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Abstract

The aim of this study is to provide a reliability design methodology based on experience data and theory analyses to
choose bolts in terms of strength grade and surface process, therefore, to ensure safe car operation. The components
under investigation are some clamped joints made of aluminum alloy and used in micro car chassis to connect the lower
arm to the body. The aluminum alloy is realized by three kinds of surface process: dacro, Ep.FeZn8.C2C, Ep.FeZn8.C2D
and three kinds of strength grade: 8.8, 10.9, and 12.9. Some experiences have been appropriately designed with the same
process of the actual components on the advanced tightening device. The mean values and standard deviations of bolt
yield stress can be obtained via tightening experience whereas the mean values and standard deviations of total tensile
stress can be calculated according to bolt load evaluated by means of FEM. Based on stress-strength interference theory
the reliability of bolt with different strength grades and surface processes can be calculated, which is useful to choose
bolts. Compared the traditional safety factor method, the reliability design method takes into account random factors
influence to the preload such as the bolt manufacturing error and the dispersion of the torque coefficient, so it is a more
rational approach to select fasteners and has important engineering significance to the threaded connection safe operation

for the automotive industry.
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1. Introduction

Threaded fasteners are widely used in mechanical and
structural applications because of their easiness to assembly
and disassembly for maintenance and repair purposes. Both
the level and the stability of the clamp loads, which are
created by the tightening process, will govern the safety and
reliability of bolted joints. In most of production
applications, the fastener tension (preloading force) is
achieved by using a torque wrench applied to the head or to
the nut. The tribological aspects of the tightening phase are
critical to define the actual torque-tension relationship [1],
[2]. The tightening torque is mostly consumed in
overcoming two friction components: the underhead (or
bearing) friction due to the sliding of the fastener head on
the flanges and the thread friction between the male and
female thread. The residual torque component produces the
fastener tension by generating the joint clamping force.
Inaccuracies in determining the friction components may
lead to an overestimation or underestimation of the actual
joint clamp force created by a specific value of the
tightening torque. The former has the potential to cause
failure due to the eventual fastener loosening, joint
separation, leakage, and rattle, while the latter may lead to
material failure due to overstressing, excessive distortion,
stress corrosion cracking, or fatigue.
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Traditional mechanical design method is known as a
safety factor, which generally considered the strength and
stress are single-valued in the design of mechanical parts, as
long as the computed safety factor is greater than the set one,
neglected the design parameters randomness during the
design process. Reliability design method considers the
stress and strength as random variables and have a certain
distribution, the former influenced by various environmental
factors (temperature, surface condition, etc) and the latter
influenced by material properties, process fluctuations and
machining accuracy. Mechanical reliability design takes full
advantage of randomness based on the strength and stress
distributions and establishes the limit State function to
design products meet reliability requirements [3].

Probability distributions commonly used in mechanical
reliability design is the normal distribution , which is a
symmetrical curve shown in Figl. S is stress, o is strength, f
(s),f (o) is the probability density function of stress and
strength respectively. For p is mean mainly used to reflect
the centralized value of the random variable; o is standard
deviation represented random variable values on the degree
of deviation of mean value.

The shortcomings of the safety factor can be further
confirmed from the stress and strength probability
distribution. Both stress and strength probability density
curves cross means the probability of "stress is greater than
the strength” [4]. The shaded area in Figure 1 reflects the
probability of the event structure is destroyed qualitatively.
When the same standard deviation, changing mean p will
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change the shaded area shown in Figure 2. When the same
mean, that the safety factor constant, changing the standard
deviation ¢ will change the shaded area shown in Figure 3.
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Fig.1 Normal distribution
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Fig. 2. Normal distribution changed mean value
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Fig. 3. Normal distribution changed standard deviation

Because of the strength S and stress ¢ are normally
distributed, the probability density function of the strength
and stress distribution is expressed as follows:
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the strength S and stress o.

Strength and stress of a group of fasteners are not a
constant but meet certain probability distribution.
Experimental summary shows that they are normally
distributed. Two normal distributed functions addition and
subtraction is same normal distributed function. So strength
minus stress is the normal distributed function expressed as
followed:

z=8—-0

Z is a interference random variable, normal distributed
function of Z can be expressed:
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When Z>0 means products are reliable. Therefore, the
reliability R can be expressed as:

Z-7 Y
( ;’) }dz
27,

R=P(Z>0)= ﬁ:“ W(Z)dz = fom J%z exp{_

z-z
Assumed Y = =, 80 gz =7 dy» when z=0, The

ZO
lower limit of Y is:
yo_ZH_ __Sum%
Zo 1

(S +0,7)?

