INSTITUTE FOR UNIVERSITAT

Metal and Lightweight Structures DU ISBURG
Prof. Dr.-Ing. habil. Natalie Stranghéner

Open-Minded

Universitatsstr. 15 | 45141 Essen | Phone: +49 (0)201 183-2757 | Fax: +49 (0)201 183-2710
E-Mail: iml@uni-due.de | www.uni-due.de/iml

Preloading behaviour and preloading levels
for stainless steel bolt assemblies including
relaxation with detailed specifications for
recommended preloading levels

Deliverable report D5.4

WP 5—- Task 5.3/ 5.4

Prof. Dr.-Ing. habil. Natalie Stranghéner

natalie.stranghoener@uni-due.de

Christoph Abraham B.Sc.

christoph.abraham@uni-due.de

Nariman Afzali M.Sc.
nariman.afzali@uni-due.de

Dominik Jungbluth M.Sc.
dominik.jungbluth@uni-due.de

Part of the RFCS Research Project

“SIROCO”
Execution and reliability of slip-resistant connections for steel
structures using CS and SS

RFCS Project No.: RFSR-CT-2014-00024
Project No. 410410007-20003
Report No.: 2018-08

30.03.2018



30.03.2018



Project No.: 410410007-20003 | Report No.: 2018-08

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3 / 5.4) TS B R G
Preloading behaviour and preloading levels for stainless steel bolt EISISIEIN
assemblies including rfelaxation with detailed specifications for Open-Minded
recommended preloading levels
Table of contents Page
1 Introduction 5
1.1General remarks 5
1.20bjectives 6
1.3Reference to Technical Annex 6
2  State of the art 10
2.1 General 10
2.2 Standards and categories of bolted connections 10
2.2.1 Harmonized Standard EN 15048-1: Non-preloaded structural bolting
assemblies 11
2.2.2 Harmonized Standard EN 14399-1: High-strength structural bolting
assemblies for preloading 13
2.2.3 Categories of bolted connections and preloading target levels 14
2.2.4 Tensile loaded bolting assemblies and notch effects 17

2.3 Bolting assemblies made of stainless steel covered by EN ISO 3506 (in
revision) 19

2.4 Main differences in mechanical behaviour of carbon steel and stainless steel 23

2.5 Tightening methods and calibrated lubrication / k-classes 24
2.6 Test procedure and suitability for preloading acc. to EN 14399-2 26
2.7 Measured and determined parameters acc. to EN ISO 16047 28
2.8 Evaluation of basic preloading behavior and ductility regarding EN 14399-2 32
2.9 Viscoplastic deformation behaviour of stainless steel bolting assemblies 33
2.9.1 General 33
2.9.2 Creep and relaxation behaviour of stainless steel material 33
3 Experimental investigations — Tightening tests 34
3.1 Test equipment and test setut 34
3.2 Test programme 34
3.3 Tightening test results and evaluation — STEP 1: gleitmo® 1952V standard
lubrication 37
3.3.1 Bolt dimension M12 37
3.3.2 Bolt dimension M16 47
3.3.3 Bolt dimension M20 60
3.3.4 Bolt dimension M24 75
3.4 Tightening test results and evaluation — STEP 2: alternative lubricants 78
3.4.1 Lubrication tests: Identification of suitable, alternative lubrication for

stainless steel bolting assemblies 78
3.4.2 Additional tightening tests: Bolt dimension M12 92
3.4.3 Additional tightening tests: Bolt dimension M20 95

3.4.4 Additional tightening tests: Bolt dimension M16 104

3.5 Tightening test results and evaluation — STEP 3: 117

3 30.03.2018



Project No.: 410410007-20003 | Report No.: 2018-08

DUTSBURG RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3 / 5.4)
ZoeEL Preloading behaviour and preloading levels for stainless steel bolt
Open-Minded assemblies including relaxation with detailed specifications for

recommended preloading levels

3.5.1 Bumax LDX — M20x100 — 10.9 — EN ISO 4017 — Interflon HT1200

spray

3.5.2 Bumax LDX — M20x100 — 10.9 — EN ISO 4017 — Interflon HT1200

paste
3.6 Results and Discussion
3.6.1 Evaluation of tightening tests — Step 1: gleitmo 1952V
3.6.2 Evaluation of tightening tests — Step 2: alternative lubricants
3.6.3 Evaluation of tightening tests — Step 3: ceramic-based lubricants
3.7 Preloading levels and design specifications
4  Experimental investigations — Relaxation tests
4.1 General
4.2 Relaxation behaviour of bolted connections
4.3 Experimental investigations
4.3.1 General
4.3.2 Different methods for measuring the preload in stainless steel bolts
4.3.3 Relaxation tests according to the Technical annex
Conclusions
References
Annex A: Loss of preload

0o N OO O

Annex B: Rate of loss of preload

30.03.2018 4

118

120
122
123
127
132
134
137
137
137
138
138
138
144
157
159
161
181



Project No.: 410410007-20003 | Report No.: 2018-08
UNIVERSITAT

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4) DUISBURG
Preloading behaviour and preloading levels for stainless steel bolt EISISIEIN
assemblies including relaxation with detailed specifications for Open-Minded

recommended preloading levels

1 Introduction
1.1 General remarks

The construction industry demands more and more the application of preloaded
stainless steel bolting assemblies, especially in offshore industry, oil rigs, pipelines
and chemical industry, seawalls, security barriers, street furniture and other
applications in highly corrosive environments.

The application of preloaded stainless steel bolting assemblies is currently not
permitted in the execution standard for steel structures EN 1090-2 [1] — unless
otherwise specified. If they have to be used, they have to be treated as special
fasteners and procedure tests are mandatory. Because no product system neither
product standard exist especially for stainless steel bolting assemblies for preloading,
the lubrication must be adjusted in a procedure test in such a way that the demanded
preload is adequately introduced with the chosen tightening procedure, overstressing
has to be excluded, galling has to be avoided as much as possible, and losses of
preloading caused by relaxation and creep effects (designated as viscoplastic
deformation) have to be considered on the safe side. [2]

Preloaded stainless steel bolting assemblies mainly relax due to different parameters,
like embedment/plastic deformation of the clamped component surfaces, the so called
setting effect, and the viscoplastic deformation behaviour of stainless steel, which can
be observed already at room temperature. The viscoplastic deformation behaviour in
preloaded bolting assembilies is assumed to be divided into viscoplastic deformation
under constant load condition for the plates (i.e. creep deformation) and viscoplastic
deformation under constant strain condition for the bolts (i.e. stress relaxation).
Therefore, it is important to estimate the amount of the preload losses from the
combined creep and stress relaxation in the bolting assembly.

This deliverable report deals with Work Package (WP) 5, Task 5.3 and Task 5.4 from
the RFCS Research Project SIROCO, “Execution and reliability of slip resistant
connections for steel structures using CS and SS”, funded by the Research Fund for
Coal and Steel (RFCS) of the European Community (RFSR-CT-2014-00024). The
main objective of WP 5 is to provide preloading levels and preloading methods for
preloaded bolted stainless steel connections, taking into account the basic preloading
behaviour of stainless steel bolting assemblies caused by nonlinear effects and
considering the effects of material relaxation in the bolting assemblies themselves.
For this reason, the tightening behaviour of stainless steel bolting assemblies and the
relaxation of bolts and plates as isolated elements was studied as well as the
relaxation behaviour of the whole bolting assemblies to clearly separate the base
material behaviour from other effects resulting from the assemblies (such as friction
of the threads, bearing surfaces and so on).

Investigating the basic preloading behaviour of stainless steel bolting assemblies
implies in the first step to carry out tightening tests of stainless steel bolting
assemblies to achieve information regarding the interaction behaviour between the
applied torque and the achieved preload depending on the lubrication, the friction
between the threads of the bolt and the nuts as well as the friction under the head of
the bolt. For this reason, tightening tests according to EN ISO 16047 [3] resp. EN
14399-2 [4] have to be performed. These tests are necessary to be able to perform
the relaxation tests on assembled plate-bolt-connections. It has to be known, on which
level the boltin assemblies have to be preloaded in the relaxation tests.

5 30.03.2018
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1.2 Objectives

This deliverable report deals with the works undertaken in Task 5.3 “Preloading and
Relaxation behaviour of SS bolt assemblies” and Task 5.4 “Preloading levels”. Some
parts and contents of this deliverable report were previously presented in the first and
second annual report and are already published in the journal Steel Construction 10
(2017), Issue 4 [2].

1.3 Reference to Technical Annex

The Technical Annex of SIROCO defines Tasks 5.3 and 5.4 of WP 5, “Preloading of
stainless steel bolts”, as follows:

Task 5.3 Basic preloading behaviour of stainless steel bolts assemblies and relaxation of
preloaded stainless steel bolted connection assemblies (UDE, BFB, ARP, OSAB, OS0OY)

The basic preloading behaviour of bolt assemblies is highly depeding on various
influencing parameters as there are for example

o the base material of the bolt, the nut and the washer (hardness, relaxation etc.),
o fitting of the paired threads of the bolt and the nut and

e [ubrication of the nut.

