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Abstract
Article Info Crystal defects can be identified through the crystallographic characteristics of crystal
Submitted: orientation (lattice), microstrain and texture. Identification of crystal defects on the atomic
01/08/2023 scale through crystallography is very important in analyzing the mechanism of material
Revised: properties due to the influence of dislocations. The slip mechanism is analyzed to minimize
12/11/2023 coil spring failure. This study aims to analyze the causes of coil spring failure based on
Accepted: crystallography. XRD testing was carried out for analysis of residual stress, crystal orientation,
14/11/2023 and texture using MAUD 2.94 version software. Hardness testing was carried out on the
Online first: surface of the coil spring with locations near and far from the fracture using micro vickers. The
24/11/2023 macro fracture morphology was analyzed using a DSLR camera and the micro fracture

morphology was analyzed using SEM. The XRD result show that the coil spring material has
a tensile residual stress value of 202.4 +15.9 MPa with the resulting crystal orientation
showing the hkl (100), (200), (211), (200) fields. The plane (200) has a texture characteristic that
is oriented towards the Rolling direction along the spring axis. Texture oriented towards
Rolling Direction can be shown with a maximum probability value of 1.191. A high probability
will have an impact on the presence of material surface defects. Surface defects are indicated
by the presence of pits corrosion on micro and macro fracture morphology observations. The
pits corrosion defects that occur in the failed coil springs are the beginning of the formation of
crack initiation and cause stress concentration. The stress concentration will increase with
loading and cause crack propagation.

Keywords: Coil spring; Crystal orientation; Failure analysis; Residual stress; Texture

1. Introduction [3]. In the heat treatment process, the material
must be at temperature of about 850 °C or often
called the austenite temperature [4]. After
austenitizing, the spring is quenched whit a

Coil springs are generally applied to light
vehicles and function under dynamic and static
loads [1]. Coil springs are mechanical flexible and
absorb energy from the road, while applying force
to the suspension to maintain contact between the
tire and the road [2]. In the manufacturing

certain holding time in an oil tank with a
temperature of 80 °C, followed by tempering at a
temperature of 400 °C to produce the desired
mechanical properties of the coil spring [5]. The

process, the coil spring is fabricated by a heat
coil spring heat treatment process with a

treatment process with a temperature of 950 °C

aiming to eliminate stress and maintain elasticity temperature that exceeds the critical temperature
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can cause decaburation. Decaburation can result
in a decrease in fatigue strength and an increase in
the rate of crack growth. These conditions can be
prevented by an inert atmosphere and recessive
warming in the short term [6], [7].

Residual after the
manufacturing process, and can be in the form of
thermal, mechanical, and chemical processes [8].
Residual stress is divided into two types which
greatly affect the material properties, including

stress can arise

compressive and tensile residual stress [9]-[11].
Compressive residual stress tends to be benefical
to the material because it can increase fatigue life.
Compressive residual stress improves the size and
distribution of surface stress, it results in increased
stiffness and decreased vibration amplitude, both
of which improve fatigue life [12]-[14]. Tensile
residual stress can occur due to non-uniform
temperature during the heat treatment process
which can lead to crack initiation, this tends to
reduce the fatigue life of the material [15]-[17].
The initial failure of the material occurs due to
changes in mechanical properties after the
fabrication process which can change the direction
of stress distribution on the surface of the material
[18]. Changes in the direction of stress distribution
will affect the intensity of stress concentration
which can cause surface defects. The induced
stress can be evaluated from the lattice parameters
and maximum width (FWHM) using Scherrer line
[19]. The analysis can provide a
comparison of value of microstrain that occurs

analysis

which can be assumed as a change in the elastic
force between the crystal fields without applying
an external load [20].

Various studies on residual stress have
attracted the attention of researchers in an effort to
increase the fatigue strength of coil springs, the
effect of tensile residual stress and relaxation of
coil spring tension [21]. The coil spring is
subjected to a heat treatment process with time
and temperature parameters to eliminate the
value of the tensile residual stress. Residual stress
was measured on the outer and inner surface of
the coil spring to analyze the effect of heat
treatment. Heat treatment was carried out, the
residual stress value decreased to an interval
between 100 and 300 MPa depending on the time
and temperature used in the heat treatment.
Research on springs
superalloys at high temperatures has been carried

coil in nickel-based

© Andoko Andoko et al.

out to analyze stress relaxation and analytical
models of torsional creep [22]. The stress
relaxation of the the three coil springs was
investigated at temperature between 600 °C and
700 °C. Experimental results show that the coil
spring relaxes rapidly, decreasing to 50% of the
initial force in 1-1000 hours. The stress relaxation
increases significantly followed by a change in the
value of the dislocation density which can
produce persistent residual stress, due to rolling
process.

