
 1

 
 

   000000000PE 

Resistance to Fatigue in Bolts with Thread Rolled after Heat 
Treatment : Bolts Tightened in the Elastic Zone x Bolts Tightened 
in the Plastic Zone         

 

André R. Collares   
Metalac SPS Industria e Comércio LTDA. 

 
 Rubens Cioto  

Metalac SPS Industria e Comércio LTDA. 

Copyright © 2002 Society of Automotive Engineers, Inc 

SUMMARY:  
 
 In the last years, especially in the automotive 
industry, tightening methods by yield point control and 
tightening controlled by torque x angle have been used, 
aiming at getting from the fasteners their maximum 
capacity of generating tensile strength. Therefore, it became 
a common thing, especially in critical application, to use the 
bolts in their plastic deformation zone.        
 

As these bolts generally have a high dynamic 
request, it is necessary to check if the plastic deformation 
generated brings changes to the fatigue resistance of the 
fasteners.      

 
This paper focus on determining the influence of 

the plastic deformation generated during tightening on the 
fatigue resistance to bolts with thread rolled after the heat 
treatment.       

Many fatigue tests have been carried out on bolts 
tightened on a device designed to bear high fatigue 
tensions, by dividing the bolts into two lots: bolts tightened 
at the end of the elastic zone and bolts tightened at the 
plastic zone.                            

After the tests, we could see, that differently from 
the spread theory, the tightening at the plastic zone does not 
reduce the fatigue resistance on bolts with thread rolled 
after heat treatment, compared to bolts tightened at the 
elastic zone, once the plastic deformation on the fasteners is 
controlled so as to prevent the generation of 

submicroscopic cracks during tightening, which would 
propagate as fatigue cracks with external load. 

INTRODUCTION 

Fatigue Tensions actuating on Fasteners  – Basic 
Concepts. 

The fasteners have as a basic function the generation 
of a clamp load capable of preventing any kind of relative 
movement between the joined parts, when requested by 
external load. We can classify these dislocations into three 
kinds: 

a) Pure Axial Dislocation  – It happens when, due to 
the action of the axial external load, there is total 
loosening of the parts on the surface of 
separation, joined by the fastener (picture 1). It is 
very difficult that this kind of dislocation occurs, 
because for that, the axial external load should go 
through the axis of the bolt, which would, by its 
turn, have to coincide to the center of the mass of 
the separation surface between the plates. The 
actuating fatigue tension, in this case, is an axial 
fatigue tension.  Normally, to axial external 
loadings there is the unilateral (one-sided opening 
of the interface) kind of dislocation.  

b) Unilateral Dislocation (One-sided opening of the 
interface)  – Every time that the actuating 
loadings on the bolted joints do not go exactly 
through the axis of the fastener (and by the center 
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of the separation surface mass) and are enough to 
cause one-sided opening of the interface, there 
will be a unilateral kind of dislocation, that is, one 
side of the interface will loosen while the other 
side will be compressed (picture 2). In this case, 
besides the axial fatigue tension, which grows 
exponentially as the unilateral kind of dislocation 
occurs.  

c) Transversal Dislocation  – It occurs when, by the 
action of a transversal external loading, the 
fastener is not able to generate assembly force 
enough to, by friction, prevent the transversal 
movement between the fastened parts (picture 3). 
The transversal movement between the sheets 
causes a bending tension on the fastener. 

 

 

 

 

 

 

 

 

 

 

 

 

Picture 1 – Pure Axial Dislocation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Picture 2 – Unilateral Dislocation 

 

Picture 3 – Transversal Dislocation 

Thus, by analyzing the kinds of possible dislocations, 
we can say that, when dimensioning a bolt, we must bear in 
mind:                         

a) Determine the kind of external load regarding 
direction: axial, transversal or mixed (axial + 
transversal). 

b) If there are transversal loadings, we have to 
determine the strength on the bolt enough to 
prevent transversal dislocation through a friction 
force between the plates. Once this load is 
determined and applied, the bolt shall not be 
subject to the bending fatigue generated by the 
transversal load.      