Investigating the basic preloading behaviour of stainless steel bolt assemblies implies in
the first step to carry out tightening tests of stainless steel bolt assemblies to achieve
information regarding the interaction behaviour between the applied torque and the
achieved preload depending on the lubrication, the friction between the threads of the bolt
and the nuts as well as the fricttion under the head of the bolt. For this reason tightening
tests according to EN ISO 16047 resp. EN 14399-2 have to be performed. These tests are
necessary to be able to perform the relaxation tests on assembled plate-bolt-connections. It
has to be known, on which level the bolts have to be preloaded in the relaxation tests.

It is assumed that only one lubrication method will be applied and tested during the
programme. The lubriccation method will be defined in this task and will be kept constant
for all other subsequent tasks in this WP and in WP 6. The most promising lubrication
product for stainless steel applications is gleitmo 1952V, which is a product of Fuchs
Lubritech GmbH. gleitmo 1952V is a dry film Iubricant and is a typically lubrication for
stainless steel bolts and nuts.

In a second step, the relaxation of the preload of bolts in bolted connection assemblies has
to be investigated. For this reason, relxations test have to be performed of preloaded bolted
connection assemblies considering stainless steel bolts and - for comparison reasons - in
a first step carbon steel plates and in a second step stainless steel plates. The relaxation
tests will be performed — comparable to task 3.3 - using two bolted steel plates (carbon
and stainless steel) of the dimensions approx. 30 cm x 15 cm with eight preloaded bolts.
Four of the eight bolts will be equiped with implanted strain gauges to measure the
change of the preload in the bolts during the whole test time. The final test setup and the
test time will be defined at the beginning of this task with respect to the results of task
5.2.

In these tests, firstly carbon steel plates (made of S235 or S355 with the same thickness as
the stainless steel plates) will be used for the determination of the pure relaxation behaviour
of the assembled stainless steel bolts in order to avoid any influenc of creep/relaxation
effects from the assembled stainless steel plates themselves. The influence of
creep/relaxation effects of carbon steel plates is negligible. Secondly, the same tests will be
performed with stainless steel plates (steel grades as defined in task 5.1). With these tests

6



Project No.: 410410007-20003 | Report No.: 2018-08

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3 / 5.4) DUTSBURG
Preloading behaviour and preloading levels for stainless steel bolt =
assemblies including rfelaxation with detailed specifications for Open-Minded
recommended preloading levels
the combined creep/relaxation effect of the whole assembly can be determined.
Test specimens.
Steel grades of the clamped plates: same 4 stainless steel grades as defined in task
5.1 + 1 carbon steel grade (S235 or S355) with
same plate thickness.
Steel grades of the bolts: same 3 stainless steel grades/4 strengths
as defined in task 5.2
Bolt dimensions: same 2 bolt dimensions as defined in task

5.2
Number of test specimens:
Tightening tests:

2 bolt dimensions (M12 and M20), 4 grade strengths of stainless steel/strengths of the
bolts, 1 type of lubrication (e.g. gleitmo 1952V, finally to be defined in the beginning of
this task), 10 bolts per series

-=>2 x4 x 1x 10 = 80 tightening tests (i.e. 40 tightening tests per bolt dimension)

The tightening tests will be performed at UDE using the tightening torque testing machine
at the institute. UDE possesses the largest tigthening torque testing machine at a research
institute in Germany and is well experienced in performing thightening tests. BFB will
produce and suplly the bolts for the tests. OSAB will supply the material to BFB for the
production of the bolts

Relaxation tests:

2 bolt dimensions (M16 and M24), 4 grades of stainless steel/strengths for the bolts, 1
type of lubrication (e.g. gleitmo 1952V, finally to be defined in the beginning of this task),
5 steel grades for the assembled plate material (4 grades of stainless steel and 1 carbon
steel), 3 test specimens for each configuration (2 assembled plates with 8 bolts, 4 bolts
with implanted strain gauges -> 12 measurements of changes in the preolad per
configuration)

>2x4x1x5x3 =120 relaxation tests of bolted assemblies (->2x4x1x5=40
configurations)

The relaxation tests will be performed at UDE. UDE is well experienced in performing this
kind of relaxation tests. BFB will produce and supply the bolts for the tests. OSAB will
supply the material to BFB for the production of the bolts. OSAB and OSOY will supply
the stainless steel plate material.

Results and deliverables:

e Dbasic preloading behaviour of stainless steel bolts (torque-preload- and torque-
rotation-behaviour as described in task 5.4)

¢ relaxation behaviour of preloaded bolted assemblies

Relaxation tests:

2 bolt dimensions (M 16 and M24), 4 grades of stainless steel/strengths for the bolts, 1 type
of lubrication (e.g. gleitmo 1952V, finally to be defined in the beginning of this task), 5
steel grades for the assembled plate material (4 grades of stainless steel and 1 carbon steel),

30.03.2018
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3 test specimens for each configuration (2 assembled plates with 8 bolts, 4 bolts with
implanted strain gauges -> 12 measurements of changes in the preolad per configuration)

>2x4x1x5x3 =120 relaxation tests of bolted assemblies (->2x4x1x5=40
configurations)

The relaxation tests will be performed at UDE. UDE is well experienced in performing this
kind of relaxation tests. BFB will produce and supply the bolts for the tests. OSAB will
supply the material to BFB for the production of the bolts. OSAB and OSOY will supply
the stainless steel plate material.

Results and deliverables:

e Dbasic preloading behaviour of stainless steel bolts (torque-preload- and torque rotation-
behaviour as described in task 5.4)

¢ relaxation behaviour of preloaded bolted assemblies

Task 5.4 Determination of recommended preloading levels (UDE, ARP, BFB)

Recommended preloading levels can only be defined knowing the complex torque-
preload- and torque- rotation-behaviour of each bolt diameter used in practice considering
the relaxation effects. It is of great importance to show, that the functional characteristics
of the bolt assemblies, described by the following parameters comparable to EN 14399-3
and -4 (valid for carbon steel bolts) are sufficient:

e maximum individual value of the bolt force during tightening test Fy;,

e angle by which the nut (or bolt) has to be turned starting from a defined preload F,c
(this value has to be defined in this task for stainless steel bolts),

o  Fhimax is reached (AG,),

e angle by which the nut (or bolt) has to be turned starting from the preload F,,c until Fy;
has dropped again to the Fyc and

¢ individual values of the k-factor (ki), mean value of the k-factor (km) and coefficient of
variation of the k- factor (VK).

The aforementioned parameters describe limiting criteria, which have to be redefined for
stainless steel bolt assemblies during this task due to the fact that the limiting criteria given
in EN 14399-3 and -4 are only valid for HR- or HV-bolt assemblies. For this reason, for
each bolt diameter tightening tests have to be performed. In addition to those tests already
performed in task 5.3, further tests have to be performed for bolt diameters which have not
been tested in task 5.3 but should be covered in the EN 1993-1-4. It can be assumed that
the relaxation effect might be transformed from the results already achieved in tasks 5.2
and 5.3, so that no further relaxation tests have to be carried out.

Furthermore, design specifications for preloaded connections made of stainless steel have
to be defined.

Test specimens:

Steel grades of the bolts: same 3 stainless steel grades / 4 strengths as defined in
task 5.2
Bolt dimensions: M16 and M24 -> M16 and M24 will already be tested in

task 5.3 (The bolt dimensions covered in this research
proposal are limited to M12, M16, M20 and M24)
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Number of test specimens:
Tightening tests:

2 bolt dimensions (M12 and M20), 4 stainless steel grades/strengths for the bolts, 1 type
of lubrication (e.g. gleitmo 1952V, final decision to be made in the beginning of this task),
10 bolts per series

-=>2x4x 1x 10 = 80 tightening tests (i.e. 40 tightening tests per bolt dimension)

UDE will carry out the tightening tests. BFB will deliver the bolts. UDE, SCI and ARP
will define the recommended preloading values with respect to practical needs. SCI will
conclude the design specifications for preloaded bolted connections made of stainless steel.

Results and deliverables:

e recommended preloading levels for specified bolt diameter taking into account long
term relaxation effects (Amndm. to EN 1090-2 and EN 1993-1-4),

e design specifications for preloaded bolted connections made of stainless steel (Amndm.
to EN 1993-1-4)

9 30.03.2018
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2 State of the art
2.1 General

In this chapter, the state of the art of used bolting assemblies and bolted connections
in the steel construction industry are introduced with special regard to preloaded
bolting assemblies made of stainless steel. Firstly, a short overview of non-preloaded
and preloaded carbon steel bolting assemblies is provided, based on the harmonized
standards EN 15048-1 [5] (subchapter 2.2.1) and EN 14399-1 [6] (subchapter 2.2.2).
Categories of bolted connections acc. to EN 1993-1-8 [7] are explained as well as the
related target levels of preloading, see subchapter 2.2.3. The mechanical behaviour
of bolting assemblies and bolted connections is essential, and for this reason the load-
bearing behaviour of bolting assemblies under mono-axial tensile load is presented
as well in subchapter 2.2.4.

