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1. Background

This study describes the analysis and investigation of the causes of the sudden failure of a MacPherson strut suspension
system ball joint. The axis of the ball joint element showed a complete fracture which occurred midway between the top and
bottom section changes of the element, as shown in Fig. 1. The failed ball joint element is shown in Fig. 1, along with a ball
joint element not previously used, in order to show the height at which the fracture occurred in the element.

The aim of this study was to determine whether the failure was caused by defective materials, overload or deficient de-
sign of the element.

2. Experimental procedure

A fractographic inspection of the fractured surface of the element was initially performed using optical microscopy. After
this inspection, samples were extracted to analyze the material microstructure and some of the fractographic features by
means of Scanning Electron Microscopy (SEM). The microstructural analysis was performed in order to obtain information
about previous thermo-mechanical treatments to the element. Optical Emission Spectroscopy (OES) was used to identify the
chemical composition of the failed element. Vickers hardness was also measured on the failed element. It is worth noting
that before any measurement was performed, any traces of grease and debris were removed from the element.

2.1. Fractographic study

Fig. 2 shows a macroscopic image of the fractured surface of the ball joint obtained by optical microscopy. Three different
characteristic zones of the fracture are identified in the figure as zones A-C. Zones A and B indicate opposed zones where the

* Corresponding author. Tel.: +57 4 2619500; fax: +57 4 2664284.
E-mail addresses: eossa@eafit.edu.co (E.A. Ossa), cpalac12@eafit.edu.co (C.C. Palacio), mpaniag@eafit.edu.co (M.A. Paniagua).
! Tel.: +57 4 2619500; fax: +57 4 2664284.
2 Tel.: +57 4 2619378; fax: +57 4 2664284.

1350-6307/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engfailanal.2011.03.013
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Fig. 1. Ball joint element. (a) Failed ball joint in the cage. (b) Failed and new ball joints out of the cage.

Fig. 2. Fracture surface of the failed ball joint.

Fig. 3. SEM micrograph of fracture surface zone A.

crack growth started. These zones showed a smooth and curved appearance or beach marks. These zones are a clear indica-
tion of fatigue failure of the material. Furthermore, in zones A and B can be appreciated fracture features pointing towards
the center of the fracture. These ratchet marks are typical of fracture on elements subjected to high stress concentrations.
Zone C on the other hand shows a rough surface, indicating the final fracture zone of the element. This zone occupying
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Fig. 4. SEM micrograph of fracture surface zone C.

Fig. 5. Microstructure of the material. Etched with Nital 2%.

approximately one quarter of the cross section of the element. Fig. 3 shows a SEM micrograph of fracture zone A (see Fig. 2).
There can be appreciated the smooth surface and the beach marks characteristics of fatigue crack propagation. Fig. 4 shows a
SEM micrograph of zone C (see Fig. 2), where the micro-voids characteristic of final ductile fracture of the element can be
appreciated.

2.2. Metallographic analysis

According to chemical composition analysis by OES, the ball joint was manufactured using an AISI-SAE 5140 steel. Fig. 5
shows the metallographic microstructure of the ball joint element. This micrograph shows a microstructure formed mainly
by tempered martensite with acicular grains of ferrite on the grain boundaries (white grains indicated by arrows in Fig. 5).
The presence of tempered martensite indicates that the material suffered a heat treatment of quenching and tempering. De-
spite the beneficial effect of increasing material toughness of acicular ferrite in low carbon steels [1-3], it has been found that
acicular ferrite can decrease the fracture toughness and mechanical strength of heat treated steels when it appears on tem-
pered martensite grain boundaries [4,5], as in the present case. The presence of acicular ferrite on grain boundaries can also
induce a localized reduction on the hardness of the material, reducing the fatigue endurance limit, which along with the
reduction on toughness can drastically reduce the life of the component. According to Murakami [6], the uniaxial fatigue
strength oy can be related with the Vickers hardness H, as:

o5 = 1.6H, + 0.1H,. (1

The measured bulk Vickers hardness of the failed element was of 353H,, Therefore, using Eq. (1), the uniaxial fatigue strength
of the material can be estimated as 565 MPa + 35.3 MPa. Alsaran et al. [7,8] studied experimentally the effect of heat treat-
ment on the properties of AISI-SAE 5140 steel used in the manufacture of suspension system ball joints, finding a fatigue
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Fig. 6. Ball joint boundary and loading conditions used in the numerical analysis. A: Fixed support; B: Load 500 N; C: Fixed support.
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Fig. 7. Equivalent Von Mises stress distribution of the ball joint without contact support in C.

endurance limit of 416 MPa. As Alsaran's endurance limit is lower than the value fouind using Eq. (1), and was found exper-
imentally, this value is then used as the bulk fatigue endurance limit of the failed ball joint element studied. Furthermore,
Alsaran’s value is more conservative.

