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Abstract

This paper presents a failure analysis on diesel engine cylinder head bolts used in truck. The fracture occurred at the
smooth rod and threaded end of the bolts when initia! tightening, Fractogruphic and metallurgical studies indicate that
the fracture surfaces and microstructure of two failed bolts exhibit similar features, The fracture surfaces show cleavage
and quasi-cleavage features. Observations on longitudinal section of the failed bolts show that tens of radial cracks are
distributed periodically in the centre zone of the rod along the axial orientation, which should exhibit plate-like mor-
phology of three dimensions. The appearance of the radial plate-like cracks on the rod makes the effective loading area
of the bolt decrease so that the bolts occurred the brittle fracture at weakest region with the longest crack when initial
tightening. The presence of the carbon segregation and metallurgical inclusions cluster regions in the centre zone of the
rod of the bolt should be responsible for the formation of the cracks. Unsuitable smelting and casting technology
resulted in the formation of the carbon segregation and inclusion cluster regions.
© 2005 Elsevier Ltd. All rights reserved.

Kepwords: Cylinder head bolt; Cleavage and quasi-cleavage; Carbon segregation; Failure analysis

1. Introduction

The bolt materials arc usually made of high strength steel which has inherently low toughness. The
toughness can be further degraded in service by temper embrittlement {1,2]. In the present paper, failure
of the diesel engine cylinder head bolts used in truck was investigated.

Two cylinder head bolts (No. 1 and No. 2) made of 42CrMo steel were fractured when initial tightening
other than in service.

* Corresponding author. Tel.: +86 0411 84729613; fax: +86 0411 84728670,
E-nuail address: xxiaclei@dimu.edu.cn (X, Xu).

1350-6307$ - see front matter © 2005 Elsevier Ltd. All rights reserved,
doi: 10.1016/.engfailanal 2003.02.014
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The standard steps involved in the fabrication of the cylinder head bolt are given as follows: cold work-
ing (drawing) — quenching {840 °C) — tempering (450-500 °C, 2.5 h).

The paper describes the detailed metallurgical investigation and careful fractographic analysis on the
failed bolts. The possible failure causes were assessed.

2, Investigation methods

The microstructure examination of transverse and longitudinal sections was conducted by scanning elec-
tron microscopy (SEM) on a Philips XL-30 scanning clectron microscope. The micro-composition in var-
ious zones was determined by energy dispersive X-ray spectrometer (EDX). Micro-hardness (HVys)
profiles along the radial direction were conducted. The fractured surfaces were analyzed by visual and
SEM observation to study the failure mechanism.

3. Observation results
3.1. Macroscopic features

The failed bolts are shown in Fig. 1. For bolt No. 1, the fracture had taken place on the smooth rod
other than the threaded end although it is not the position bearing the greater stress. According to the fric-
tion trail by initial tightening, the fracture took place when initial tightening to the third thread and there is
no friction trail on the contact surface of the head. It indicates that the bolt No. 1 had fractured as bolts
were not tightened up. For bolt No. 2, the fracture had take place at the 18th thread. According to the fric-
tion trail by initial tightening, the initial tightening position should be the I6th thrcad, usually which should

Xlracture

Fig. 1. Failed bolts and longitudinal secticn showing radtal cracks.
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be the normal initial position. It is indicated that both bolts did not fracture at the position with the greatest
stress. It is suggested that the tensile strength of the bolts at the fracture position are very low.

The longitudinal sections of the fractured bolts show similar characteristics that tens stripe of the radial
cracks appear in the centre region of the rod along the axial orientation (Fig. 1). For bolt No. 1, 38 strips
radial cracks 1.5-2.0 mm long are distributed on the rod in an almost equal distance. The erack at the frac-
ture should be the longest crack. For bolt No. 2, there are two strips crescent-like long cracks (at arrows).
From the distance between the long cracks and the distance of the fracture surface from the long crack, it
can be inferred that the length of the crack at the fracture is equal to that of both cracks. Fourty four strips
short radial cracks about 1 mm long are distributed homogeneously in the centre region. All the cracks, no
matter long or short, exhibit plate-like morphology in three dimension. If the longitudinal sections were
etched by HNO;, it can be found that there is a dark band along axial orientation in the centre of the rod.

Macrograph of the fracture surfaces of the failed bolts are shown in Fig. 2. There is no plastic deforma-
tion on the fractures and 45° shear lip can be observed on the outer fringe zone of the fractures. It can be
seen that the fractures exhibit radiative patterns (Fig. 2). According to the extending trail of the fracture, it
can be determined that the crack initiated from the centre zone and radially propagated toward the outer
ZOI1E.

3.2. Microscopic features

A penetrating investigation of fracture surfaces in various regions was performed by SEM. Similar
microscopic features were seen, The fractures mainly show brittle cleavage and quasi-cleavage features
(Figs. 3(a) and (b)). It should be noted that intergranular brittle fracture morphology appears on the local
zone of the fracture centre for bolt No. 1 (Fig. 3(c)), which may result from the P and other impurity ele-
ments segregation at the gramn boundary [1].

Fig. 2. The fracture surfaces of the failed bolt.
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Fig. 3. SEM fractographs of the failed bolts: {a,b) cleavage and quasi-cleavage patterns (No. 1, No. 2), (c) intergranular morphology
(No. 1.

3.3. Microstructure

Longitudinal and transverse microstructure at various locations of the bolts revealed a tempered sorbite
(Fig. 4). This type of microstructure is expected from this grade of steel [3].
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Fig. 4. Microstructure of the material of the failed bolt.

A lot of intergranular and network micro-cracks appear in the zone of the crack tip (Fig. 5), which were
formed during quenching.