An introduction about stainless steel bolting assemblies covered by EN ISO 3506-1
and -2 [8], [9] will be presented in subchapter 2.3. The information relates to the
current revision of EN ISO 3506 which is due to be published in 2018, and the
specification gives chemical compositions and mechanical properties for austenitic,
martensitic, ferritic and also newly added duplex bolting assemblies. In addition, the
main differences in mechanical behaviour of carbon steel and stainless steel are
shortly summarized in subchapter 2.4.

The applicability of tightening methods is directly connected to the quality of calibrated
bolting assembilies in their delivered condition. To achieve and guarantee a specified
preloading level, appropriate tightening methods are required and underline the
importance of adjusted, calibrated lubrication and k-classes. For this reason, the k-
value, as a parameter for predominant friction conditions and quality of lubrication, is
introduced according to EN 14399-2 as well as the related k-classes KO, K1, and K2
acc. to EN 14399-1 [6].

Looking at the preloading behaviour of stainless steel bolting assemblies, not only the
tightening itself is of interest, but the whole procedure including all necessary
tightening parameters and criteria: the level of suitable preloading, the associated
lubrication, the tightening procedure (see subchapter 2.5) itself and the evaluation
criteria, which do not exist so far for stainless steel bolting assembilies.

For this reason, the test procedure and suitability test for preloading according to EN
14399-2 is presented as well as the to be measured and/or to be determined
parameters according to EN ISO 16047 (see subchapter 2.6 and 2.7). In absence of
existing adequate criteria for preloaded stainless steel bolting assemblies, both
standards form the basis for the evaluation of tightening tests of bolting assemblies
made of stainless steel. The chosen criteria to evaluate the ductility of preloaded
stainless steel bolting assemblies according to EN 14399-2 and EN 14399-3 [10] is
summarized in subchapter 2.8.

Finally, the viscoplastic deformation behaviour of stainless steel bolting assemblies is
introduced in subchapter 2.9.

2.2 Standards and categories of bolted connections

Bolting assemblies used in the steel construction industry are based on two European
harmonized standards (CPR 305/2011), summarized in Figure 1:

= Non-preloaded bolting assemblies (categories A, D) refers to EN 15048-1:
2007-07 and can be divided into standard bolts for metal construction (EN ISO

10
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4014,4016, 4017 and 4018) and german bolts for steel construction (DIN 7990
and DIN 7968).

= Preloaded bolting assemblies (categories B, C, E) according to EN 14399-
1:2015-04 include preloaded special bolts “H” like system HR acc. EN 14399-
3 and HV acc. EN 14399-4 [11] (as examples of suitable bolting assemblies
refered to the scope of EN 14399-1). Preloading of standard bolts acc. EN
ISO 4014 [12] and EN ISO 4017 [13] is also possible.

I |

Non-preloaded bolting Preloaded bolting assemblies
assemblies EN 15048-1 EN 14399-1

Standard bolts for metal Preloaded special bolts
construction "y

EN ISO 4014 EN 14399-3 "HR"
EN ISO 4016 EN 14399-4 "HV"
EN 14399-8 "HVP"

EN ISO 4018

Figure 1 Overview of bolting assemblies and harmonized standards used in the steel
construction industry ([14][15])

2.2.1 Harmonized Standard EN 15048-1: Non-preloaded structural
bolting assemblies

The European harmonized standard EN 15048-1:2007-07 [14] “Non-preloaded
structural bolting assemblies — Part 1: General requirements” contains all technical
requirements for bolting assemblies without referring to individual products in steel
construction and is open-designed, meaning that various bolting assemblies must
fulfil central claims like dimensions and tolerances in accordance to international or
European standards, deliverable in bolting assemblies, CE certification of the
manufacturer, and structural bolting (SB) marking [14].

Standard bolts for metal construction (EN ISO 4014, 4016, 4017 and 4018) are
presented in a comparative overview in Table 1 together with German bolts according
to DIN 7990 and DIN 7968 als fulfilling the criteriai of EN 15048-1. The advantages of
these standard bolts for metal construction are that only a narrow stock range is
necessary, and from a technical viewpoint, the selection is easy for the planning
engineer and washers are not prescribed when normal round holes are used without
special conditions. On the other hand, the shear load capacity of bolts with the thread
in the clamped package is lower and deformations are a bit larger in shear/hole
bearing connections. The normative references, main characteristics, and differences
of nuts and washers for non-preloaded structural bolting assemblies are summarized
in Table 2 and Table 3 [14].

11 30.03.2018
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Table 1 Overview of non-preloaded structural bolting assemblies acc. EN 15048-1:2007-07
(based on [14])

Designation Product Thread length Shank Wrench width Product |Strength
standard diameters class class

Standard bolts for EN ISO 4014 medium long: normal: normal: ABY 5.6,8.8,109

metal construction [ENTSO2016 [P =(22t025).d [dy,=d s =(1.5t1016) -d 5 26
ENISO4017 |long:b =1 normal: normal: AB" 5.6,8.8,10.9
ENISO4018 dyp=d s =(15t016) "d I¢ 46

German bolts for DIN 7990 particularly short:  [normal: normal: C 46, 5.6

steel construction b=(12t016)-d [dy,=d s =(1.5t016) -d
DIN 7968 particularlyshort: [Pass-: normal: C 56

b=(12t015) -d [d,=d+1 |[s =(1.5t01.6) -d
N<M24 /> M24
Table 2 Overview of applicable nuts for non-preloaded structural bolting assemblies acc. EN

15048-1 (based on [14])

Designation Product Height of the nut |Wrench width Product Strength
standard class class
Standard bolts for ENI1SO4032 [medium: normal: ABY 6,8,10
metal construction m=0.9.d s =(1.5t01.6) -d
EN 1ISO4034 |medium: normal: C 4,5
m=0.9.d s =(1.5t01.6) -d
ENISO 4033 [medium: normal: ABY 9, 12
m=10.d s =(1.5t01.6) -d

D<M16/>M16

Table 3 Overview of applicable washers for non-preloaded structural bolting assemblies acc. EN
15048-1 [14] (based on [14])

Designation Product Thickness” Outside diameter” |Inside Chamfer |Product |Hardness
standard diameter?” class

Standard bolts for ENISO 7089 |thin: d,=e d,=d no A 200/300 HV

metal construction EN 1SO 7090 h=25t50mm [+ (3t0o5) mm +1 mm outside 200/300 AV
EN ISO 7091 no (¢} 100 HV

German bolts for DIN 7989-1 thick: di=d no C 100 HV

steel construction DIN 79892 h=8mm +(2to 3)mm A

) Range: minimum value: M12 / maximum value: M36

Two types of bolting assemblies are possible [14]:
» Standard bolting assemblies for metal construction with EN ISO 4014 or 4017
bolts combined with ISO 4032 hexagon nuts and washers acc. to ISO 7089.

= German bolting assemblies for steel construction with DIN 7990 or DIN 7968
bolts, hexagon nuts acc. to EN ISO 4032, and washers acc. to DIN 7989 (only
standardised in Germany).

12
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2.2.2 Harmonized Standard EN 14399-1: High-strength structural bolting
assemblies for preloading

The European harmonized standard EN 14399-1 “High-strength structural bolting
assemblies for preloading — Part 1: General requirements” contains all technical
requirements for bolting assemblies for preloading. The normative references, main
characteristics, and differences of nuts and washers for preloaded structural bolting
assemblies are summarized in Table 4, Table 5 and Table 6. Chapter 4.2.1 of
EN 14399-1 describes two types of bolting assemblies for preloaded bolted
connections:

» Type HR (including System HR acc. EN 14399-3 and System HRC acc.
EN 14399-10) is structurally designed so that ductility is predominantly
achieved by plastic elongation of the bolt. For this, the minimum height of the
hexagon nut must be =2 0.9 D and the thread length of the bolt is acc. ISO
888:2012-04.

= Type HV s structurally designed so that ductility is predominantly achieved by
the plastic deformation of the paired threads, realized by nut height = 0.8 D
and bolts with short thread length.

The special characteristics of HRC bolting assemblies with reference to EN 14399-10
and Direct Tension Indicators (DTI) according to EN 14399-9 are not explained here
(see Deliverable report D3.3). Furthermore, preloading of standard bolting assemblies
for metal construction in property class 8.8 according to EN 1SO 4014 [21] and EN
ISO 4017 [22] is also possible.

Compared to EN ISO 4014 and EN ISO 4017 bolting assemblies, high-strength
structural bolting assemblies for preloading in System HR and HV are characterized
by a larger wrench width, the height of the nut is equal to ISO 4017 (m = 0.9 - d) and
System HV bolt heads are larger than EN ISO 4014/4017 bolt heads.