The Vickers microhardness of the acicular ferrite on the tempered martensite grain boundaries was also measured, find-
ing a mean value of 204H, Using Murakami's Eq. (1), the endurance limit for the acicular ferrite approximates to
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Fig. 8. Equivalent Von Mises stress distribution of the ball joint with contact support in C.
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Fig. 9. Equivalent Von Mises stress distribution of the modified ball joint without contact support in C.

326 MPa + 20.4 MPa. Despite the differences found on the endurance limit of the material by using Murakami's or Alsaran’s
approaches, it is evident that acicular ferrite reduces the endurance limit of the material in approximately 40%. This reduc-
tion on endurance limit is considered to be the cause of the fatigue crack initiation on the element, which was further en-
hanced by the contact stresses highlighted by the ratchet marks present on the fracture surface.
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Fig. 10. Equivalent Von Mises stress distribution of the modified ball joint with contact support in C.

3. Finite Elements Analysis of the ball joint

Using Finite Elements Analysis (FEA) it is possible to find the locations of high stresses suffered by the analyzed element
and their values. In this way it is feasible to draw specific conclusions on the causes and possible solutions to avoid the recur-
rence of these kind of failures. In this analysis the ball joint was geometrically modeled as shown in Fig. 6. The loading,
boundary and contact conditions of the model are given as:

1. A fixed contact in zone A (ball), shown in blue® color in Fig. 6.

2. Alateral load B, assumed constant in this analysis to simplify the modeling, with a value of 500N and applied at the end of
the element. This load value was used according to the experimental study of Ryu et al. [9], who found a value of lateral
load of approximately 500N for a suspension system similar to the one studied here, so it is considered that this value of
load represents a realistic estimate of the load applied to the element.

3. A lateral contact support patch in C, corresponding to the support of the axis of the ball joint element with its cage. This
contact patch support was applied between the ball and the end of the element where the failure occurred (Fig. 1) with a
rectangular shape as the real shape of contact of the ball joint element against its cage. The rectangle on the contact
region had 1 mm thick by 3 mm long around the perimeter of the ball joint element.

The analysis and calculations of maximum stresses were performed both with and without the support C, in order to
highlight the places of higher stresses in the element. The contact support between the axis of the element and its cage
was modeled as frictionless because the failed element surfaces did not show any indications of fretting or wear suggesting
friction between them.

The elements used in the FE mesh were hexagonal with a size of 2 mm. The mesh had a total of 3375 elements. The size of
the elements and mesh were selected after performing series of analysis with the same loads and using different mesh sizes.
These analyses showed that for elements smaller than 2 mm, the values of the stresses in the element varied considerably,
reaching high values related with singularities caused by small elements. For elements bigger than 2 mm the results were
not representative as the size of the elements were higher than the contact region.

Fig. 7 shows the stress distribution on the ball joint element without the contact support patch C in place. In this case the
maximum stress was found on the section change between the ball and the axis. This stress reached a maximum value of
319 MPa approximately. On the other hand, Fig. 8 shows the stress distribution on the element including the contact support

3 For interpretation of color in Figs. 6-10, the reader is referred to the web version of this article.
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patch C in the calculations. In this case the maximum stress was found on the contact region between the axis of the element
and its cage. This stress reached a maximum value of 278 MPa approximately, which is lower than the bulk fatigue endur-
ance limit of this steel under normalized conditions, which reaches a value of 416 MPa [7]. However, this stress is close to the
endurance limit found using Murakami's Eq. (1) for the acicular ferrite present in the grain boundaries of the material. Also
note that the place where this stress is reached corresponds with the place where the fracture occurred in the ball joint ele-
ment (see Fig. 1). The smooth beach marks accompanied by ratchet marks and a small final fracture zone (one quarter of the
cross section of the element) confirm that the element suffered high stress low cycles fatigue conditions initiated at the acic-
ular ferrite on the grain boundaries, followed by fatigue crack growth.

4. Conclusions and recommendations

The analysis showed that the ball joint suffered a fatigue induced fracture. The fracture initiated at the contact points be-
tween the ball joint element and its cage, where a stress concentration was created. Along with this stress concentrator, the
presence of acicular ferrite on the tempered martensite grain boundaries reduced the fatigue endurance limit of the material
on almost 40%, initiating cracks that grew with the application of loading cycles until the moment when the sudden failure of
the element occurred.

The material used in the manufacture of the ball joint was appropriate for this kind of application. However, defective
heat treating processes reduced the fatigue endurance limit of the material by formation of acicular ferrite on tempered mar-
tensite grain boundaries. Further, the reduction of the cross section on the ball joint element on the region of failure allows
the formation of stress concentrators which further reduce the life of the element. Therefore, the causes of the failure of the
ball joint are: (i) Defective heat treating process; and (ii) Defective geometric design of the element cross section.