It can be assumed that the poor performance of
the coil springs such as decreased fatigue strength
is caused by the very high geometric dislocations
due to the rolling process. Previous research
examined the crack mechanics approach in the
cold coiling process with low spring index by
combining measurement of residual stress values
with neutron analysis and finite element methods
[23]. Metallurgical evaluation support was used as
evidence to justify the use of the concept of
fracture mechanics. The residual stress
measurements are then converted into stress
intensity factors to allow analysis in fracture
mechanics, showing that excessive residual stress
caused cracking after the cold coiling process.

Previous research have shown that the residual
stress characteristics due to heat treatment and
shot peening greatly determine the mechanical
properties of the coil spring, especially the fatigue
strength  [24]-[26]. In  addition, other
characteristics such as resistance to stress
corrosion cracking, and deformation greatly affect
the resistance of the coil spring material [27].
Deformation has an important role in observing
the texture of the coil spring material [28].
Deformation using the XRD experimental method
will produce a preferred crystal orientation which
can affect the material properties. Material
properties that have low strength occur when the
texture pattern of the material is not perfect so that
it will create weaknesses in the crystal lattice
structure and cause failure [29].

Coil spring on vehicle failed after 191317 km of
vehicle operation. Based on these problems, an
initial analysis of the crystallography of the coil
spring failure was determined to be needed. This
research aims to identify the causes of coil spring
failure through crystallographic observations
which include residual stress, crystal orientation,
texture, hardness, and fracture morphology.

Automotive Experiences

516


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

2. Materials and Method

2.1. Materials

The material used is a coil spring component
on the rear suspension of a heavy vehicle, with a
fracture in the 2nd coil area out of a total of 6 active
coils Figure 1. Coil springs samples were produced
using hot rolling process based on the
specification as described in Table 1.

2.2. Chemical Composition Test

The chemical composition of the fractured coil
springs was analyzed using a Hilger Emission
Spectrometer, Type E-9 OA701, Hilger Analytical,
Westwood Margare Kent CT9 4JL, UK. This test is
carried out in accordance with ASTM E350 [30].

2.3. Microhardness Test

The micro hardness test aims to analyze the
distribution of hardness by making several
indentation points on the coil spring material
using a micro Vickers hardness tester. (HM-200,
Mitutoyo Corparation, Kanagawa 213 8533,
Japan). Three indentation points were performed
on both specimens near the fracture and far from
the fracture Figure 2. This test was carried out in
accordance ASTM E384 [30].

2.4. Residual Stress, Orientation Crystal, and
Texture Test

Residual stress analysis was performed using
X-Ray Diffraction (Bruker XRD, Type D8
Advance, Bruker axs GmbH, Kalsruhe, Germany).
Experimental was carried out with Cu-Kal
radiation with a wavelength of 1.5046 [13], [31].
This test is was carried out in accordance with
ASTM E2860 [30]. The data results were processed
using Qualx 2.1 and Maud 19.2 software.

2.5. Fracture Morphology Test

Morphological observations both
macroscopically and microscopically were carried
out to analyze the characteristics of the fracture
surface (ductile, brittle, fatigue) using a Canon
DSLR (Type EOS 1300D, Tokyo Japan).
Microscopic observation were carried out using
Scanning Electron Microscopy FEI Type Inspect-
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S50, Field Electron and Ion Company Hillsboro,
Oregon, United States) with ASTM STP 827
Standardization [30].

2.6. Simulation FEA

Simulation was carried out to analyze the
location of the maximum and ditribution stress in
coil spring. The simulation begins with setting the
boundary conditions to ensure that the simulation
represents the actual conditions. The location of
the boundary conditions is shown in Figure 7a,
which is at both ends of the coil spring, one end
for the load and the other end for the fixed
support. A load of 2181.5 N was applied which
was obtained from the calculation of the
maximum load received by the car. The next
process is the meshing which is used to dividing

Fracture Area

Figure 1. Fracture in coil spring component

Far From
Fracture

4 W

Figure 2. Hardness test indentation

Table 1. Spring specification

Outer Diameter Inner Diameter Wire Diameter Numbers of Total Free Length
(mm) (mm) (mm) Coils (mm)
122 98 12 6 coils 2 passive 350
Automotive Experiences 517
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the model into the smallest parts that aim for a
more detailed analysis accuracy, meshing in this
analysis uses an element size of 5 mm while at the
end of the crack is carried out by the tetrahedron
method with a semi-elliptical crack shape at a
relatively small ratio of the crack depth above.
Solid cylinder diameter (major radius 0.5 mm and
minor radius 0.2 mm) which can be seen in Figure
7b.