Table 4 Overview of preloaded high-strength structural bolts acc. EN 14399-1 [14]

Open-Minded

Designation Product Thread length Shank diameter (Wrench width Product |Strength
standard class class
Preloaded special EN 14399-4 short: normal: large: B 10.9
bolts "H" "HV" b=(14t01.9) - deen =d s =(16t01.7) -
EN 14399-8 |extremlyshort: Pass-: large: B 10.9
"HVP" b=(12t01.5) - deen =d +1 s =(16t01.7) -
EN 14399-3 medium: normal: large: B 8.8,
"HR" b =(221t03.3) - dgen =d s =(16t01.7) - 10.9
Preloaded standard |EN 14399-1 medium: normal: normal: ABY 8.8
bolts for metal +ENISO4014 |b =(2.2t02.5) - dgep =d s =(1.5t01.6) -
tructi
construction EN 14399-1 long: normal: normal: ABY 8.8
+ENISO4017 [b =1 dgen =d s =(1.5t01.6) -
< M24 /> M24
13
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Table 5 Overview of preloaded high-strength nuts acc. EN 14399-1 [14]

Designation Product Height of the nut |Wrench width Product class Strength
standard class

Preloaded special EN 14399-4 small: large: B 10

bolts "H" "HV" m=0.38.d s =(16t01.7) -d
EN 14399-3 medium: large: B 8,10
"HR" m=0.9.d s =(16t01.7) -d

Preloaded standard |EN 14399-1 medium: normal: ABY 8

bolts for metal +ENISO 4032 m=0.9.d s =(1.5t01.6) -d

construction

D<M16/>M16

Table 6 Overview of preloaded high-strength washers acc. EN 14399-1 [14]
Designation Product Thickness” Outside diameter” |Inside diameter” |Chamfer [Product |Hardness
standard class
Preloaded special EN 14399-5 |medium: d,=e di=d no A 300 to 370
bolts "H" h=3.0t 6.0 mm +1mm HV
EN 14399-6 inside +
outside
Preloaded standard |EN 14399-1 thin: d,=e di=d A 300 HV
bolts for metal + DIN 34820 h=25t050mm [+ (3to5)mm +1mm
construction

) Range: minimum value: M12 / maximum value: M36

2.2.3 Categories of bolted connections and preloading target levels

The primary distinction of bolted connections is between shear connections and
tension connections, categorized based on the type of loading perpendicular or
running parallel to the bolt axis. Based on the primary distinction, the Eurocode
EN 1993-1-8 classifies bolted connections into categories A to E, presented in Table
7 and Figure 3.

bolt axis

bolt axis

Figure 2 Bolted shear connection (left) and tension connection (right)
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Table 7 Categories of bolted connections acc. EN 1993-1-8:2010-12

UNIVERSITAT

DEUs | SSEBNU RG

Open-Minded

Category

Design criterion

Annotations

Shear connections

A

bearing type

Fv.ed < Fy Rra

Fy.ed S FpRra

No preloading required.
Bolt classes from 4.6 to 10.9 may be used.

B

slip resistant at seniceability

Fv,Ed,ser < Fs,Rd,ser
Fv.eda = Fy ra

Fy,ed < FpRrd

Preloaded 8.8 or 10.9 bolts should be used.

Cc

slip resistant at ultimate

Fy.Ed < Fs,ra

Fv.ed S FoRra

>Fv £d = Nnet rd

Preloaded 8.8 or 10.9 bolts should be used.

Tension connections

D Fiea < Ftra No preloading required.
non-preloaded Fieq < Bpra Bolt classes from 4.6 to 10.9 may be used.
Fiea < F
E VBT LR Preloaded 8.8 or 10.9 bolts should be used.
preloaded Fied < Bpra

Category A — shear bearing type

serviceability/ultimate

Category B/C - slip resistant at

I
<
[
[«

S %

AN AN

1
i A
- =3
i Pt 4 '
PN BiE PR
A .

Category D — non preloaded tension

T

i

connection connection
A
! !
| I
:;
: 7
! ¥Y¥Y Y '
| yYYYY
. ]
! N
i 2% i
A J
Figure 3 Visualization of categories of bolted connections [© IML]

Category E - preloaded tension

A

¥

A 4

The preloading of high-strength, structural bolting assemblies can serve different
purposes. The type of bolted connection must be considered, as well as the relevance
of the security, which has of course the highest priority. From this perspective, further
distinguishing between two target levels of preloading in steel construction is useful
to take into account the required inspection of installation and testing accuracy:

15
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= Target level | — Guarantee structural safety: slip-resistant connections in
category B and C as well as preloaded tension connections in category E
which are often used in fatigue loaded applications. In all cases, the preload
must be sufficiently and safely guaranteed over the entire service life and
periodical inspections are required.

» Specified preload in EN 1090-2: F,c = 0.7 - fup - As,
unless otherwise specified.
with Foc  specified preloading level (see also EN 1090-2)

fub nominal tensile strength (Rmnom) Of the bolt
As nominal stress area of the bolt (see EN ISO 898-1 [16])

= Target level Il — Improvement of serviceability: the shear-bearing connection
in category A, as well as the non-preloaded tension connection in category
D, can be executed as preloaded connections to improve the serviceability
(e.g. slip minimisation, increasing the stiffness, minimisation of
deformations).

» Posssible preload: Fy <Fpc, e. 9. Foc*=0.7 - fyp - As

with Fo.c® reduced preloading level (see exemplary German
Technical Annex, DIN EN 1993-1-8/NA [17])
fyo nominal yield strength (Rm,nom) of the bolt

As nominal stress area of the bolt (see EN ISO 898-1)

The execution of preloaded bolted connections is summarized in Table 8 with a focus
on the discussed target levels of preloading, normative references, tightening
methods, and inspection requirements.
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Table 8 Execution of preloaded bolted connections acc. to EN 1090-2 and DIN EN 1993-1-8/NA

(18]
Target level Category Preload Bolting assemblies k-cl. Tightening Tightening Control
preload (according  (according to product  strength methods® parameters® requirements
to design) execution) standard  class
| B" Fp,C EN 14399-1 10.9 K2 CcM EN 1090-2 EN 1090-2
Quantitative C 8.8% K1
improvement E F.
ultimate state P — _
<| R <Fyc specifications required?
% prc* Tab. NA.A.29] 10.9 K1 MCM Tab. NA.A.25 EN 1090-2
S MTM Tab. NA.A.39
S WM
§ Tab. NA.A.19[ 8.8 MTM Tab. NA.A.19)
% CWM
= Fy<F,c" |Tab. NA.A.29( 10.9 MTM proportional to
CWM Tab. NA.A.29
Tab. NA.A.19)| 8.8 proportional to
Tab. NA.A.19)
|| A Fp’c EN 14399-1 10.9 K2 CcM EN 1090-2 EN 1090-2
Qualitative D 8.8% K1
improvement F, <F,c specifications required?
. L c !
serviceability o[ F,o |Tab.NAAZ| 109 | KI | MM Tab. NA.A29 | EN1090-2—
3 MTM Tab. NA.A.38) please note
ke CWM Quelle 1
§ Tab. NAA.T9| 8.8 MTM Tab. NA.ATO
3 CWM
[}
g F,<F,c" |Tab.NA.A29| 10.9 MT™M proportional to
< CWM Tab. NA.A.2%
Tab. NA.A.19)| 8.8 proportional to
Tab. NA.A.19)

" In this case to guarantee serviceability. 2 Specifications regarding preload level. 3 Abbreviations of tightening
methods: CM — combined method; TM — torque method; CWM - calibrated wrench method; MTM — modified torque
method; MCM — modified combined method. 4 e.g. reference tightening torques. ® The use of bolts in strength class
8.8 is not recommend. ® Tables acc. Annex NA.A. of DIN EN 1993-1-8

2.2.4 Tensile loaded bolting assemblies and notch effects

The load-bearing behaviour of bolting assemblies under tensile load focuses on the
question of converting a tightening torque to a useable and reliable preload. The total
tightening torque Ma is composed of the preload producing torque Mgst (Which is, due
to friction, only 10% of the total tightening torque), thread torque Mgr, and the nut
respective to the bolt head bearing torque Mkr (terminology from [19]). In the elastic
range and with constant friction assumed, the relationship between tightening torque
and the achieved preload is linear.