In order to reduce the contact stresses on the ball joint element, a change on the geometric design of the element was
proposed. In the proposed design, the cross section of the element was increased as sown in Fig. 9. This element was modeled
using the same loading and boundary conditions employed for the failed element, as shown in Fig. 6. Fig. 9 shows the stress
distribution on the proposed ball joint, being modeled without the cage support. In this case the maximum stresses were
found on the section change between the ball and the axis of the element, with a maximum value of 128 MPa approximately.
On the other hand, Fig. 10 shows the stress distribution of the proposed design considering the cage contact patch C. In this
case the maximum stress was found on the cage contact, as expected, with a maximum stress value of 151 MPa, which is
almost half the value reached in the same zone by the failed ball joint and well beyond the fatigue endurance limit of the
material.

It is then suggested to modify the geometry of the ball joint to increase the loading section and reduce the contact stresses
with the cage. It is also suggested to evaluate the heat treating processing conditions followed on the manufacture of the
element to avoid the formation of acicular ferrite which further reduces the fatigue endurance limit of the element.
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Designation by Standards

Brand Name | Ravne No. | Mat. No. DIN EN AISI

41CRS4 790 1.7039 | 41CrS4|41CrS4| 5140

Chemical Composition in Weight %
C Si Mn Cr
0.41 max. 0.40 0.75 1.05

General Information
Description
Special structural steel.

Applications

Low and moderately stressed parts for vehicles, engines and machines where
where hard, wear resisting surface is needed. Hardness as surface hardened
about 54 HRC.

Properties
Physical properties (avarage values) at ambient temperature:

Modulus of elasticity [103 x N/mm2]: 210
Density [g/cm3]: 7.80

Heat Treatment

Soft Annealing
Heat to 680-720 'C, cool slowly in furnace. This will produce a maximum Brinell hardness of 241.

Normalizing
Temperatue: 840-880 'C.

Hardening
Harden from a temperature of 820-860 'C followed by oil or water quenching.

Tempering
Tempering temperature: 540-680 'C.

Mechanical Properties in Quenched and Tempered Condition

Tensile
Diameter | 0.2 proof stress stregth Elong-ation | Reduc- | Impact
(mm) (N/mmz) (N/mm?) (%) tion (%) |energy (J)
Up to 16 800 1000-1200 11 30 30
17-40 660 900-1100 12 35 35
41-100 560 800-950 14 40 35
Workability
Forging

Hot forming temperature: 1050-850 'C.



’f

5140, 5140H

Chemical Composition. 5140. AISI a

nal. 0.37 to 0.44 C, 0.60 to 1.0
max, 0.15 to 0.30 Si, 0.60 to 1.00 Cr
Similar
ASTM A322, A331, A505, A519;
(W. Ger) DIN 1.7035; (Fr) AFNOR 42
40 Cr 4, 41
A 40, 530 H 40,
. ASTM A304; SAE J407; (W.
AFNOR 42 C 2, 45 C2

. pecommended Heat Treating Practice
"urmahzmg. Heat to 1600 °F (870 °C) and cool in air

janealing. For predominately pearlitic

1525 °F (830_°C), cool rapidl;l/) to 13605?Fuc(§71:41§§’,(3})1ei;1 .

~ ontinue cooling to 1240 °F (670 °C) at a rate not e;(cee(iin

' ing 20 F (11 °C) per hour; or heat to 1525 °F (830 °C), ¢ I
apidly to 1250 °F (675 °C), and hold for 6 hr o

For a spheroidized structure, heat to 1380 °F (750 °C)

ool rapidly to 1275 °F (690 °C), and hold for 8 hr

dening. Austeniti @ o
‘:|:;0ﬂ g nitize at 1550 °F (845 °C) and quench

nd UNS: Nominal. 0.38

0 to 0.90 Mn, 0.035 P max, 0.040 S max, 0.15
0 to 0.90 Cr. 5140H. AISI and UNS: Nomi-
0 Mn, 0.035 P max, 0.040 S

Steels (U.S. and/or Foreign). 5140. UNS G51400;
SAE J404, J412, J170;
C 4; (Ital) UNI

Cr 4 KB; (Jap.) JIS SCr 4 H; (U.K)) B.S. 530
530 M 40, 2 S 117. 5140H. UNS H51400;
Ger.) DIN 1.7006; (Fr.)

s

10/

Characteristics. The characteristics described for 5135H %
generally apply for 5140H. Because the carbon range 5.2
higher, slightly higher as-quenched hardness of approX =z
mately 51 to 57 HRC can be expected. The possibility of2 3
slightly lower chromium content for 5140H makes 1o sig- %
nificant difference in hardenability. This grade ¢! |

welded, but is susceptible to weld cracking

(IR R

Forging. Heat to 2250 °F (1235 °C) maximum, and do n% %
forge after temperature of the forging stock has dropP™ =
below approximately 1600 °F (870 °C)