3. Results and Discussion

3.1. Chemical Composition

The chemical composition of the spring
material was measured to be C 0.56%, Si 1.6%, Mn
0.78%, P 0.03%, S 0.014%, and Cr 0.65% (Table 2).
The chemical composition result was compared
with the standard spring steels and it was found
to be similar to grade SAE 9260 steel. Namely,
which is a silicon chromium spring steel that is
generally used in the manufacture of coil springs
for heavy vehicles. Based on the results of the
chemical composition test, the coil springs that
failed were included in the medium carbon class
category of spring steel. The composition between
C, Mn, P, and S is SAE 9260, but the Si element of
the coil spring test material does not meet the

© Andoko Andoko et al.

standard of spring steel. Cr has a high enough
value and serves to increase the corrosion
resistance of the coil spring.

3.2. Micro Vickers Hardness

Table 3 is the result of micro vickers hardness
testing on the coil spring surface. Based on the
results of the hardness test, the hardness number
of the coil spring exceeds the standardization of
raw material grade SAE 9260 (505 HV) [32], [33].

3.3. Residual Stress

The residual stress diffraction pattern was
collected in the 20 range, i.e. 99°-100° with a step
size of 0.02°, the slope angle range () -20° to +20°
with a step size of 4° (Figure 3). All diffraction
patterns were selected to analyze the mean crystal
size using the Scherrer relationship, assuming the
crystal size is the main source causing the strain
effect of the diffraction peaks. There is a difference
in the value of FWHM (Table 4) at each variation
of 1\ the angle followed by a large difference in the
ratio of crystal sizes. In comparison, the FWHM
value is quite large at angle variations of ¢ -
8°,4°,20° with an average of 3.38 which is almost
close to the average value of crystal size.

80 —
60 —
B !
=
[=
8
S 40
20 sl X
0 . , : , : , : , . , : , : ,
96 97 98 99 100 101 102 103

2 Theta

Figure 3. Residual stress diffraction results with { angles of -20, -16, -12, -8, -4, 0, 4, 8, 12, 16, 20
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Table 2. Chemical composition

Component C (%) Si (%) Mn (%) P (%) S (%) Cr (%)
Coil Spring 0,560 1,601 0,784 0,031 0,014 0,650
Table 3. Vickers hardness number (HV)
. Indenter Point
Specimen 8 B 3 Average
Near 530.9 577.5 619.2 575.8
Far 502.0 534.3 5445 526.9
Table 4. FWHM Value of Each Diffraction Pattern
U (°) 0(° B () D (um) Microstrain
-20 49.880 0.718 3.056 0.151
-16 49.883 0.651 3.375 0.137
-12 49.885 0.715 3.069 0.150
-8 49.886 0.609 3.603 0.128
-4 49.886 0.619 3.545 0.130
0 49.886 0.673 3.261 0.142
4 49.884 0.541 4.056 0.114
8 49.879 0.671 3.271 0.143
12 49.881 0.667 3.291 0.141
16 49.877 0.681 3.221 0.144
20 49.873 0.561 3.917 0.118

Figure 4 shows the tensile stress (negative
slope), shear stress (ellipse) and stress gradient
(wavy curve) [34]. The highest tensile stress is
along the direction of sin®{ = 0.1, while the shear
stress is present in all directions although its value
decreases following the tensile stress path. The
undesired tensile stress is 202.4 +15.9 MPa (30% of
the ultimate tensile strength) and the shear stress
is 14.3+1.6 MPa (20% of the shear strength in the
@=0° plot.

3.4. Crystal Orientation

The results of the EDS analysis have been
carried out on the cracked surface of the coil
spring, which detects the Fe phase, so as to obtain
the parameter values of d-spacing, crystallite,
lattice strain, dislocation (Table 3). Then it will get
the reflection of the planes (110), (200), (211), and
(220) which can be seen in Table 5.

Dislocations that occur in the crystal plane can
affect the crystal structure due to plastic
deformation [28]. The dislocations will form
closed loops on the inside of the crystal or on the
surface up to a different level of slip along the
dislocation line.