M, =Mgg, +Mgg + Mz =M; + Mg (2-1)

Derived from the equilibrium conditions for the inclined plane as a fundamental
principle, the relationship between the preload and the torsional moment acting in the
thread can be obtained. Considering the pitch diameter do, the pitch P, and flank angle
a = 60° (ISO threads), the equation for thread torque can be simplified as:

M; =F, (0.159P +0.577d, u; ). (2-2)
The nut respective to the bolt head bearing torque for overcoming the friction is

calculated by equation 2-3 with an adopted constant surface pressure and Dkm as
friction diameter:
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D d, +d
MKR:FV“K%ADKmZ( w2 h)- (2-3)

The tightening torque can finally be determined by the following equation:

M, =F, (0.159P+0.577d2 U + D;m pK]. (2-4)

Figure 4 summarizes the occurring forces, torques, and frictions in a bolted
connection when tightened (here, exemplary nut sided), the distribution in load-
bearing paired threads, and the flow of forces.

distribution in load- | | | |
bearing nut threads =P F/2 i (Fl2 <—|

and flow of forces

thread friction

torque
tightening torque T Tin Ttn
{\ T —>> <
0
angle of rotation 6 F clamp F

force/preload

thread friction pin causes
measured thread friction

torque Tin : Fl2 ‘—:
bearing friction p» causes bearing bearing surface
surface friction torque Tp friction torque Tp
Figure 4 Forces, torques and friction conditions in a bolted HV connection when tightened
[19],[20]

The design of bolts in the context of load-bearing behaviour can be different
depending on the required applications and target failure mode. For example, System
HR bolts, according to EN 14399-3, are structurally designed such that ductility is
predominantly achieved through plastic elongation of the bolt. For this, the minimum
height of the hexagon nut must be = 0.9 D so that fracture occurs in the free load
loaded thread of the bolt. Related to security aspects, plastic deformations give notice
of upcoming fracture. On the contrary, system HV bolts acc. EN 14399-4 achieve
ductility through plastic deformation of the paired threads, realized by a nut height of
= 0.8 D and bolts with short thread lengths. The failure principle is the stripping of the
hexagon nut.

Bolts are highly notched connecting elements and under tension load, local stresses
can significantly increase. Figure 5 shows the ratio Omax/Onom (form factor ax) and
displays places with high notch stresses at borders, like the bolt head-shank
transition, in the free loaded thread of the bolt, and especially at the first load-bearing
thread of the nut. It can be used to design failure modes of bolts, e.g. the different
height of the System HR and System HV nuts to modify local stresses.

18
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| '\{;f/\},_‘ . transverse force / shear force
LS 4T

~ éf(\ ! from bending

7 '.-‘/ from tightening torque

1 . from preload and centric

tensile force

Figure 5 Distribution and form factors ax of notches in a bolt (left) and stresses in bolt shank

(right) (© IML for left and right Figure)
Thomala and Kloos [19] emphasize that multiaxial stress states, which result from
restricted transversal contractions (Poisson’s ratio), are significantly influential on the
load-bearing behaviour of bolts under rapid tensile loading depending on the material
toughness. When the material toughness is sufficient, high stresses lead to better
load-bearing behaviour due to notched strengthening, but also ductility and deform-
ability decreases. On the other hand, notch softening as a strength-reducing effect
occurs when material toughness drops below a limit value. The different (not
multiaxial) stresses in the bolt shank are also shown in Figure 5. Furthermore, forces
at load-bearing paired threads are unequally distributed. Numerical investigations at
the IML indicate that local plastifying occurs at already at a specified preload of Fpc*
=0.7 - fyo - As. [21].

L GED

Figure 6 Load distribution in the paired threads (left/middle) and plasticising at Fp.c* (right)

2.3 Bolting assemblies made of stainless steel covered by EN
ISO 3506 (in revision)

Stainless steel bolts are covered by EN ISO 3506-1, Corrosion-resistant stainless
steel fasteners. The information below relates to the revision of EN ISO 3506 which
is due to be published in 2018. The specification gives chemical compositions and
mechanical properties for austenitic, martensitic, ferritic and also duplex fasteners.
Alternative materials not specifically covered in the specification are permitted if they
meet the physical and mechanical property requirements and have equivalent
corrosion resistance.

In EN ISO 3506-1/-2, bolt and nut materials are classified by a letter: “A” for austenitic,
“F” for ferritic, “C” for martensitic and “D” for duplex. It is recommended that austenitic
or duplex bolts are used in structural applications. The letter is followed by a number
(1, 2, 34, 5, 6 or 8) which reflects the corrosion resistance; 1 representing the least
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durable and 8 the most durable one. Table 9 gives the chemical composition range
for austenitic and duplex classes of bolts and Table 10 gives the common
designations of stainless steels used for fasteners of each class.

Table 9 Chemical compositions of bolts to EN ISO 3506

Chemical composition 2

Grade weight, % Other elements
and notes
C Si [ Mn P S Cr Mo Ni Cu N
A1 (0,12 | 1,0 6,5 (0,020 | 0,15-0,35 | 16-19 0,7 5-10 |[1,75-2,25 — b.cd
A2 (0,170 | 1,0 | 2,0 | 0,050 0,03 15-20 —¢ 8-19 4 - f.g
— 5C<Ti<0,8
A3 (0,081,020 0,045 0,03 17-19 —¢ 9-12 1 and/or
o 10C<Nb<1,0
:“GE:
‘%‘ A4 (0,081,020 |0,045 0,03 16-18,5 | 2,0-3,0 | 10-15 4 - gh
<
— 5C<Ti<0,8
and/or
A5 [ 0,08 (1,020 (0,045 0,03 16-18,5 | 2,0-3,0 | 10,5-14 1 10C<Nb<1,0

h

A8 [0,03(1,0(20 (0,040 0,03 19-22 | 6,0-7,0 | 17,5-26 1,5 — —

Cr+3,3Mo+16N
D2 (0,04]106,0(0,040| 0,030 19-24 10,10-1,0( 1,5-5,5 3 0,05-0,20 <24
o) D4 (0,04 |10 6,0 (0040| 0,030 21-25 (0,10-2,0| 1,0-5,5 3 0,05-0,30 24<
g_ ) ) ) ) ) - y 1U=2, U9, ,Jo-U, Cr+3,3Mo+16N
[a)]

D6 | 0,03 | 1,0 | 2,0 | 0,040 0,015 21-26 | 2,5-3,5 | 4,5-7,5 — 0,08-0,35 —

D8 | 0,031,020 |0,035 0,015 24-26 | 3,0-4,5 | 6,0-8,0 25 0,20-0,35 W<1,0

Values are maximum unless otherwise indicated.

Selenium might be used to replace sulphur, however National regulations shall be taken into account in the
countries or regions concerned.

€ If the nickel content is below 8 %, the minimum manganese content shall be 5 %.
d There is no minimum limit to the copper content provided that the nickel content is greater than 8 %.

€ Molybdenum may be present at the discretion of the manufacturer. However, if for some applications limiting of the
molybdenum content is essential, this shall be stated at the time of ordering by the purchaser.

fIf the chromium content is below 17 %, the minimum nickel content should be 12 %.

9 For austenitic stainless steels having a maximum carbon content of 0,030 %, nitrogen may be present but shall not
exceed 0,22 %.

h At the discretion of the manufacturer the carbon content may be higher where required in order to obtain the
specified mechanical properties at larger diameters, but shall not exceed 0,12 % for austenitic steels.

I This formula is used for the purpose of classification of duplex steels in accordance with this standard; it is not
intended to be used as a selection criterion for corrosion resistance.
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Table 10 Common designations of stainless steels used for fasteners

Type ISO Common designations of Comments
3506 stainless steels used for
class fasteners
A1 1.4570, 1.4305 Designed for machining
A2 1.4301, 1.4307 Basic austenitic
. | A3 1.4541, 1.4550 Stabilised basic austenitic
Austenitic — —
A4 1.4401, 1.4404 Molybdenum containing austenitic
A5 1.4571 Stabilised molybdenum austenitic
A8 1.4529, 1.4547 Super austenitic
D2 1.4482, 1.4362 Lean duplex
D4 1.4162, 1.4062 Lean duplex
Duplex
D6 1.4462 Standard duplex
D8 1.4410, 1.4501, 1.4507 Super duplex
) The high sulphur content lowers resistance to corrosion compared to corresponding steels
with normal sulphur content. Only specify with care.

Figure 7 shows the designation system and strength levels (property classes)
available for austenitic and duplex fasteners. The different mechanical properties are
usually achieved by work hardening and depend on the rate of cold working. Table
11 gives the mechanical properties of each property class. Austenitic bolts
manufactured to property class 50 will be non-magnetic, but those in higher property
classes may demonstrate some magnetic properties.

Group Austenitic Duplex
Stainless
steel A1 A28 A3 A42 A5 A8 D2 D4 D6 D8
grade
70 80 100
Property 5 70 80 100 I
class
Description  Soft Work Work hardened, Work hardened Work hardened,
hardened high strength high strength

a Low carbon austenitic stainless steels with carbon content not exceeding 0,030 % may additionally be marked
with an "L" after the grade. Example: A4L-80.

Figure 7 Designation system for stainless steel grades and property classes for fasteners

The condition of the alloy in property class 50 bolts is soft. Property class 70 fasteners
are made from cold drawn bar. Property class 80 fasteners are made from severely
hard cold drawn bar. The cold working of the bar may have a slight effect on the
corrosion resistance. Property class 50 bolts having machined threads are likely to be
more prone to thread galling. The corrosion resistance of a stainless steel fastener
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should be at least equivalent to the material being joined, i.e. grade A2 bolts (or better)
can be used to join grade 1.4301 material but grade A4 bolts (or better) should be
used to join grade 1.4401 material. For calculating the resistance of a bolt under
tension or shear or combined tension and shear, the basic strength f,, should be taken
as the specified minimum tensile strength R, given in Table 11 for the appropriate
property class.