The above equation becomes the standard normal
distribution, as followed:
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Obviously random variable Y is the standard normal
variable, so R can be determined by looking up the standard
normal distribution function g(y)in standard normal table.
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y, reflects the relationship between parameters

distribution of stress ¢ and strength S and reliability.

If you know the reliability and strength of the
distribution mean and standard deviation, we can determine
the stress distribution. Conversely, if you know the mean
and standard deviation of stress and strength, we can
calculate the reliability.
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2.Methodology and results

2.1 The reliability design process of thread connection
The torque-preload relationship is often simplified by using
a constant K (Eq.1), known as torque coefficient (or nut
factor).Some Authors and Standards [5, 6] provide an
approximate value of 0.20 for the nut factor, however, the
scatter in the torque coefficient is too great to provide a
unique and reliable value, particularly in critical joints.
Therefore it should consider the mean and standard
deviation of K when using reliability method to design
torque.

T==KFd

T [Nmm)] is the input tightening torque applied to the
fastener head or nut, F [N] is the preloading force and d [mm]
is the nominal thread diameter.

Data on the reliability design of mechanical parts is
rather scarce. We can use laboratory equipment to get
statistics of mean and standard deviation of yield tension and
torque coefficient of a group difference parts. On the other
wise, the preload of bolt is evaluated by three-dimensional
FEM. Depending on mean and standard deviation of torque
coefficient and bolt preload, mean and standard deviation of
total bolt tension can be obtained, then reliability can be
calculated. Fig.4 shows threaded connection reliability

calculation process.
Preload
test simulation
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Fig. 4. Threaded connection reliability calculation process

2.2 Experimental Setup and Procedure

Torque-Tension Test. The fastener testing system shown in
Fig5 is used to conduct the experiments. The system is
capable of tightening the tested fastener at various speeds
and of measuring the tightening torque T, fastener force F,
yield force Ff, and thread friction torque component Tt. The
tightening process may be automatically controlled
according to a preselected torque level, a torque-turn
strategy, a torque-to-yield strategy, or by a preselected
_desired_bolt tension. The input torque is measured using a
rotary torque-angle transducer. The schematic of the torque-
tension head is shown in Fig 6, which shows the principle of
operation. The system also has a DC electric motor and a
controller to apply an input torque.

In order to evaluate accurately the reliability, the Design
of Experiment method has been applied[7]. In detail, after
some screening analyses, a full factorial plane, characterized
by 2 variables with 3 levels each, has been designed. Three

replicas have been carried out, in order to reduce the
influence of noise (experimental error) and any non-
investigated factors: a total of 20x3’=48 experimental tests
have been carried out. In Tab.l the DOE parameters are
summarized.
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Fig. 5. The fastener testing system
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Fig. 6 The schematic of the torque-tension head

Table 1. The Design of Experiment (DOE) parameters:
variables and levels

Variable Low level-0 Middle level-1 High level-2
A. Strength | 8.8 10.9 12.9

Grade

B. Surface EP.FeZn8.C2C | EP.FeZn8.C2D Dacro
finishing

In Tab.2 shows experimental result of 20 M10 bolts with
10.9 strength grade and EP.FeZn8.C2D surface finishing:

Table 2. Results by experimental tests(T=15Nm,M10X10.9
EP.FeZn8.C2D)

ID | Yield Fricti Torque | ID | Yield Frictio Torque
force on Coeffi force n Coeffici
Fr coeffi cient Fr(KN) | coeffici | ent (K)
(KN) cient (K) ent

1 35.65 0.23 0.36 | 11 35.48 0.22 0.35

2 34.78 0.23 0.36 | 12 36.66 0.21 0.37

3 33.54 0.22 034 | 13 33.86 0.22 0.39

4 34.63 0.23 035 | 14 36.35 0.21 0.35

5 34.93 0.23 035 | 15 36.03 0.22 0.39

6 34.19 0.23 0.39 | 16 34.62 0.22 0.34

7 37.38 0.20 0.36 | 17 35.16 0.22 0.34

8 33.79 0.24 0.34 | 18 36.95 0.21 0.37

9 32.65 0.22 0.33 | 19 37.63 0.19 0.36

10 | 35.37 0.22 0.34 | 20 34.62 0.22 0.35

Yield force mean KN S, 35.21

Standard deviation of yield | 1327

force S,

Mean of torque coefficient K, 0.357

Standard deviation of torque | 0.0184

efficient K,
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In Tab.3 shows experimental results of M10 bolts with
different strength grade and different surface finishing.

is knuckle assembly. Table4 shows pre-tighten force
simulation result of bolts connecting various parts.