3.5. Texture Analysis
The pole figure texture plot is carried out on
the coil spring fracture surface with a certain

orientation. The pole figure shows the variation of
pole density with pole orientation in the (110),
(200), and (211) planes (Figure 6). The directions of
ND, RD and TD on the coil spring sample are
shown in Figure 5. ND is expressed parallel to the
long axis of the coil, RD is perpendicular to the
axis and TD is along the coil diameter.

The field (200) shows a comparison of high and
low intensity values up to 0.366 compared to the
fields (110) and (211). In getting more detailed
data from the texture of the component, the image
is also needed in the ND (Normal direction), RD
(Rolling Direction) and TD (Transverse Direction)

o
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Figure 4. Fundamental equation of X-Ray strain
determination
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Table 5. Crystal Orientation, Lattice Strain, and Dislocation Parameters

hkl 20(°) d ) D (um) E 0

110 52.4 1.74 13.35 5.87 5.6
200 77.3 1.23 8.26 3.61 14.6
211 99.9 1.01 9.78 243 10.4
220 124.1 0.87 9.32 1.53 11.5

Figure 5. Directions of RD, TD, and ND on the coil
spring sample

directions. The ND direction shows that the
intensity increases from a random distribution
and is concentrated in the (111) plane and tends to
experience high texture deformation, while RD
and TD have a relatively low density distribution
at the poles in the (110) and (100) planes. Plane
fibers (111) are frequent slips and distorted dense
pile structures intersect in the (110) direction.
Therefore screw dislocations can move in these
planes, so the slip line is often wavy and difficult
to define [35].

1
Figure 6. Measurement of pole figure and inverse pole figure on the field (110), (200), and (211)

£ 4T

3.6. Discussion

The results of the chemical composition that
have been discussed previously show that the
material of the broken coil spring does not meet
the standardization of SAE 9260 material. This
condition is indicated by the presence of Si
elements which are below the standard. (1.8-
2.2%). The element Si in the coil spring material
will affect the hardness of the material and affect
the solubility of element C in ferrite and the level
of stability of cementite [36], [37].

Based on the hardness test on the damaged coil
spring, it shows that the highest hardness value is
produced at a location close to the fault. The
fracture characteristics show that the coil springs
fail by fatigue. Fatigue failure is characterized by
crack initiation, crack propagation (beachmarks)
and final fracture (Figure 8). In manufacturing
processes such as heat treatment, hot rolling,
quenching, to shot peening on coil springs that are
not controlled properly will affect the mechanical
properties of the material. In manufacturing
processes such as heat treatment, hot rolling,
quenching, to shot peening on coil springs that are
not controlled properly will affect the mechanical
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properties of the material [38]. Especially in hot
rolling that is not controlled, it will affect the
uniformity of the microstructure value and the
residual stress effect given [39], [40]. The hot
rolling process requires a temperature of 850 °C,
causing the carbon atoms to diffuse from the metal
constituent atomic bonds and the formation of the
austenite microstructure to produce ductile
properties in the material [41]. Austenite will turn
to martensite on rapid cooling, but this process
has the potential loss that decarburization will
reduce ductility and reduce fatigue strength. This
will trigger the formation of crack initiation and
make stress concentration [4].

The results of X-Ray Diffraction observations
were analyzed with Qualx and Maud software to
stress, crystal
orientation, and texture data. There are variations

obtain numerical residual
in the increase in FWHM in the residual stress
resulting in crystal lattice defects due to the hot
rolling process, where the material yields during
the first cycle until permanent deformation occurs
[42]. This process can lead to the formation of
tensile residual stress on the surface of the
material [43]. Figure 3 shows a graph of negative
values in accordance with the application of strain
resulting in dislocations at the crystal grain
boundaries [44]-[46]. The application of non-
uniform strain can affect differences in the size of
the distortion at the position of the crystal grains,
and variations in the distance between planes
(hkl), so that the resulting diffraction peaks show
differences in peak half plane from the top [47].
The pole figure shows the distribution of the
crystallographic direction of the plane (200)
selected relative to a value.