 Axial Load Pure Axial 
Dislocation  

Axial Load Unilateral 
Dislocation  
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c) To axial loadings, we have to determine whether 
these are totally concentric or whether there is a 
gap between the external loadings application axis 
and the center of the separation surface mass. In 
practice, generally, the bolted joints are 
eccentrically requested (actuating axis of the axial 
external load different from the axis of the surface 
separation mass) and eccentrically requested.  

d) To joints eccentrically loaded and requested, we 
can calculate the necessary force to prevent 
unilateral opening and the actuating fatigue 
tension on the fasteners using the equations 
developed and presented in the German Standard 
VDI 2230 and better discussed hereinafter. 

Summarizing:  

When dimensioning a bolted joint we shall always: 

1)Prevent any transversal dislocation from happening, 
so as the fastener is submitted to an additional bending 
fatigue tension. For that, during the tightening, a 
clamp load must be generated. This must be enough to 
transmit the transversal loading by friction between 
the plates. 

2)Assure that a clamp load able to prevent unilateral 
opening on the bolted joint is generated during the 
tightening process, calculated according to the form of 
the standard VDI 2230. If there is unilateral opening, 
the bending fatigue tension on the fastener shall grow 
exponentially. 

3)Calculate the fatigue tension according to the form 
of the VDI 2230 standard. 

4)Compare the actuating fatigue tension to the limit of 
fatigue resistance of the used bolt.     

In the next item, we present in a summarized way, the 
sequence of formulations to calculate the fatigue tension on 
fasteners applied on joints eccentrically loaded and 
eccentrically requested.             

Calculation Steps for the Fatigue Tensions in Threaded 
Fasteners 

To bolted connections eccentrically loaded and 
eccentrically requested we shall guarantee assembly force 
on the bolts above the minimum clamp load required so as 
not to have unilateral opening, according to equation 1: 
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a = distance between the External Axial Application Force 
(Work Force)  (FA) and the gravity center of the separation 
surface.   
 
s = Distance between the axis of the bolt and the gravity 
center of the separation surface. 
 
δs = Resilience of the bolt  

δp  = Resilience of the joint 

u = Distance between the gravity center of the separation 
surface and the internal edge of the joint 
 
Aers = Substitutive area submitted to loading      

Ibers = Substitutive inertia moment      

Ibers = Substitutive inertia moment subtracted from the 
passage hole of the bolt 

n = Joint loading plans (varies between 0 and  1) 
 
I0 = Inertia moment of the separation surface without the 
passage hole of the bolt     
 
AB = Separation surface area with the passage hole of the 
bolt           
 
FA = Actuating external axial force 
 
FZ = Axial force lost by bearing          
 

Admitting that there are no unilateral opening of the 
joint, to eccentrically requested joints and eccentrically 
loaded, the actuating fatigue tension, according to VDI 
2230, can be calculated as: 
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where: 
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d3 = Internal thread diameter  

Es = Elasticity module of the bolt      

Ep = Elasticity module of the joint 

Lk = Loaded length of the bolt         

Lers = Substitutive length of the bolt      

Once the actuating fatigue tension is determined, we 
shall now determine what the admissible fatigue resistance 
on threaded bolts is.  

Limit of Fatigue Resistance on Threaded Fasteners   

In bolted connections, the limit of fatigue resistance 
depends on many factors. The concentration factor of 
tensions can reach values from 4 to 10, depending on the 
configuration.        

 
To alternate load because of this factor, the 

resistance is reduced to less than 10% of the limit of 
resistance to uniform tensile tension. A way to determine 
the fatigue resistance of the fastener is by using an empiric 
formulation developed by two German researchers, Kloos 
and Thomala, to two thread rolling conditions : 

 
Thread Rolled before Heat Treatment: 
 

75,0)52180( x
dA +±=σ                                  (5) 

 
Where d = Nominal diameter of the fastener 
 
Thread Rolled after Heat Treatment: 
 

xKx
dA 75,0)52180( +±=σ                             (6) 

 
Where k varies between 1 and 2 depending on the 

average load used. 
 