Hydrogen embrittlement is not encountered in austenitic stainless steels, nor with
duplex steels which are produced and used in accordance with standard quality
control measures. On the few occasions where this phenomenon has occurred with
duplex steels, it was associated either with poor production control or unusual service
exposure conditions. The risk of hydrogen embrittlement should be assessed for high
strength components such as bolts with strength greater than property class 80.

Table 11 Minimum specified mechanical properties for bolts, screws and studs from austenitic
and duplex steel grades

Stress at 0,2 %

non-proportional Elongation after

Stainless | Stainless | Property | Tensile

steel steel class strength, Rm elongation, Rer fracture
group grade
MPa MPa mm
50 500 210 0,6 d
A1, A2,
A3 A5 70 700 450 04d
80 800 600 0,3d
50 500 210 0,6 d
70 700 450 04d
Austenitic | A4
80 800 600 0,3d
100 1000 800 02d
70 700 450 04d
A8 80 800 600 03d
100 1000 800 02d
70 700 450 04d
D2, D4
Duplex D6. D8 80 800 600 0,3d
100 1000 800 02d

Austenitic bolts acc. to EN ISO 3506-1, property class 70 are the most widely available
ones. Reference should be made to EN ISO 3506-1 for certain size and length
restrictions. It is possible to have “specials” made to order and indeed, this sometimes
produces an economical solution.

Bolts can be produced by a number of techniques, e.g. machining, cold rolling and
forging. Rolled threads are stronger than machined threads because of the strain
hardening which occurs during rolling. The compressive stresses at the surface of
rolled threads improves the resistance to fatigue corrosion and, in some cases, stress
corrosion cracking (SCC). Rolled threads also have greater resistance to thread
galling. Thread rolling is the most common method of producing bolts and screws,
especially for large volume production of common sizes. For larger bolts (say from
M36 upwards), and especially for the stronger duplex bolts, threads are more likely to
be cut.
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2.4 Main differences in mechanical behaviour of carbon steel
and stainless steel

The stress-strain curve of stainless steel is fundamentally different from that of
structural carbon steel, presented as a comparative overview in Figure 8. While
structural carbon steel shows a linear-elastic behaviour with a sharply defined yield
strength, followed by plastic deformation before strain hardening, stainless steel
exhibits a non-linear stress-strain curve without a well-marked elastic limit. In general,
the curve progression is more rounded. Consequently, the non-linear behaviour of
stainless steel is already valid for low levels of load, meaning plastic deformations
occur at lower load levels compared to carbon steel. Because of the lack of a sharply-
defined yield strength, the Eurocode standard EN 1993-1-4 [22] defines Ry 0.2 as the
limit at 0.2% of the plastic strain. Additionally, stainless steels have a high energy
absorption capacity paired with outstanding ductility. [23]

__Strain Hardening Necking

Stress 4 . Stainless steel Stress 4 f /, ;
,‘" Ultimate Strength
/ ': ~ Fracture
Goz2 . -

»

Yield Strength

Carbon steel
Rise

Run

Young's Modulus = Rise = Slope
Run

»
L »

Strain

0.002

Strain

Figure 8 Comparison of stress-strain curves for carbon steel and stainless steel (left) following
[24]and characteristic values of stress-strain curves (right)

The ultimate strength of austenitic and ferritic-austenitic stainless steel is increased
by strain hardening, realised, for example, through cold forming and additional rolling
procedures. Martensitic and precipitation hardening stainless steel are hardenable by
heat treatment. Ferritic and austenitic stainless steels, as well as duplex steels, are
hardened by cold working. The increase in strength is linked to a decrease in ductility
and toughness, schematically shown in Figure 9. Because of the relatively high basic
ductility of stainless steel, the practical consequences for this are manageable in most
cases.

It is important to note that strain hardened stainless steel tends to show asymmetric
behaviour when tensile and compression loaded. Additionally, anisotropic behaviour
can be observed, giving rise to different stress-strain characteristics depending on the
rolling direction. Figure 9 visualizes asymmetric and anisotropic behaviour of stainless
steel in longitudinal and transverse directions. As a result, using the conventional
elastic-perfectly-plastic material model, known from structural carbon steel, does not
consider the specific mechanical behaviour of stainless steel.
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Figure 9 Asymmetry and anisotropy of stainless steel (left) [23] and schematic overview of stress-
strain behaviour depending on strength, ductility, and toughness (right) [© Ajax Bolt and

Nut Co.]
2.5 Tightening methods and calibrated lubrication / k-classes

Tightening methods are required to achieve the specified preload in high-strength
structural bolting assemblies with sufficient reliability. The accuracy of the achieved
preload (respective to clamping load) depends on the following factors and
demonstrates the importance of nearly constant conditions:

= friction conditions and lubrication,

= geometrical conditions of the bolted connection, like tolerances of the
threads and the flexibility of the bolting assembly and clamped parts,

= tightening method.

Because there is still a degree of uncertainty regarding the preload achieved, the
tightening factor aa = Fmax/Fmin is used to describe the scatterings depending on the
tightening method. Practically, the tightening factor aa helps to avoid mechanical
overload of the tightened bolting assemblies by increasing the designed and selected
bolt area as a multiplication factor. A high tightening factor indicates a tightening
method with low quality and high spreading[19].

Although a wide-range of tightening methods exist, like torsion free tightening for
specific applications, EN 1090-2 [25] focuses on tightening methods which include
the rotation of the nut or bolt head (in exceptional cases with reference to Annex H,
or additional testing done acc. EN to 14399-2), the combined method and torque
method. Other tightening methods (e.g. torsion- free axial preloading with hydraulic
pressure) can be applied, too, but must be calibrated in accordance to
recommendations from the manufacturer. If a bolt assembly is tightened up to the
minimum preload Fpc and later untightened, it must be removed and the whole
assembly must be discarded.

The applicability of tightening methods is connected to the quality of lubricated bolting
assemblies in their delivered condition. For this reason, the k-value, as a measure for
predominant friction conditions, is defined according to EN 14399-2, as well as k-
classes KO, K1, and K2 defined acc. to EN 14399-1:

k= (2-5)
Fc-d

For k-class KO, there are no special requirements for the k-value. The manufacturer
only ensures that the delivered bolting assemblies are lubricated, while for k-class K1,
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the manufacturer must guarantee that the bolting assemblies are in a special range
between 0.10-0.16, but additional statistical evaluations are not required. Finally, k-
class K2 has the most demanding requirements, namely a special mean k-value kn,
and low coefficient of variation; a summary about classification of k-classes is
presented in Table 12.

Table 12 Classification of k-classes KO, K1, and K2 according to EN 14399-1:2015-04

k-class Information to be supplied Criteria according EN 14399-3:2015 and 4
KO No requirements for k-factor —_
K1 Range of individual test value k; 0.10=<k;< 0.16
K2 Mean test value ki, 0.10 <knp< 0.23
Coefficient of variation of k-factor V V< 0.06

The application of the torque method acc. to EN 1090-2 requires k-class K2. For the
combined method acc. to EN 1090-2, k-class K1 or K2 are prescribed. The combined
method, with reference to chapter 8.5.4 of EN 1090-2, consists of two steps:

= First a torque-controlled tightening step with a torque wrench in a suitable
operating range to a tightening torque value of 0.75 M;;. This first tightening
must be completed for all bolts in the connection before starting the second
step. The torque reference values are calculated as:

» M2 =Kn-d: Fpc with ky, for k-class K2
» M1 =Kn-d-Fpc with km for k-class K1 A kn = 0.13

= Second an angle of rotation-controlled tightening step where a specified part
turn is applied to the turned part of the assembly. The position of the nut
relative to the bolt should be marked after the first step. The additional rotation
angles are dependent on the bolt diameter and total nominal thickness of parts
to be connected, including all packs and washers.

A schematic overview of the first and second tightening steps is presented in Figure
10 by Schmidt and Stranghdner [14]. Starting with 75% of the reference tightening
torque (depending on the k-class K1 or K2), and depending on the curve form in the
bolt force-tightening torque-curve (left), a specific bolt force is reached for each bolting
assembly. After additional rotation (e.g. 90° for 2d < t < 6d), a new bolt force is
achieved. Due to individual scattering, the achieved bolt forces may vary for each
tightened bolting assembly.
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Figure 10

e

Schematical overview of first and second tightening step of combined method acc. EN

1090-2:2011-10 [14] (© IML)

2.6 Test procedure and suitability for preloading acc. to EN
14399-2

According to EN 14399-2, “High-strength structural bolting assembilies for preloading
— Part 2: Suitability for preloading”, “the purpose of the tightening test is to check the
behaviour of the bolting assembly to ensure that the required preload can be reliably
obtained by the tightening methods specified in EN 1090-2 with sufficient margins
against over tightening and against failure”. Focusing on normative references, Table

13 summarizes some primary aspects of System HR and System HV bolting

assemblies.
Table 13 Systems of bolt/nut/washer assemblies according to EN 14399-1:2015-04
Bolt/nut/washer Bolt/nut/washer
assembly assembly
System HR System HV
General require- EN 14399-1
ments
Bolt/nut assembly EN 14399-3 EN 14399-4
Marking HR HV
Property classes 8.8/8 10.9/10 10.9/10
Washer(s) EN 14399-5 or EN 14399-6 EN 14399-5 or
EN 14399-6
Marking H H
Suitability test for EN 14399-2 EN 14399-2
preloading

To ensure that the required preload can be reliably obtained, the tightening procedure
according to EN 14399-2 with test bolting assemblies is positioned such that:

= awasher of the assembly according to EN 14399-5 is placed under the
hexagon nut, and plain chamfered washer according to EN 14399-6 may be
placed under the bolt head;

30.03.2018
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» the clamp length Xt, including shims and washer(s), is the minimum allowed

in the relevant product standard;

= neither the bolt nor washer under the nut rotates during the test;

= the number of shims does not exceed four, with defined characteristics
shown in Table 14 and presented in Figure 12 as examples;

= and the test apparatus is made of steel and the including stiffness of the test
setup as high as practicable.

