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Highlights:
e  Tricycle front wheel axle.
e  Microstructure of core and surface of axle.

e Hardness of core and surface of axle.

Abstract: Due to the rampant failure of the tricycle front wheel axle in Nigeria, the failure
analysis of a tricycle front wheel axle was conducted in this work. The failed front wheel axle
of the tricycle part was obtained. Chemical composition, microhardness and microstructures
through metallography and SEM were performed. The results show the carbon content of the
failed axle wheel (0.354 wt% C) is below standard. The hardness results showed that the failed
material probably had not undergone proper hardenability heat treatment to produce a hardened
surface and a toughened core as the microhardness at the surface and the core were found to be
in the range 254-294 HV. In addition, the metallography shows ferrite and pearlite
microstructures at both the surface and the core of the failed axle. The SEM analysis of the
fractured surface reveals the presence of burnished and crystalline surfaces. This shows that
the failed axle does not meet the standard for the axle in terms of chemical, microstructure and

hardness properties. The failure of the axle is typical of a fatigue failure.
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1. Introduction

Tricycles (Figure 1) have become a means of transportation in Africa and Asia such as Nigeria
and India respectively. Some parts of the tricycle, especially the front axle wheel, are prone to
failure. In a tricycle, an axle wheel is used to connect the wheels for the transmission of power
and rotation. In service, axles are subjected to bending stresses which may cause possible
misalignment between the axle and the bearing. As a result, axles are prone to fatigue and

fatigue failures are of the rotating-bending and reversed (two-way) bending type (Asi, 2006).
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Figure 1. Tricycle vehicle and position of front wheel axle

Several works have reported the failure analysis of axle parts of vehicles which may arise due
to several reasons. For example, Huang and Zhu (2008) studied the failure analysis of friction
weld in the truck axle and found that a significant amount of oxides and microporosity were
found on the fractured part. Tawancy and Al-Hadhrami (2013) studied the failure of the rear
axle of an automobile due to improper heat treatment. It was found that though the chemical
composition of the axle was up to standard, however, microstructure and microhardness value
of the axle were not up to standard due to improper heat treatment. In another research,
Lemberg, Ellis and Guyer (2017) conducted research on a failure of the trunion axle on a hard
suspension multi-axle trailer. Analysis reveals that a preexisting flaw in the axle was likely the
driving force for the failure. In addition, Shad and ul Hasan (2018) studied the failure analysis
of tractor axle wheels. It was found out that the induction-hardened axle was left without
tempering and it appeared likely that quenching stresses in the induction-hardened layer of the

axle which was left un-tempered were responsible for the cracking.

Hardenability heat treatment by flame hardening and induction hardening is used to heat treat
the axle of vehicles to produce a hardened surface and toughened core to improve its
mechanical properties. In addition, hardenability heat treatment is applied to plain carbon steels
and low alloy steels containing 0.45-0.55% carbon (Rudnev, 2008). Flame hardening is a
traditional method of case hardening of low and medium-carbon steels (Thamilarasan,
Karunagaran and Nanthakumar, 2021). Flame hardening is a process in which the surface of a
material is heated to recrystallization temperature and quenched in water (Jeyaraj et al., 2015).
Induction heating has gained prominence in producing case-hardened components such as

axles with martensitic hardened surfaces and toughened cores. Induction heating technology is
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nowadays the heating technology of choice in many industrial, domestic, and medical
applications due to its advantages regarding efficiency, fast heating, safety, cleanness, and
accurate control (Lucia et al., 2014). However, improper hardenability heat treatment may
result in catastrophic failure of case-hardened parts in service. Haghshenas and Savich (2019)
reported that one of the key automobile engine components which almost always goes through
some surface hardening is the transmission output axle and improper hardening of these

components can create serious issues (i.e., catastrophic fracture) during actual service.

A lot of work has been carried out on failure analysis of vehicle axles; however, there is no
report on the failure of a front wheel axle of a tricycle. The objective of this work is to
investigate the failure of a tricycle axle using chemical composition, hardness, optical

microscopy and SEM analyses.
2. Materials and Methods

The failed axle of a tricycle (Figure 2) was obtained from local repairers of tricycle vehicles
and the elemental chemical composition was determined using SPECTROMAXX metal
analyzer. The surface of the broken axle (surface and core) was ground with grit papers in the
range of 80-1200 with the aid of water as a lubricant. The ground sample was polished on a
polishing cloth using 1 pm alumina and the hardness from the surface to the core was recorded
using microhardness with VTS Vickers Digital Micro Hardness Tester with a 1 kg hard steel
testing load according to ASTM E384-17. (ASTM E384-17, 2017)