Table 4. pre-tighten force simulation result of bolts connecting
various parts

Table 3. DOE plan and results by experimental
tests(T=15Nm,M10)
A- B- Mean Standard Mean Standar Frictio
Streng | Surf of deviation of d n
th ace yield of yield | torque deviatio coeffic
grade finis force force F, Coeffic | n ient
hing Fy ient K, | torque
efficient
KG
0 0 20376 1382 0.472 0.0226 0.11
0 1 24880 1117 0.354 0.0174 0.21
0 2 31050 | 714 0.1645 | 0.0114 0.35
1 0 29531 1702 0.482 0.0236 0.11
1 1 35215 | 1327 0.357 0.0184 0.21
1 2 45178 | 814 0.1745 | 0.0124 0.35
2 0 35182 | 2023 0.475 0.0227 0.11
2 1 47563 1437 0.355 0.0176 0.21
2 2 51579 | 835 0.165 0.0124 0.35

2.3 Preload FEM

The components under investigation are some clamped
joints made of aluminum alloy and used in micro car front
suspension. The preload of screw connecting various parts
are evaluated by three-dimensional FEM. We used ADMAS
2012, which is general purpose finite element method
software. As a standard model, we employed McPherson
front suspension model, the function of which is to absorb
the impact and shock from the wheels generating due to the
uneven road surface, plays an important role in maintaining
the ride smoothness and safety.Fig.7 shows Three-
dimensional model of the front suspension and Fig.8 shows
the bolt position connecting lower arm and front axle.

the bolt connecting lower arm and front axle

Fig.8 The bolt connecting lower arm and front axle

In Fig.7,1 is spring shock absorber,2 is left cross
stabilizer bar ball rod,3 is cross stabilizer bar,4 is left arm,5

b Front Radial | Axis | Initial total
suspension bolt
.e load load preload .
Bolt position N tension
Fu Fyv F T
Connecting
1 lower arm 6397 4355 46132 47003
to front axle
2 Connecting
lower arm 3498 2344 25198 25667
to car body
3 Connecting
shock 1271 576 8588 9047
absorber to
car body
4 Connecting ¢
ross stabilizer | 533 | 47856 | 6984 7367
bar to car
body

3.Discussion and results

3.1 Relation between surface finish and yield force

According Table.3,we can get the relation between surface
finish and mean and standard deviation of yield force, which
is shown in Fig9 and FiglO,respectively.As indicated in the
diagram of Fig9, the mean of yield force increases with
strength grade increasing or from friction coefficient
decrease. The same strength grade, the mean of yield force
of dacro is the highest; the mean of yield force of
EP.FeZn8.C2C is the lowest. As indicated in the diagram of
Fig.9, with strength grade increase, the standard deviation of
yield force also increases. But with friction coefficient
decrease, that decrease too. On the whole Dacro shows the
best consistency, no matter different strength grade, the
standard deviation of yield force is about 800.

60000 M EP. FeZn8. C2C
50000 -
40000
30000 -
20000 -

10000 -

O EP. FeZn8. (2D

W dacro

F mean[N]

8.8 10.9 12.9
Strength Grade

Fig.9 Relation between surface finish and yield force mean

3.2 Reliability calculation

From Table.3, we can get mean and standard deviation of
yield force of different strength grade and surface finish.
From Table.4, we can get radial load and axis load of No.1-4
bolt. According to reliability calculation process (in
Figd),when No.2 bolt using M10 X 10.9 with EP.FeZn8.C2D
surface finish, the reliability calculation is shown as follows:
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2500 M EP. FeZn8. C2C
o Z 2000 |-| O EP. FeZn8.C2D
é § 1500 L B dacro
5% - |
@ _§ 1000 | | |
500 | | |
0 I
8.8 10.9 12.9

Strength Grade

Fig.10 Relation between surface finish and yield force standard
deviation
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According to Table.3: F=35215N, F =1327N,

s,= Fy/A=4Fy 7id” , d=8.647mm, $,=599.7N, 5, =4 F,/

71d > =22.6N.