In Fig. 6, stringers of elongated inclusions in the material of the bolts are observable in the region be-
tween the cracks. These were revealed to be the MnS through EDX analysis (Table 1). MnS inclusions are
frequently found elongated along the longitudinal direction in @ drawn component.

Additionally, point-like metallurgical defects can be observed around the cracks, the composition exam-
ination of which shows that they are Al,O; inclusions (Table 1).

The micro-morphology of the cracks was observed by SEM. It can be scen that there are shorter cracks
(at arrows) between the cracks 1.5-2.0 mm long by visual for bolt No. 1 (Fig. 7). Both ends of the longer
crack are sharper (Fig. 8), which are the same for bolt No. 2.

3.4. Chemical analysis

The chemical composition in the centre zones corresponding to the axial dark zone and the fringe zone
of longitudinal section was determined by EDX, which are shown in Table 1. It can be seen that the

Fig. 5. Micro-cracks and network cracks.
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Fig. 6. MnS inclusions morphology.
Table |
Chemical composition of bolt material and inclusions (wi)
No. Region C Si Mo Cr Mn O Al S p Fe
i Fringe 0.38 0.25 0.23 1.¢0 0.62 - - - - Balance
Centre 0.57 0.29 0.17 1.00 0.58 - - - - Balance
2 Fringe 0.42 0.36 0.17 0.97 0.71 - - - - Balance
Centre 0.61 0.22 0.2} 0.93 0.72 - - - ~ Balance
i Elongated defect 1.56 - - 0.68 51,53 - - 2097 - 16.26
1 Point defect - e - - - 43,56 4959 - - 6.85
Specified 0.38-0.45 0.20-040 015025 0.50-1.20 0.50-0380 - - £0.04 <004 Balance

Fig. 7. SEM observation on the cracks (No. ).
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Fig. 8. Micro morphology of cracks (Ne., 1}

composition in the fringe zone for both bolts is within the specified range. However, in the centre zone the
content of the carbon is more than that of the specified range. It s suggested that carbon segregation in the
centre zone of the bolt occurs, which is agreement with the appearance of the longitudinal or axial dark
zone in the centre of the bolt etched by HNO;,

3.5. Hardness examination

The average macro-hardness of the failed bolts was conducted to be, respectively, 39.5 and 39.0, which
correspond to the specified range (HRC 39-44). The microhardness (HV s) profiles along radial direction
on the longitudinal section of the bolts were measured (Fig. 9). It is clear that, despite some scatter, higher
micro-hardness zone can be found for both failed bolts, which should correspond to the dark zone in the
centre of the bolt. Appearance of the higher microhardness zone may result from the carbon segregation.
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Fig. 9. Micro-hardness profiles of radial direction on the longitudinal section.
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4. Analysis on the failure causes
4.1. Fracture position

From the observation and examination in Section 3, it is inferred that the compeosition, microstructure of
the material are within the technical specification. However, tens of the radial plate-like cracks were distrib-
uted periodically in the centre of rod zone. Among the cracks, the crack corresponding to the fracture
should be one of the longest radial crack. The strength factor of stress field (K1) is maximum at the tip
of the long crack when initial tightening, so the fracture took place at the longest radial crack.

4.2. Formation of the crack

According to the morphology and arrangement of the radial cracks on the longitudinal section of the
failed bolts, the formation of the cracks is related to the cold drawing technology before heat treatment.

The diagrammatic sketch of force acting on the drawn rod and axial tensile stress profile along the axial
dircction of the drawn rod is shown in Fig. 10, three forces are acted on the rod: the tensile force at the
ahead end of the rod, P; normal compressive force, N and surface friction, F by mould. Three forces make
the drawn rod bear three-dimensional stress state, which are axial tensile stress, radial and circumferential
compressive stress. According to the theory of plastic deformation process, axial tensile stress in the centre
zone is greater than that in the fringe zone. However, the presence of the carbon segregation and metallur-
gical inclusions in the centre zone of the rod reduce intensely the plasticity of the material so as to the radial
plate-like cracks formed in centre zone of the drawn rod.

With the initiation and propagation of the radial long crack the tensile stress would be relaxed. However,
the tensile stress would increase again with continuous drawing. When the stress in the local region attained
to the strength limit at this position, the new crack formed again. The long or short radial cracks are dis-
tributed periodically in the centre zone of the rod along the axial orientation. Long crack had formed before
short cracks appeared.

Centre region _____—
’N !

, I\’ﬂj\/ Fringe region
iddle region !

|
|
|
§
§
[}
[}
[}
I
F
+
[}
[}
I
I
I
§

Fig. 10. Diagrammatic sketch of force acting on the drawn rod and axial tensile stress profile.
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When quenching, the stress concentration around cracks tip would lead to the formation of the network
quenching micro-cracks. The original cracks would propagate further and their tips would become sharper.
The presence of the long and short cracks in the centre zone reduces the effective loading area of the bolt. So
shearing fracture would take place at the weakest position with longest crack when initial tightening.

The appearance of carbon segregation and the inclusions cluster regions in the centre of the rod should
be attributed to the unsuitable metallurgical process (smelting and casting).

5. Conclusions

1. Tens of long and short radial cracks are distributed periodically in the centre region of the bolt along the
axial orientation, which exhibit plate-like morphology of three-dimensions. The presence of the cracks in
the centre of the rod reduces the effective loading area of the rod so that the fracture took place in the
weakest position with the longest crack when initial tightening. The brittle cleavage and quasi-cleavage is
the main failure mechanism of the bolts.

2. The presence of the carbon segregation and inclusion cluster regions makes the ability of the plastic
deformation of the materials decrease in the centre of the rod to result in the formation of the radial
cracks during drawing process.

3. The unsuitable smelting and casting technology should be responsible for the appearance of the carbon
segregation and inclusions cluster regions.
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