The plane (110) is a frequent slip and distorted
solid stack structure in the plane (110) intersecting
in the 111 direction to show the variation of polar
density in the specimen. Texture data can also be
presented in the form of inverse pole figures to
represent texture fibers. The application of non-
uniform strain can affect differences in the size of
the distortion at the position of the crystal grains,
and variations in the distance between the planes
(hkl), so that the resulting diffraction peaks show
differences in peak widths [48]. Table 4 shows that
the dislocation density values in the (200) plane
are larger with a relatively small ratio of crystal
sizes. The greater the value of dislocation density
will affect the level of atomic vacancies, which in

© Andoko Andoko et al.

these conditions allows point defects to occur [49].
The degree of vacancy and the presence of high
tensile residual stresses can affect the increase in
dislocations causing crack delamination which
can accelerate crack propagation due to dynamic
loads [50]. In spring steel, there is a significant
effect on tensile residual stress during relaxation
as the amplitude increases during cyclic loading
in the low cycle fatigue limit range [51], [52]. This
statement is in accordance with [43] that the
results of a study that explained the effect of shot
peening on fatigue life and crack mechanisms,
especially in low cycle fatigue (LCF) conditions
[43], [53]. The presence of tensile residual stress
can be controlled by shooting steel balls on the
surface of the material (shot peened) to provide
compressive residual stress, but the uneven
intensity of shot peening tends to produce plastic
deformation.

Coil springs experience fatigue fracture that
begins with the appearance of pits corrosion due
to damage to the surface layer. Pits corrosion then
formed crack initiation and propagated to form a
beach mark to the final fault in accordance with
the results of morphological observations. In the
process of operating the coil spring (Figure 7a),
crack initiation can occur due to the contact
between the two coils when holding an overload
load (Figure 7b) so that it can damage the coating
which can trigger early corrosion (Figure 8a), so
prevention in the way of coating inspection on coil
springs is needed to prevent this failure [54]-[56].
Several researchers [23], [54], [57]-[60] have given
similar statements regarding the cause of the
initiation of crack in coil springs.

Simulations FEA was carried out to strengthen
the experimental results based on the value of the
crack growth cycle in the material. Coil springs
receive dynamic loads that can cause crack
growth to reach fracture at a certain (critical) crack
length. Mode II has the lowest cyclic value,
compared to mode I. In mode II, shearing tends to
occur. This can be seen further later on the graph
of crack size vs cycle in Figure 7c. The cycle value
to achieve a critical crack length of 10.28 mm is
97500 cycles . This means that fracture will occur
after the crack reaches a length of 10.28 mm or
97500 cycles. When compared with the cycle
without cracking, it is seen that the fatigue life
with cracks is shorter with the same load. This
indicates that cracks play a role in fatigue life. The
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Figure 7. a) Boundary condition, b) Location of collision between coils, ¢) Graph between crack size vs number of
cycle

Figure 8. a) Fracture coil spring location, b) Fracture surface

relationship with the failure that occurred was
that there was a defect in the coil spring which
resulted in a decrease in fatigue life which
resulted in a shorter service life compared to
normal service life.

These defects can then be characterized
through experimental testing. The SEM test was
carried out to provide more detailed observations,
there were scratches that showed the
characteristics of mechanical damage faults
(Figure 9). Coil spring failure that occurs is
included in the fatigue characteristics. Fatigue will

have an impact on other corrosion
simultaneously, causing the initiation of crack
formation. Pits corrosion will be a concentration of
stress and damage the protective layer of the coil
spring surface (Figure 10 and Figure 11). The crack
then propagates to the edge of the surface causing
failure of the coil spring shown in Figure 9 [61]-
[63]. Fatigue fracture can be seen by the presence
of beachmarks. Beachmarks display a rough and
non-uniform surface, this is due to stress
concentrations. The stress concentration makes
the crack propagation at the beachmarks clearer
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Pits
Corrosion
Corrosion

Figure 9. a) Pits corrosion point, b) Fracture damage

HV mag O WD spot| det | tilt| - 2 mi

20.00kV _50x 11.0mm 4.0 |E Universitas Negeri Malan

Figure 10. Presence of corrosion
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Figure 11. Detail of corrosion

and breaks at higher stress values. These
conditions make the consideration that the coil
spring has a low cycle fatigue fracture at 200,000
km. Simulationally, the coil spring should be able
to last up to the high cycle fatigue region of
3 % 10° cycles [53], [64].

4. Conclusions

In this study, we analyzed the failure of a coil
spring. We found that the coil spring failed due to
corrosion found at the crack initiation section. The
corrosion caused stress concentration indicated by
beachmarks. The crack progressed to fracture and
was characterized as a fatigue fracture. Another
factor contributing to fatigue is the residual stress
which is tensile in character, leading to reduced
fatigue life. In addition, the dislocation density on
the (200) plane is higher which can influence the
increase of dislocations leading to
which can accelerate
propagation due to dynamic loading. This study

crack
delamination crack
shows that corrosion causes coil spring failure and
residual stress shortens its fatigue life, so coating
and shot peening inspection is needed to prevent
this.
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