 HRC.
Follower F4 was made of chilled and hardened grey cast
iron. The hardness of its face surface is 58–59 HRC. The
microstructure is martensite and cementite. Cam C7 shows

Žsmooth abrasive wear on the flanks great surface smooth-
.ness and has small carbide peelings. Its lobe shows great

abrasive wear and has a few cavities after chipped hard
Ž .particles cementite and considerable cavities after the

Ž .separation of large flakes of metal Fig. 10a . Follower F4
has an evenly worn face surface with small cavities caused
by chipped cementite particles and large, groove shaped
cavities which might have been caused by hard particles

Ž .torn out of the cam surface Fig. 10b .

Ž . Ž .Fig. 8. Cam C1. Crossection with a dark hardened layer on the circumference a , hardened layer-nodular graphite, fine-acicular martensite b , the surface
Ž . Ž .of a cam flank with smooth abrasive wear c , a strip of chippings and surface originated cracking on the shaft d .
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Ž .Fig. 10. Surfaces of cam 7 and follower F4. The lobe of the cam with metal fragments torn off the surface layer and chipped cementite particles a ,
Ž .follower with cementite chippings and traces of surface deformation by hard particles b .

5.2.2. Chilled cams of transformed ledeburite structure —
steel followers of martensite structure with a layer formed
by ion nitriding

Camshafts C8 and C9 were also made of grey, pearlite
low-alloyed cast iron but they had a small extra amount of
Mo, Ni and Cu hardening the cast iron and breaking up the
structure. The core hardness was 272–286 HB. The inter-
nal negative stresses just below the surface area were
y650 MPa. The surface layer was chilled while being
cast. The hardness of the cam surface is 50–51 HRC. It
contains transformed ledeburite without preeutectic pearlite
inclusions. Valve followers F5 and F6 of 57–59 HRC
Ž .681–734 HV0.05 ware made of 40H steel, which was
quenched and tempered, surface hardened and ionitrided.
The metallographic structure was martensite without the
diffusion zone of nitriding. On the flank and lobe surfaces
of the cams, there occurred smooth, abrasive wear without

Ž .peelings, of small wear value Table 5 . The friction
moment had the smallest value of the kinematic pairs
under investigation. The face of the follower shows smooth
abrasive wear. This material pair is recommended.

The wear value which was attained for the cams of
camshaft C9 and followers F6 in the investigated combus-
tion engine was slightly greater than that for the C8–F5

Ž .pair presented above Table 5 . The nature of the wear of
cams C8, C9 and correspondingly, followers F5 and F6
was the same. The bench tests of the diesel engine reliabil-
ity confirmed the correctness of the applied laboratory
investigation of cams and valve followers.

6. Conclusions

The explanation of the results obtained for the cam–fol-
lower kinematic pair wear arises from the Hertzian theory
as well as from the occurrence of tensile stresses at slide

w xcontact 20 . At contact points, tensile stresses behind the
contact surface of the C2 nodular cast iron cam and the
grey cast iron follower, hardened during casting, may have
attained a value exceeding their tensile strength. Internal

stresses were also of tensile nature at small depths, which
helped the process.

Ductile cast iron cams of martensite–bainite structure
with a varied amount of retained austenite show a similar
wear mechanism, considerable differences in wear inten-
sity and different resistance values of their follower fric-
tion. Typical cam shapes after wear demonstrate that the
attack side wears out more than the taper side. Cam
overheating during induction hardening increases the thick-
ness and hardness of the hardened layer, the amount of
retained austenite, the depth at which internal stresses
occur and changes their distribution pattern. After the work
of the valve gear in the lobe part, cams C2 have numerous
cavities due to metal chipping. On the other hand, the
flank surfaces of the cams show numerous big and deep
cracks in the surface layer metal. They run more or less
perpendicularly to the direction of the sliding on the
follower surface. The faces of the mating followers show a
number of tear-outs and some delimination wear on the
surface and the cementite plates are broken. The formation
of a nitrided layer on the hard and thick martensitobainitic
matrix of cams C5 ensures its small radial wear. The cams
undergo smooth abrasive wear. The followers also undergo
smooth abrasive wear of a small value. Nitriding pearlito-
ferrite cast iron results in considerable wear of the C3
cams. Its disadvantage is that the depth of the hardened
layer is much smaller than that of the impact of the
stresses resulting from the kinematic pair load, the base
being ductile. The use of sulfonitriding is a disadvantage
despite further friction reduction. It causes a state of small
compressive stress, which is unfavourable considering the
tensile strength of the cams C4 and C6 surface.

Advantageous features are characterized in a camshaft
made of grey pearlite low alloyed cast iron containing such
elements as Mo, Ni and Cu, which harden cast iron and
break up the structure. The camshaft is chilled during
casting and has the structure of transformed ledeburite

Žwithout preeutectic ferrite inclusions casting with densen-
.ers over the whole surface of the cams . Mating with a

follower made of toughened, surface hardened and ioni-
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trided steel ensures small frictional resistance and less
abrasive wear with regard to tribologic wear. This material
pair of the friction kinematic pair is recommended.
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