Table 14 Characteristics of shims according to EN 14399-2

Nor_‘mnal bolt _Hole Outside diameter Thickness Hardness fo_r Parallelism
diameter diameter the outside shim
d<M14 d+1 Not less than the outside > 45 HRC
assembly washer diameter th h
M14<d<M24| d+2 and sufficient to distribute 22 oty 1%
d> M24 d+3 load adequately to the device hardened

SREANF AN

(T wite vzHY | ;A

il 4 o - E s

Figure 11 Different shims with minor diameter (left) and major diameter (right) at IML laboratory of
University of Duisburg-Essen

The tightening is completed through rotation of the nut in a continuous manner with
the speed of rotation between 1 min-' and 10 min' and an ambient temperature
between 10-35° C.

The suitability for preloading of high-strength structural bolting assemblies and the
tightening test procedure are typically regulated by EN 14399-2 and valid for System
HR (EN 14399-3) and System HV (EN 14399-4). The main aspects of the test
procedure and criteria of evaluation are summarized below. To ensure that the
required preload can be reliably obtained, the tightening procedure must be
performed as follows:

= The tightening procedure with test assemblies shall be positioned such that
- a washer of the assembly is placed under the nut, and if possible placed
under the bolt head;
- the clamp length including shims and washer(s) is the minimum allowed in
the relevant product standard.

» The tightening shall be carried out by rotation of the nut in a continuous
manner with speed of rotation between 1 min-' and 10 min-'.

= The test shall be stopped when one of the following conditions is first satisfied:
- the angle of nut rotation exceeds (Opi + AO2imin);
- the bolt force drops to Fyc;
- bolt failure by fracture occurs.
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» For each of the bolting assemblies, determination of the rotation/bolt force
relationship and torque/bolt force relationship, and additionally the
elongation/bolt force relationship if required.

6 5 3 4 321

—H/
I JED

Clamp length Xt

Nut: turned during tightening

Washer of the assembly: prevented from rotating
Shim(s)

Calibrated bolt force measuring device

Chamfered washer of the assembly or chamfered shim
Bolt head: prevented from rotating

OB WN =

Figure 12 Test setup for tightening tests at IML-UDE (exemplarily)

Figure 13 schematically visualizes a typical bolt force-angle of rotation curve and bolt
force-tightening torque curve and defines relevant tightening and evaluation values
like the maximum individual value of bolt force Fuimax, the preloading level F,c, and
the angle differences A®4; and A®,;.. Furthermore, the determination of the k-value is
graphically displayed.

Foin [kN] 4 Foin [kN]
Fb\,max
Fbi (©21) /’-7
Foc=07 fu-As Foo=07-fuw-As
AO1i
AOy ki — Mi
Foc-d
Opi O1i Oz @ ;1 [°1 M M in [Nm]

Figure 13 Tightening curves and criteria of evaluation acc. EN 14399-2

The criteria of evaluation of high-strength structural bolting assemblies for preloading
according to EN 14399-3 (System HR bolting assemblies made of carbon steel) are
defined in subchapter 2.7 and 2.8.

2.7 Measured and determined parameters acc. to EN ISO
16047

Tightening of a bolted connection by a steadily applied tightening torque generates a
clamp force/preload F in the bolted connection. By the influence of these two
measured parameters, further tightening characteristics can be measured or
determined, which characterize the tightening properties of the bolted connection.
According to EN ISO 16047 the following tightening parameters are defined

torque coefficient K (K-factor),

coefficient of total friction pot,

coefficient of friction between threads i,
coefficient of friction between bearing surfaces p,
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e yield clamp force F,,

e yield tightening torque Ty,

e ultimate clamp force F,, and
e ultimate tightening torque T..

For testing bolts/nuts under standard conditions, specified test components shall be
used, either a test-bearing plate or a test washer of high (through-hardened, type HH)
or low (type HL) hardness as well as suitable test nuts or test bolts. All traces of
grease, oil or other contaminations shall be removed before testing.

The connecting element to be tested is either a nut or a bolt and is assembled with
the corresponding test components, a test nut or test bolt to the entire bolted
connection. The connecting element to be tested is supported by a test-bearing plate
or a test washer. The specimen shall be assembled in the fixture (either the head of
the test bolt or the test nut shall be fixed), and nut or bolt head, whichever is free to
rotate, shall be driven by applying the tightening torque.

The tightening characteristics, which are not directly available as measured value, are
determined by the following equations (2-6 to 2-10). The relationship between
tightening characteristics and the parameters to be measured are shown in Table 15.

Table 15 Parameters to be measured to obtain respective tightening characteristics

Parameters to be measured

Tightening characteristics Clamp Tightening Thread Rotation

which may be determined force torque torque angle
F T Tth ®

Bearing surface friction T

torque b - ° ° -

K-factor K ° ° - -

Coefficient of total friction  puot ° ° - -

Coefficient of friction
between threads Hih
Coefficient of friction
between bearing surfaces  H°

Determination of bearing surface friction torque Ty,
T,=T-T, [Nm] (2-6)

with  T: tightening torque,
defined as torque acting on a nut or a bolt during tightening,
Tw: thread torque,
defined as torque acting on paired threads on the bolt shank,
Tp: bearing surface friction torque,
defined as torque acting on the bearing surfaces on the clamped parts
during tightening.

Determination of torque coefficient K (K-factor)
T

K= =3 [Nm] (2-7)
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with  T: tightening torque,
F: clamp force/preload,
d: nominal thread diameter.

Unless otherwise specified, the determination of the K-factor is carried out under
standard conditions and shall include the point with the clamp force at 75% of the
proof load (0.75 F,) of the test part, or the part to be tested, whichever is lower.

Determination of coefficients of total friction Lot

T P
F 2z
- - 2-8
Ho =0,578.d, +0,5D, H (2-8)
with Dszogdh [mm]

T: tightening torque,

F: clamp force/preload,

P: pitch of the tread,

d2: basic pitch diameter of the thread,

Dv: diameter of bearing surface under nut or bolt head for friction (theoretical
or measured),

D,: outer diameter of bearing surface, dw min Or dkmin (S€€ product standards)

dn: clearance hole diameter of washer or bearing part as nominal value

Unless otherwise specified, the determination of the total friction piw: is carried out
under standard conditions and should include the point with the clamp force at 75%
of the proof load (0.75 Fy) of the test part, or the part to be tested, whichever is lower.

Determination of coefficient of friction between threads px

L_B

F 2z
= — — 2-
Hon 0,578-d, ] (2-9)

with  Tw: thread torque,
F: clamp force/preload,
P: pitch of the tread,
d2: basic pitch diameter of the thread,
T: tightening torque,
Te: bearing surface friction torque.

Unless otherwise specified, the determination of the thread friction uw is carried out
under standard conditions and should include the point with the clamp force at 75%
of the proof load (0.75 F;) of the test part, or the part to be tested, whichever is lower.

Determination of coefficient of friction between bearing surfaces pp

Tb

= W (-] (2'1 0)

My
with T, bearing surface friction torque,
Dy: diameter of bearing surface under nut or bolt head for friction (theoretical
or measured),
F: clamp force/preload,
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Unless otherwise specified, the determination of thread friction s is carried out under
standard conditions and should include the point with the clamp force at 75% of the
proof load (0.75 Fp) of the test part, or the part to be tested, whichever is lower.

Determination of further tightening characteristics

The equations and methods for determining further tightening characteristics like the
yield clamp force F, yield tightening torque Ty, ultimate clamp force F, and ultimate

tightening torque T, according to EN ISO 16047 are not given in this summary.

In addition to EN ISO 16047, the statistical evaluation of the results of the tightening

test is based on the following equations (2-11 to 2-14):

Mean value
n
DR
X = i=1
n

with X mean value,

n: number of tested specimens,

X individual measured value.

Standard deviation

s=JL.Z";(xi_i)2

n-1"35

with s: standard deviation,
X: mean value,
n: number of tested specimens,
X;: individual measured value.
Range
R=max—-min
with s: range,

max: highest measured value,
min: lowest measured value.