2) According to Table.3:Ky=0.357, K =0.0184,

K, =K,/K, 00515V, = K,=0.0515

3) According to Table.4: F, =2344N and F,, =3498N,
F'=25198N,T=25667N.

HGet T, .

F = F'*y,=25198%0.0515=1297.7N

F, = F, /6=2344/6=390.69N

So: T=m =1301.08N

5) Get O-ﬂ\ (o)

-
4T, 4
o, =t o ATBO6T_ 437 996N
Tt T314%8.647
ar, 4
o, = e ATBOL o6 1668
wd? 314%8.647
6) Get Yy,
S,-0,  599.7-437.296

=5.13766

Y. = -
tsPr0r V2267 +26.1668°

Look up standard normal distribution table[8], get P=
0.99999986.

According to Table.3 data, we can calculate 9 reliability
values of M10 with different strength grade and surface
finish, shown in Table5:

Table 5 Reliability of M10 bolts under different strength grade
and surface finish

Strength grade

Surface Friction
finish coefficient
8.8 10.9 12.9
DACRO 0.11 0.9978 1.0000 1.0000
Ep-FeZn8-C2D 0.21 0.3186 0.9999 1.0000
Ep-FeZn8-C2C 0.34 0.0019 0.9668 0.9999

As can be seen from Table 5, the same size bolts(M10),
the strength and surface finish level will affect the reliability
of the bolts. For same surface finish Ep-FeZn8-C2C , the
higher of strength grade, the higher the reliability of the bolts
used. For example the reliability of 8.8 is only 0.0019,the
reliability of 12.9 reaches 0.9999. This is because the
strength grade determines the bolt yield axial force value.
For same 8.8 strength grade, the reliability of
Ep-FeZn8-C2C is only 0.0019, with friction coefficient
decrease, the reliability of Dacro reaches 0.9978. This is due
to the yield limit axial force of the bolt related to the friction
coefficient. According to the literature [9], yield limit axial
force of bolt is calculated by the following formula:

o A

yos

o
\/1 2B pd, secan)t
d, m

A

Seen from the above equation, the coefficient of friction
is smaller, the yield limit axial force of the bolt is larger,
resulting S, increased, intensity curve move to the right, the
higher the reliability.

3.3 Comparison of the reliability and safety coefficient
method

If use safety coefficient method to choose bolt, according
to [10],

d > 4*1.3T

' T|O
where [ O Jis allowable stress, [0]=gv/s, S is a safety
coefficient, gets

4*1.37  4*1.3%25667

2 - =568.48
YT omdl 3.14%8.647

if S=2,

0,2 5%[0]=2%568.48 =1136.96 N / mm”
need choose 12.9 bolt;

If S=1.5,

0,2 8*[0]=1.5%568.48 =852.72N / mm”

need choose10.9 bolt.
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As can be seen from the above calculation, the selected
bolt using safety coefficient method has a larger of random,
different factors will affect the selected bolt strength grade.
Pursuing safety factor will cause the selected bolt size too
large or strength classes too high.

Further safety coefficient method to choose bolt does not
consider friction coefficient influence to the selected bolt, as
shown in Table 5, the selection of screws 10.9, if the friction
coefficient is controlled in the vicinity of 0.3, the reliability
of the bolt can only reach 96.68%[11].

4. Conclusions

The reliability calculation process has been proposed and
reliability has been accurately calculated for bolted joint of
component used in micro car chassis to connect the lower
arm to the body . For this purpose the authors have done
experiments in order to evaluate K and yield tension
differences between three kinds of surface process:

dacro,Ep.FeZn8.C2C, Ep.FeZn8.C2D and three kinds of
strength grade: 8.8,10.9,12.9. On the other wise, the preload
of bolt is evaluated by three-dimensional FEM. According
the calculation results, some conclusions have been
get:1)Friction and torque coefficients are significantly
affected by the surface finishing . The mean and standard
deviation of K and friction coefficient by dacro surface are
lowest, which shows best consistency and reliability. So at
the design beginning the engineers should specify friction
coefficient value. The smaller friction coefficient, the higher
will be the reliability of the bolt connection. 2) Reliability
design method considers yield tension and bolt total tension
as random variables, taking into account K scatter to
variables influence, which is more suitable to practical
engineering than safety factor method. 3) Strength grade and
surface finishing combine to influent the reliability of bolt
connection (see Table 4),s0 using reliability design method
can predict reliability of different combination and provide
the basis for bolt selection.
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