Picture  4 shows the limit of fatigue resistance 

according to the kind of rolling and diameter of the bolt, 
based on Kloos and Thomala studies. 

 
 
 
 
 
 
 
 
 
 
 

 

 
Picture 4 – Standard value of fatigue resistance to 

bolts quenched and tempered at resistance class 8.8, 10.9 
and 12.9, according to Kloos and Thomala.               

According to the current theory, the limit of fatigue 
resistance of bolts with thread rolled after heat treatment 
would have an addition due to the tensions of compression 
during the rolling process. During a tightening process that 
generated plastic deformation at the bolt, these tensions 
would be relieved having as a consequence the decrease of 
the fatigue resistance of the bolt, that is, when we tighten 
the bolt beyond the proportionality limit, the fatigue 
resistance, to bolts with thread rolled after heat treatment, 
would be very close to the fatigue resistance to bolts with 
thread rolled before heat treatment.  

 We believe that, differently from the current theory, 
the compression tensions are not relieved by the plastic 
deformation generated during tightening, and therefore the 
fatigue resistance to bolts tightened at the proportionality 
limit shall be the same when we tighten the same bolts with 
plastic deformation.   

We finally reached the objective of this paper: check 
the influence of the tightening on the plastic zone on the 
fatigue resistance on fasteners threaded with thread rolled 
after heat treatment.  

With the development of modern assembly techniques  
(torque x angle tightening and Yield Point control) which 
possibilitate the use of the bolts on the plastic zone, it 
became necessary to check the behavior of the bolt in 
relation to fatigue when tightening with considerable plastic 
deformation. 

This plastic deformation must be controlled to prevent 
submicroscopic cracks from appearing and which could , 
under external load, propagate with fatigue cracks.                  

)



 

 5

The tightening with plastic deformation have many 
advantages on tightening that are limited to the elastic zone: 

1) Possibility of 100% gains from the capacity of 
generating tensile force of the fastener, with the 
opportunity of using smaller bolts with gains in 
mass and cost.              

2) Smaller assembly clamp load scatter, decreasing 
the risk of side effects caused by excessive force 
(plastic deformation of the joint, localized elastic 
deformation, relaxing because of overload, etc.) 

3) Possibility of indirect control of the assembly 
force by the means of controlling the theoretical 
torque window obtained after tightening, being 
possible to detect several errors during assembly.     

 

 

PROCEDURE AND ANALYSIS METHOD  

PROJECT OF BOLTED JOINT USED IN THE TESTS        

 

To carry out the checking tests of fatigue resistance of 
the bolts tightened at the plastic zone compared to the bolts 
tightened at the elastic zone, to thread rolled after heat treat, 
we followed the steps below:  

1)We dimensioned a bolted joint that would have high 
fatigue tension associated to a force requirement to prevent 
unilateral opening within the acceptable standards. After a 
long theoretical development, based on the form of VDI 
2230, we come to a configuration that can be seen in the 
pictures   5,6,7 and 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ln = Length of the bolt submitted to external loading   

LK = Loaded length of the bolt          

n = Ln / LK 

Picture 5 – Schematic drawing of the designed joint 

 

 

 

 

 

 

 

 

 

Picture 6 – Schematic drawing of the interface. 
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Picture 7 – Photo of the join designed to the tests 

 

 

 

 

 

 

 

 

Picture 8 – Photo detailing the separation surface. 

2)After defining geometrically the joint, we defined 
the amplitude of the external load to ensure a fatigue 
tension close to  + 100 N/mm2.  To this condition the 
minimum assembly force shall be close to 42 KN. 