Figure 2. Fractured surface of a failed tricycle front wheel axle
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The optical microscopy of the core and the surface was studied using an optical
microscope. The samples were cut and mechanically ground on grades of silicon carbide grit
papers in the range 240-1200 using water as the lubricant. Final polishing was achieved using

1 pum alumina powder suspended in distilled water. In addition, the polished samples were
etched with nital etchant to reveal the microstructure and were recorded using an OMAX
microscope. The micrographs were recorded using a metallurgical microscope OMAX
microscope with an inbuilt camera. The SEM images of the fractured surface at the surface
and the core were recorded using the JOEL-JSM 7600F machine. The schematic diagram of

the axle of a tricycle is shown in

Figure 3.

@10

Figure 3. Schematic diagram of tricycle axle (all dimensions in mm)
3. Results and Discussion
3.1. Chemical Composition

The chemical composition of the failed front axle of a tricycle and the standard AISI 4140
composition of axles are shown in Table 1. From the table, it shows that the carbon content of
the failed axle is 0.354%. This shows that the carbon content is below the standard for axles,
which lies in the range of 0.38-0.43 (Tawancy and Al-Hadhrami, 2013). Carbon in steel plays
a major role in improving the strength and hardness of steel by forming cementite with iron. In
addition, carbon improves the hardenability of steels during hardenability heat treatment (Wei
et al., 2018). Carbon increases the hardenability of steels by allowing hard and brittle
martensite to form during rapid cooling (quenching) and retards the formation of ferrite and
pearlite. During hardenability, carbon atoms do not have time to diffuse out of the crystal in

large amounts to form cementite (Allen and Boardman, 2005). In addition, beneficial elements
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such as Mn, Cr, and Mo (with percentages 0.610%, 0.332% and 0.036% respectively), which
improve hardness, strength, toughness and hardenability are below standard as reported in the
literature (Wang et al., 2021).

This shows that the steel used for the fabrication of the failed axle falls below the standard
chemical composition requirement of steel for the fabrication of axles. For example, Mn allows
an increase in hardness and strength at a slower quenching rate to reduce the defects forming
during heating and quenching (Allen and Boardman, 2005). Likewise, Cr helps improve the
strength, hardness and ability of the steel to be heat treated (Allen and Boardman, 2005). Lastly,
Mo increases the hardenability during the heat treatment process by lowering the required
quenching rate (Allen and Boardman, 2005). However, harmful elements P and S which cause
cold and red shortness respectively were found to be low in the failed axle compared to those
reported in the literature (Tawancy and Al-Hadhrami, 2013).

Table 1. Chemical composition of the front axle of a tricycle
Elements (%) Failed axle AISI 4140 Steel (Tawancy and
Al-Hadhrami, 2013)

C 0.354 0.38-0.43
Si 0.191 0.15-0.35
Mn 0.610 0.71-1.00
0.0089 0.035
0.012 0.040
Cr 0.332 0.80-1.10
Mo 0.036 0.15-0.25
Fe Balance Balance

3.2. Microstructure at the Surface and the Core of Failed Axle
The microstructure of the failed axle obtained through metallography is shown in

Figure 4. The figure shows the presence of relative fine pearlite (dark phase) and fine ferrite

(white phase) in the microstructure in

Figure 4(a). In contrast, steels that undergo hardenability heat treatment contain tempered
martensite in their microstructure at the surface of the steels, which is in the form of needle
shape/acicular structures as reported by Wei et al. (2018) and Tawancy and Al-Hadhrami
(2013). This anomaly in the microstructure of the failed surface of the axle may be attributed

to improper heat treatment or no heat treatment was conducted. The axle was supposed to be
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heated above the A3 for low and medium-carbon steels on the iron-carbon equilibrium diagram

to obtain a full austenite microstructure before quenching.
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Figure 4. Optical microstructure of failed axle (a) at the surface and (b) at core 500X
The core of the failed axle (

Figure 4b), shows a similar microstructure to that at the surface (pearlite and ferrite), however,
the phases are relatively coarser than that at the surface. This microstructure is expected at the
core of an axle since axles are surface-hardened to give a hardened case and a toughened core.
The pearlite and ferrite microstructures are responsible for the tougher core of the axle, as they
are expected to absorb energy before fracture, which is in contrast to the martensitic case which

is supposed to acquire high hardness and strength.
3.3. Hardness Profile of Failed Axle