Tempering. After :
Se quenching, reheat t
required for obtaining the desired hagdr::ses temperature

Recommended Processing Sequence

e Forge

° Il\xformalize

e Anneal (preferabl idi

® Rough mr;chine y spheroidize)
® Austenitize and quench

e Temper

e Finish machine

5140: End-Quench Hardenability. C iti
ul . Composition: 0.43 C, 0.80
7 to 8. Austenitized at 1750 °F i i o aithe i 1560 4 ' ‘
o atone. (Source: The ((1955 'C') as in production and austenitized at 1550 °I': (éiG §I' 0.84 e il oy
’ ardenability of Steel, American Society for Metals, 1977) e S
o : i :0 , . Dls(anczesfrom quem;:;ed end, mr;\s
\ I : | : . 5 40 45 50 55
) \\ | : ! T T T T
N 1
“ Rt -
} \
H ‘ T |
o 0
g &\ N
g 1 : \ i |
£ | ' N | 1
; e ; \’\\_/\I\/ | 1750 °F (955 °C)
i ; : : !
| ?‘ ) |
25 H \ \ I l
! i S ‘
; 20! f l \>ﬁ T —
{! k | 1550 °F (845°C) | 5
T -
10 i J
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.. | Distance from quenched end, 1/16th in. ! ) *




P 5 - E o 9140: Isothermal Transformation Diagram. Composition:
8 i i o 3 ¢ 0.42 C, 0.68 Mn, 0.93 Cr. Austenitized at 1550 °F (845 °C).
== =] = Grain size: 6 to 7. (Source: Atlas of Isothermal Transformation
B a T: ™ —13 and Cooling Transformation Diagrams, American Society for
L Austenite + ferrite 2% Metals, 1977)
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5140H: End-Quench Hardenability. (Source: Metals Handbook. 9th ed
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38....43 2 ¢ 50. 39
12 1896 ....43 2
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5140: As-Quenched Hardness (0il) Lnal
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Figure 1.6 Relationship between hardness and fatigue limit (Garwood et al. [31]).

used previously:
Tw0 = 0.50’['

Twi = 16H\ +0.1 H\i
(0w in MPa: Hy. Vickers hardness. in kgf/mm®)

Eq. 1.2 is valid for Hy <400, but unconservative (overestimation) for Hy > 400.
Since there is little difference between Hy and Hp values when these are less than
450 [35] Hg may substitufed for Hvy, without significant loss of accuracy, in practical
evaluations.

Aoyama et al. [33] reported a more detailed investigation on the relationship between
Hg or Hy and oy, and proposed an empirical formula more precise than Eq. 1.2. Their
study also indicates that their empirical equation is valid for Hg < 400. Fig. 1.6 [31]
and Fig. 1.7 [34] show relationships between oy and Hy; 0. increases with Hy for
Hy < 400. However, for Hy > 400 oy has no definite correlation with Hy, and there
is a large amount of scatter, which is material-dependent. The difficulty of predicting
the fatigue strength of hard steels from their static strength has been recognised since
Garwood et al. [31] reported the relationship between oy and Hy for a wide range
of hardness values (Fig. 1.6). One objective of this book is to give a solution to this
problem. This will be described after Chapter 3. The fact that 0,9 can be approximated
by Eqg. 1.2 for steels with Hy < 400, and that this approximation does not depend on
microstructure such as ferrite. pearlite, or martensite [36], or on steel type, means that a
material property showing the average resistance to plastic deformation determines the
fatigue limit. This is a simple but very important conclusion for practical applications.
It means that changing microstructures by metallurgical processes, or by various heat
treatments, contributes to fatigue strength only through the hardness [36).

13114



Chapter 1 '
700 ‘
» S25C, S45C(N)
600l - S35C, S45C, S55C(Q.T)
+ SCM435, SCM440, SCr440(Q.T)
S 500
=
,g 400}
o
&
g 3001
200}
100 I |
100 200 300 400

Vickers hardness HV

Figure 1.7 Relationship between hardness and fatigue limit (Nishijima [34]) (N = normalised; Q.T =
quenched and tempered).

On the other hand, it had been said that the accuracy of Eq. 1.2 for nonferrous metals
is not as good as for steels, although there have been no detailed studies on this problem.
The accuracy of Eq. 1.2 for 2017S-T4 aluminum alloy [29] and 70/30 brass is quite
good when the fatigue limit is defined by Ny = 107 (the error is less than +12%). It can at
least be concluded that the correlation of oo with Hy for nonferrous metals is much bet-
ter than with yield stress. Thus, the hardness of microstructures may be considered the
crucial factor which controls fatigue strength for nonferrous metals, as well as for steels.

by Murakami