3) After defining the minimum force, we defined the 
characteristics of the bolt to be used in the tests  : 

Diameter M9 

Pitch 1,25 

Tensile resistance  1360 to 1400 N/mm2 

Friction coefficient on the 
thread 

0,10 a 0,11 

Friction coefficient on the 
bearing surface 

0,10 a 0,11 

 

These bolts when tightened at the proportionality limit 
produce a tensile force of 47,8 KN . 

  

Fatigue Machine   

The tests were carryed out in a SERVUS fatigue 
machine with electronic controller SCHENCK PEGASUS 
4900 (Picture9).  A 50Hz test frequency was used.                    

 

 

 

 

 

 

 

 

Picture 9 – Photo of the Fatigue Machine 

Test Procedures          

The chosen bolts have been divided into two lots with 
the following configuration: 

 

 

Lot 1 

 

 

Bolts tightened by torque x angle up to the 
proportionality limit (picture 11). The 
tightening parameters have been defined by 
tests on the designed joint, being:              

Initial Torque: 10 Nm 

Tightening Angle: 80 Degrees 

Permanent Plastic Deformation  : from 0,02  
to   0,03 mm . 

Assembly Tensile Force: 47,8 to 50,7 KN 

 

 

 

Lot 2 

 

Bolts tightened by torque x angle up to the 
plastic zone (picture 12) . The tightening 
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parameters have been defined in tests on the 
bolted joint, being :  

Initial Torque: 10 Nm 

Tightening Angle: 170 Degrees 

Permanent Plastic Deformation  : from 0,31 to 
0,34 mm; 

Assembly Tensile Force   : 52,3 to 54,8 KN 

 

 

 

 

 

 

 

 

 

 

 

Picture 10 – Curve Force x Elonging/Angle with 
tightening at the proportionality limit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Picture 11 – Curve Force x Elonging/Angle with 
tightening at the plastic zone 

Fifteen bolts of each lot have been tightened with the 
curve torque x angle register and tested alternatedly in the 
fatique machine, according to the procedure described by 
ISO 3800 Standard to Stair Case Test Kind. It has been 
considered that the bolts reach finite life at 5,000,000 
cycles, when the test is interrupted.  

To each tested bolt, it has been calculated: 

1)The reached assembly force FM. 

2)The external actuating load FA. 

3)The actuating fatigue tension σsab 

4)The required force to prevent unilateral opening 
FMmin. 
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Deformation / Angle 

Force 

Deformation/Angle 

47,8 

52,3 
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RESULTS: 

Lot 1 – Bolts tightened at the proportionality limit: 

Sample FA 
(KN) 

FMmin 
(KN) 

FM 
(KN)

σsab 
(N/mm2) 

Number of 
cycles 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

+5,00 
+4,90 
+4,80 
+4,90 
+4,80 
+4,90 
+4,80 
+4,90 
+4,80 
+4,90 
+4,80 
+4,70 
+4,80 
+4,70 
+4,80 

44,6 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
42,0 
42,9 
42,0 
42,9 

49,8 
49,0 
50,7 
49,0 
50,5 
48,5 
49,3 
50,4 
49,7 
50,2 
48,9 
49,5 
50,0 
50,7 
47,8 

+106,1 
+104,0 
+101,9 
+104,0 
+101,9 
+104,0 
+101,9 
+104,0 
+101,9 
+104,0 
+101,9 
+99,8 

+101,9 
+99,8 

+101,9 

1.073.320 
3.217.132 
5.000.000 
779.776 

5.000.000 
898.778 

5.000.000 
2.241.764 
5.000.000 
960.391 

1.333.157 
5.000.000 
1.264.260 
5.000.000 
5.000.000 

 

Lot 2 – Bolts tightened at the plastic zone: 

Sample FA 
(KN) 

FMmin 
(KN) 

FM 
(KN)

σsab 
(N/mm2) 

Number of 
cycles 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

+5,00 
+4,90 
+4,80 
+4,70 
+4,80 
+4,90 
+4,80 
+4,90 
+5,00 
+5,10 
+5,00 
+4,90 
+4,80 
+4,90 
+5,00 

