
1. INTRODUCTION
The n-trailer system is a unlike a flat system, who is flat (or 
linearizing) outputs are the Cartesian coordinates of the 
middle point of last trailer’s rear axle. Mobile robots with 
trailers are flat systems as soon as the trailers are hitched to 
the middle point of the axle of the previous ones. Placing the 
king pin off the axle will cause the system not to be straight. 
The placement of the kingpin outside the axle makes the sys-
tem not flat.[1] The kingpin sliding mechanism allows the 
kingpin to slide along the axle of the previous trailer. From 
the perspective of routing and control theory, a natural qu-
estion is whether the system remains flat. It is also proved 
that the n-trailer system equipped with a sliding kingpin 
mechanism is a differentially flat system [2].

Steels used for surface hardening generally contain a carbon 
content of about 0.2%, and the carbon content of the car-
burized layer generally being controlled at between 0.7 and 
1% C. However, the carbon content on the surface should 
generally not exceed 0.9% because high carbon content can 
result in retained austenite and brittle martensite (due to the 
formation of proeutectoid carbides on the grain boundaries) 
[3].

Surface hardening is a process that has been used for many 
years to improve the surface hardness of metals. Fast hea-
ting and rapid quenching methods are used to increase the 
surface hardness. Surface hardening is observed with the 
changes provided in the microstructure [4]. The compressi-
ve residual stresses prolong the fatigue lifetime of the harde-
ned component. In the surface induction hardening process, 
heating is very fast and directly followed by quenching, so 
the generation of residual stresses is more complex than the 
common hardening process [5]. Calculating the variation 
of heat generation rate in components with a complex geo-
metry is difficult, therefore the experimental measurements 
of surface heat fluxes are also used. Many finite element stu-
dies focused on the prediction of residual stresses in com-
ponents during heating and quenching and a few papers on 
the surface induction hardening have been published in the 
past years. The finite element method (FEM) makes it pos-
sible to estimate the residual stresses in components during 
heating and quenching to determine the relationship betwe-
en process parameters and the mechanical properties of the 
material being processed [6].

For iron or steel parts with low carbon content, which has 
poor hardenability due to the chemical composition, the 
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case hardening process involves infusing additional carbon 
or nitrogen into the surface layer. Case hardening is usual-
ly applied after the part has been formed into its final sha-
pe, however, can also be applied to increase the hardening 
element content of bars to be used in a pattern welding or 
similar process. Case hardening process is applied intensi-
vely on parts subjected to high pressure or sharp impacts. 
Firing pins, rifle faces, engine crankshafts can be shown as 
examples of parts that have been processed. In these cases, 
the surface may be hardened selectively, leaving the center 
of the part in its original tough state [7,8]. 

Stress corrosion cracking and intergranular corrosion of are 
the most important corrosion types those affect the servi-
ce behavior of austenitic stainless steels. Dissimilar material 
and environmental factors affect stress corrosion cracking 
behavior of austenitic stainless steels. The environmental 
factors include the processes of forming by cold plastic de-
formation and seam welding. The latter justifies that there 
is a growing interest in knowing the effect that prior to cold 
work and sensitization treatment have on the stress corrosi-
on cracking behavior of these types of materials [9,10].

In this work, the reasons of a sudden failure of a steel part 
during its assembly have been investigated in detail. By 
conducting many experimental studies, a detailed fracture 
analysis has been made. The aim of the analysis is also to 
investigate the effects of the heat treatment parameters for 
determining the fracture of the kingpin parts.

2. MATERIAL AND METHODS
The spectral analysis, metallography and fractography stu-
dies, SEM analysis and hardness tests were carried out for 
the 16MnC5 steel parts, respectively. The image of the kin-
gpin part broken in assembly lines is shown in Figure 1. 
The chemical composition of the analyzed 16MnC5 steel is 
shown in Table 1, and the mechanical properties are given 
in Table 2.

Table 1. Chemical composition of 16MnCr5 (1.7131) steel (wt.%)

C Si Mn P S Cr

0.14 - 0.19 max   0.4 1 - 1.3 max   0.025 max   0.035 0.8 - 1.1

Table 2. Mechanical properties of the 16MnCr5 (1.7131) steel 

Property Value

Nominal thickness (mm):   to 16

Rm - Tensile strength (MPa) hardening and tempering at 200℃ 1000

Rm - Tensile strength (MPa) 550

Rp0.2 0.2% proof strength (MPa) 420

A - Min. elongation Lo = 80 mm (%) 21

Z - Reduction in cross section on fracture (%) 62-64

Vickers hardness (HV) 170

Before the macroscopic examinations, the fracture surfa-
ces were cleaned in an ultrasonic bath, and then examined 
under a stereo microscope. For further investigation, samp-
les were prepared through the examined part. The locati-
ons where samples were taken out are shown in Figure 2. 
The samples were taken from three different positions and 
have been encoded as follows: RD-Radius (05-20-0619-1), 
FR-Fracture surface (05-20-0619-2), and FL-Flange (05-20-
0619-3). Representative coding’s are given in Table 3. 

Figure 2. The locations where samples were taken out

Table 3. Representative coding’s belong to three different locations.

Sample Code Location Long name

RD Radius 05-20-0619-1

FR Fracture surface 05-20-0619-2

FL Flange 05-20-0619-3

In order to understand the reasons of the kingpin’s failure, 
the broken failure areas were examined by Scanning Ele-
ctron Microscopy (SEM). Also, Vickers set hardness tests, 
using 1 kg load, were carried out on from the surface of the 

Figure 1. Images of the (a)original, and (b)broken kingpin part
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samples after heat treatment in order to determine the hard-
ness depth of the parts. 