The microhardness profile of the failed axle is shown in Figure 5. From the figure, it shows
the hardness profile of the failed axle at the core and the surface does not conform to what is
obtained from the literature on a hardenable axle. The hardness values at the surface range from
277-295 HV while at the core the hardness values range from 254-258 HV. This shows that
the hardness values at the surface lie below the expected hardness of axles, which is in the
range of 500-550 HV. Similarly, the hardness values at the core were below that reported by
some literature (285 HV) (Asi, 2006; Tawancy and Al-Hadhrami, 2013). These low hardness
values at the surface can be attributed to the presence of pearlite and ferrite at the surface of
the failed axle instead of tempered martensite. This further confirms that the axle was given
improper heat treatment or not quenched and tempered at all. At the core, the low value of the
hardness can be attributed to the low carbon content of the axle (Table 1) which is below the

standard of carbon content required for the axle. Literature has reported that carbon in steels
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improves hardness, strength and hardenability by optimizing the variant selection to increase
the density of high-angle grain boundary (Tawancy and Al-Hadhrami, 2013). In addition, other
alloying elements such as Mn, Cr and Mo improve the strength, hardness, toughness and
hardenability of low-carbon steels (Allen and Boardman, 2005).
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Figure 5. Hardness profile of failed tricycle axle
3.4. Macroscopic and SEM Analysis of the Failed Axle

The SEM analysis of the fractured surface is shown in Figure 6. From the figure, it shows two
distinct regions of the failed axle-surface and the core. One is the burnished surface which
shows that the parts have been rubbed before the final failure (Figure 6a). The other section of
the failed part shows a crystalline failure, which shows the final failure of the parts. This type
of failure is typical of fatigue. The burnished surface indicates that there was rubbing of the
parts before the final failure. The core section (Figure 6b) shows a crystalline type of fracture,
which shows that the toughened core has absorbed lower energy before the final fracture. In
addition, this region represents a dimpled fracture, which is a characteristic failure of ductile
materials (Al Jabbari et al., 2018). This further confirms the presence of soft and ductile ferrite
and pearlite at the core. In fatigue failure, cracks or flaws normally form at the surface of the
piece which propagates and results in the final failure/fracture. In this type of axle where the

hardness is not up to standard, the initiation of crack and its propagation will be easier.

In addition, Figure 7 shows the macroscopic and SEM images of the fractured surface. The
figure shows the presence of ratchet marks separating the different fatigue zones in several

locations on the circumference of the failed axle (Figure 7a). These irregular fatigue-shaped
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cracks initiated from the circumference of the axle and propagated towards the center. A similar
observation was reported by Al Jabbari et al. (2018). Figure 7(b) shows the presence of craze
lines, which is evidence of propagation of the crack front during fatigue failure. Craze lines are
characterized by conical-shaped features in Figure 7(b). The remainder of the crack
propagation occurs through both the primary and secondary craze formation (Khan, Merah and
Saghi, 2007). Ratchet marks are macroscopic and in contrast, craze lines are microscopic. The
presence of ratchet marks and craze lines in the failed axle further proved that the failed axle
is under cyclic stress (Jeyaraj et al., 2015; Puliyaneth et al., 2018; Yan et al., 2018).

25062023 WD  Mag , Hy HFW Pressure
9:15:50AM 10.6MM  9000x | 20Ky 125um 70Pa

Figure 6. (a) SEM micrograph of the burnished surface of a failed wheel axle and (b) SEM

micrograph of a crystalline core of a failed wheel axle
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Figure 7. Macrograph and SEM micrograph of fractured axle (a) ratchets and (b) craze lines

To avoid failure of the front wheel axle of a tricycle, agencies saddled with the responsibility
of ensuring quality control such as Standard Organization of Nigeria should be investigating

the quality of axles in terms of chemical, mechanical and microstructural properties.
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4. Limitation and Recommendation

This study does not take into consideration the improvement of chemical composition and case
hardening of the front wheel axle. Therefore, further works should consider the improvement
of chemical composition and case hardening of the spare parts of the front axle wheel to meet
the standard.

5. Conclusion

This study was conducted on a failed front wheel axle of a tricycle. The chemical composition
of the failed axle lies below that of the standard axle reported in the literature. In addition, the
hardness of the failed axle at the surface and the core is below the values of hardness obtained
for axles. The microstructure at the surface and the core shows the presence of pearlite and
ferrite at both the surface and the core instead of tempered martensite at the surface and pearlite
and ferrite at the core. Furthermore, the SEM analysis reveals that the failure of the axle is due
to fatigue. From the results, it shows that the front wheel axle of tricycles in Nigeria does not

meet the standard and this leads to the rampant failure of the axles.
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