44,6 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
43,7 
42,9 
42,0 
42,9 
42,0 
42,9 

49,8 
49,0 
50,7 
49,0 
50,5 
48,5 
49,3 
50,4 
49,7 
50,2 
48,9 
49,5 
50,0 
50,7 
47,8 

+106,1 
+104,0 
+101,9 
+99,8 

+101,9 
+104,0 
+101,9 
+104,0 
+106,1 
+108,2 
+106,1 
+104,0 
+101,9 
+104,0 
+106,1 

741.136 
1.034.477 
864.568 

5.000.000 
5.000.000 
1.134.243 
5.000.000 
5.000.000 
5.000.000 
645.222 
644.199 
848.671 

5.000.000 
5.000.000 
5.000.000 

 

RESULTS ANALYSIS: 

The results have been analyzed according to the 
procedures described in the standard  ISO 3800 to Stair 
Case Test kind. As it is a comparative test, we can, through 
this method, calculate the fatigue tension to  50% survival 
chances,     σA50: 

 

Bolt tightened at the proportionality limit : 

FA 
(KN) 

X O Z f zf z2f 

+5,10 0 0 4 0 0 0 

+5,00 1 0 3 0 0 0 

+4,90 5 0 2 0 0 0 

+4,80 2 5 1 5 5 5 

+4,70 0 2 0 2 0 0 

Soma 8 7 ---- 7 5 5 

 

Where:  

X = Number of failures occurrences  

O = Number of non-failures occurrences 

Z = Starts at 0 in the lower load of the test 

F = Repetition of the values of columns X or O with 
the lowest sum. 

Zf = Result of columns z and f. 

z2f = Result of the columns z and zf 

We can calculate the force to 50% surviving 
probability:  

)(050 x
f

zfFFF aIIaA ±∆+=                       (7) 

where: 

Fa0: Lowest load to the kind of event  (failure or non 
failure) with the lowest number of occurrences 

∆FaII: Step between the loadings 

x = 0,5 when column  f equals column  O 

x = -0,5 when column  f equals column X 

Therefore, to the bolts tightened at the proportionality 
limit, we shall have: 

))5,0
7
5(1004700(50 ++±=AF  



 

 9

NFA 43,482150 ±=  

We can now calculate the fatigue tension to  50 % 
survival probability to the bolts tightened at the 
proportionality limit, according to the form of the standard  
VDI 2230: 

±=50Aσ 102,3 N/mm2 

Bolt tightened at the plastic zone: 

FA 
(KN) 

X O Z f zf z2f 

+5,10 1 0 4 1 4 16 

+5,00 2 2 3 2 6 18 

+4,90 3 2 2 3 6 12 

+4,80 1 3 1 1 1 1 

+4,70 0 1 0 0 0 0 

Soma 7 8 ---- 7 17 47 

 

Therefore, to the bolts tightened at the plastic zone we 
shall have: 

))5,0
7

17(1004800(50 −+±=AF  

NFA 86,499250 ±=  

We can now calculate the fatigue tension to  50 % 
survival probability to the bolts tightened at the 
proportionality limit, according to the form of the standard  
VDI 2230: 

±=50Aσ 106,0 N/mm2 

CONCLUSION: 
 

After performing the test we can affirm that, contrary 
to the spread theory, the tightening at the plastic zone does 
nor reduce the resistance to fatigue on bolts with thread 
rolled after heat treat, compared to bolts tightened at the 
elastic zone, since the plastic deformation of the fasteners is 
controlled, so as to prevent the generation of 
submicroscopic cracks during tightening, which would 
propagate as fatigue cracks when under external force. 

This finding is very important in what it is possible to 
use the bolts at the plastic zone with 100% of the tensile 
force generation capacity in the combined state of stress, 
therefore assuring that they keep the same fatigue resistance 
characteristics that they have when tightened at the elastic 
zone.  
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