3. RESULTS AND DISCUSSION
All the samples were examined from their cross-section by 
a light microscope. The images of the RD sample from its 
surface area with different magnifications have been shown 
in Figure 3, which present mainly the martensitic microst-
ructure. And the microstructure belongs to the center part 
of the radius section containing mixed structure of bainite 
and coarse martensite phases which is shown in Figure 4. 
Moreover, the images from the cross section of the fractu-
re surface with different magnifications have been shown 
in Figure 5. It is clearly shown here that the microstructure 

consists of a mixed structure containing bainite and coarse 
martensite phases. 

The surface area belongs to flange section contain hard mar-
tensitic structure as shown in Figure 6. And the microstru-
cture belongs to the center part of the flange section having 
the mixed structure of bainite and coarse martensite phases 
are shown in Figure 7. 

The metallographic investigations for both RD and FL 
samples show that there is a hard martensitic structure wit-
hout any mesh or bone type carbide at the surface zones. 
In the center, there is an inhomogeneous mixed structure 
of bainite and coarse martensite phases. It can be assumed 
that the structure shows high strength. Based on the cen-

Figure 3. Surface structure of the RD sample showing the martensitic structure

Figure 4. Mixed structure of bainite and coarse martensite phases on the center part of RD sample

Figure 5. Images of the FR sample showing a mixed structure of bainite and coarse martensite phases
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Figure 6. Surface structure of the FL sample having hard martensitic structure

Figure 7. Flange area mixed structure of bainite and coarse martensite components

Figure 8. SEM images of different areas from the broken parts
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ter structure and the determined core strength, it could be 
predicted that the component has little ductility and tough-
ness. This can also be concluded with the presence of a shiny 
surface. However, in the area where the fracture occurred 
(FR sample), there is a mixed structure of bainite and coarse 
martensite phases also in the surface zone.

SEM images taken from the fracture surfaces with different 
magnifications are shown in Figure 8. It is seen from the fi-
gure that intergranular fracture (which is a sign of brittle fra-
cture) is valid in the surface zone. And a mixed mode with 
cleavage type of fracture is visible in the core center part of 
the sample.

The polished cross section prepared from the radius area of 
the part is shown in Figure 9, and the hardness test results 
are given in Table 3 and Figure 10. It is known that Baini-
te phase is formed at slower cooling rates more than that 
for martensite formation and faster than that for ferrite and 
pearlite microstructure and martensite is formed when the 
cooling rate from austenitic microstructure is sufficiently 
fast. So, these hardness results confirm the microstructural 
analysis mostly.

Figure 9. Prepared hardness test sample from the radius area

Figure 10. Graphical hardness test results of the RD sample

The polished cross section prepared from the fracture area 
of the part is shown in Figure 11, and the hardness test re-
sults are given in Table 4 and Figure 12. 

Table 3. Hardness test results belong to RD sample.

Step Result (HV)
X- Position 

(mm)
Y- Position 

(mm)
Hardness Depth 

550 HV1

1 750 0,1 0

0,773 mm

2 734 0,2 0,2

3 718 0,3 0

4 688 0,4 0,2

5 664 0,5 0

6 627 0,6 0,2

7 582 0,7 0

8 538 0,8 0,2

9 481 0,9 0

10 472 1 0,2

11 450 1,1 0

12 412 1,2 0,2

13 431 1,3 0

14 398 1,4 0,2

15 390 1,5 0

16 399 1,6 0,2

Figure 11. Prepared hardness test sample from the fracture area

Table 4. Hardness test results belong to FR sample.

Step Result (HV)
X- Position 

(mm)
Y- Position 

(mm)
Hardness Depth 

550 HV1

1 755 0,1 0

0,794 mm

2 751 0,2 0,2

3 702 0,3 0

4 680 0,4 0,2

5 657 0,5 0

6 613 0,6 0,2

7 579 0,7 0

8 548 0,8 0,2

9 533 0,9 0

10 509 1 0,2

11 475 1,1 0

12 461 1,2 0,2

13 436 1,3 0

14 435 1,4 0,2

15 438 1,5 0

16 425 1,6 0,2

As a result of the analysis, the exact outcome reason of the 
fracture could not be determined as there are no clear sig-
ns of possible failure types such as hydrogen embrittlement 
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failure. The only clear outcome is the presence of the brittle 
type of fracture mode especially in the surface part, which 
is concluded by the help of the SEM study. With the present 
structure it is to be expected that even a low dynamic load 
can lead to the sudden failure. Hydrogen absorption with 
martensitic structure causes cracks to occur on the weakest 
point of part, especially on the steel parts which become 
particularly brittle.

Figure 12. Graphical hardness test results of the FR sample

4. CONCLUSIONS
This study was conducted on the parts those are used as pins 
in the truck axles, and this detailed examination has emer-
ged due to the sudden break of the part during assembly. 
The fracture is a brittle one. Based on the core structure and 
the determined core strength, it can be assumed that the 
component has no very low ductility or toughness. With the 
present structure it is to be expected that even a low dy-
namic load can lead to breakage. As a result, the following 
conclusions can be drawn:

1. The metallographic examination shows that there is a 
martensitic hardness structure without mesh or bone car-
bide at the edge.

2. In the core there is an inhomogeneous mixed structure of 
bainite and coarse martensite components.

3. It can be assumed that the structure shows high strength.

4. The investigations carried out suggest that the component 
was exposed to incorrect heat treatment parameters.

5. As a result of the work, it has been concluded that the heat 
treatment of the parts is not homogeneously distributed and 
therefore fractures occurred.

It is a target to prevent premature failures that may occur 
due to material selection, design, manufacturing, or heat 
treatment. It is very important for heat treatment compa-
nies to understand the cause of the break and to work on 
this issue. In addition, engineers and designers need to un-
derstand the effect of heat treatment to eliminate problems 
related to longevity and service performance.
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