Coefficient of variation

S
V==
X
with  v: coefficient of variation,
s: standard deviation,
X: mean value.
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2.8 Evaluation of basic preloading behavior and ductility
regarding EN 14399-2

The requirements regarding sufficient ductility of carbon steel HV and HR bolting
assemblies are specified in EN 14399-4 and EN 14399-3. HR bolting assemblies are
characterised by a longer thread and a higher nut than HV bolting assemblies.
Herewith, HR bolts represent more likely bolting assemblies using EN ISO 4017 bolts
and EN ISO 4032 [26] nuts. For this reason and in absence of existing adequate
criteria for preloaded stainless steel bolting assemblies, the following criteria (2-15 to
2-18) acc. to EN 14399-2 and EN 14399-3, were chosen as a basis for qualification
and evaluation of the ductility of preloaded stainless steel bolting assemblies. From
these four criteria, only requirements (2-16) and (2-18) have to be fulfilled on Fpc-
level in the suitability test for preloading acc. to EN 14399-2/3.

* Fc=07-f,-A (2-15)
Foc  specified preloading level (see also EN 1090-2)
fub nominal tensile strength (Rmnom) Of the bolt
As nominal stress area of the bolt (see EN ISO 898-1)

" Foimax 20.9-f, - A (2-16)
Frimax individual value of the maximum bolt force reached during the test
fub nominal tensile strength (Rmnom) Of the bolt
As nominal stress area of the bolt

" AO; 2 A0, =90°/120°/150° (depending on the clamp length) (2-17)

A@®4; individual angle difference of the nut from the first time the preload Fyc is
exceeded to the individual value of the maximum bolt force Fpimax

" AO, >AO =210°/240°/270° (depending on the clamp length) (2-18)

2,min

A@®y individual angle difference of the nut from the first time the preload Fyc is
exceeded to the angle when bolt force drops below F, c again

Foin [kN] 4 Foin (kN] §
Fb\,max
Fui (©2i) /—_
Foc=0.7fun- As Foo =07 fu-As
AO1i
Ay ki _ Mi
Foc-d
Opi [CH] Q2 O i] [l M Min [Nl’i]
Figure 14 Schematic bolt force-angle of rotation curve (left) and bolt force-tightening torque curve

(right) according to EN 14399-2
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2.9 Viscoplastic deformation behaviour of stainless steel
bolting assemblies

2.9.1 General

Preloaded bolted connections made of stainless steel are not commonly used in
stainless steel structures as their application is not allowed by the execution standard
EN 1090-2 and the design standard EN 1993-1-4 for stainless steel structures unless
otherwise specified, respectively unless their acceptability for a particular application
has been demonstrated from test results. This restriction is mainly caused by three
facts: firstly, it is feared that due to the viscoplastic deformation behaviour of stainless
steel, severe preload losses have to be expected, secondly, neither stainless steel
bolting assembilies for preloading nor tightening procedures exist on which could have
been relied and thirdly, galling and seizure of stainless steel bolting assemblies lead
to problems on site. These three questions, beside others, were treated in the frame
of the European RFCS-research project “Execution and reliability of slip resistant
connections for steel structures using CS and SS” SIROCO.

2.9.2 Creep and relaxation behaviour of stainless steel material

Relaxation of preloaded stainless steel bolted connections is mainly caused by setting
effects due to embedment/plastic deformation of the surfaces of the clamped package
and the viscoplastic deformation behaviour of the various stainless steel components
themselves (clamped plates and bolts). The latter one can be divided into

¢ viscoplastic deformation under constant load in the plates (i.e. creep deformation)
and
¢ viscoplastic deformation under constant strain in the bolts (i.e. stress relaxation).

The creep and stress relaxation behaviour of stainless steel plates and the stress
relaxation behaviour of austenitic stainless steel bars has been investigated at
Outokumpu Avesta R&D Center and Outokumpu Tornio R&D Center and has already
been presented in detail in [27], [28] and [29]. To complete this comprehensive
investigation, this task deals with determination of the amount of preload losses
resulting from the combined creep and stress relaxation in a preloaded stainless steel
bolted connection. The focus of this contribution is on the finally resulting preload
losses of preloaded bolted connections of various stainless and carbon steel grades.
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3 Experimental investigations — Tightening tests
3.1 Test equipment and test setup

Bolt force-tightening torque tests were carried out with the tightening torque testing
machine (maximum torque: 15000 Nm and maximum bolt force: 1800 kN) at the
Institute of Metal and Lightweight Structures of the University Duisburg-Essen, see
also Figure 15. The torque and rotation are automatically generated by an electric
gear motor. The tightening speed is set manually via an adjusting gear before starting
the tightening test and was constant for all tests 5.0 rpm. The tightening torque testing
machine is equipped with sensors for recording measurements from the company
Schatz GmbH, Remscheid, Germany.

wrench socket )
with internal hex shims

electric motor transmission  tightening torque
and angle of

bolt force and

o) rotation sensor . thread torque
= sensor
L et — — =
_jEF linear track
o
electric supply of motor,
main switch and
emergency-off button basic unit for
measurement machine
signal processing table
=

7z

Figure 15 Tightening torque testing machine of Institute for Metal and Lightweight Structures of
University of Duisburg-Essen

3.2 Test programme

Investigating the basic preloading behaviour of stainless steel bolting assemblies
implies in the first step to carry out tightening tests of stainless steel bolting
assemblies to achieve information regarding the interaction behaviour between the
applied torque and the achieved preload depending on the lubrication, the friction
between the threads of the bolt and the nuts as well as the friction under the head of
the bolt. For this reason, tightening tests according acc. to EN ISO 16047 resp. EN
14399-2 were performed with bolting assemblies M12, M16, M20 and M24 made of
austenitic as well as duplex, super duplex and lean duplex steels with EN ISO
4014/4017 bolts, EN ISO 4032 nuts and EN ISO 7089 [30] washers in property
classes 8.8/80 and 10.9/100. The tightening tests were carried out on the basis of EN
14399-2 and EN ISO 16047. In addition, various lubricants were tested to investigate
the influence of lubrication regarding ductility and galling and to identify a suitable
lubrication for preloaded bolting assemblies made of stainless steel, see Table 16.

Herein, the factory provided standard lubricant gleitmo® 1952V from Fuchs Lubritech
GmbH was tested along with alternative lubricants as DOW Corning Molykote® P-74
Paste, DOW Corning Molykote® 1000 Paste, DOW Corning Molykote® 1000 Spray
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and DOW Corning Molykote® D-321 spray. All lubricants are suitable for stainless
steels according to the information provided by the producer. Additionally, tightening
tests were performed with M20 ISO 4017 bolts with the ceramic-based lubricant
Interflon® HT1200 spray and paste for austenitic (property classes 8.8/80 and
10.9/100) and lean duplex (property class 10.9/100) bolting assembilies.

The tests were carried out in three steps. The factory provided standard lubrication
was used in the first step, and the alternative lubricants from DOW Corning were used
in the second step to identify suitable, alternative lubricants and to study the positive
effects as extending the plastic plateau and avoiding galling. The austenitic bolts
BUMAX 88 and 109 with property classes 8.8 and 10.9, and the lean duplex, duplex
and super duplex bolts in property class 10.9 were provided by the Swedish bolt
manufacturer BUMAX AB. Partially, they were specifically produced for these tests.
The test matrix for all tightening tests is given in Table 17, and the main nominal
mechanical properties are presented in Table 18.

In total, 37 series and 295 bolting assemblies were tested at UDE-IML which are
significantly more than the test specimens prescribed in Task 5.3/5.4 technical annex
(for each Task: 80 bolting assemblies = 2 bolt dimensions x 4 steel grades x 1
lubrication x 10 bolts per series). All tightening tests were carried out according to
EN 14399-2 and EN ISO 16047. For reasons of comparability and in absence of
regulations for stainless stseel bolting assemblies, the evaluation of the tested
stainless steel bolting assemblies refers to EN 14399-3 for carbon steel bolts.

Table 16 Types of alternative lubricants for bolting assemblies made of stainless steel

INTERFLON

DOW Corning DOW Corning DOW Corning Interflon
Molykote P-74 Molykote 1000 Molykote D-321R HT1200
Paste Spray / Paste Spray Spray / Paste

Composition

Composition

Composition

Composition

Solid lubricants

Solid lubricants

Solid lubricants

Mixture of mineral oil

Synthetic oil Mineral oil Solvents Solids anorganic thickener

Thickener Thickener Binder Additives
Adhesion promoter Powdered metal Air-curing dry film MicPol®

Friction coefficients Friction coefficients Fr|c.:t|_on Friction coefficients

coefficients
W, 0-14 M, 013 W, 013 u = 0.12 (steel-steel)
W, 0.08 v, 0.08 M, 0.075 u = 0.08 (titanium-steel)
Recommended Recommended Recommended Recommended

applications

applications

applications

applications

Wide range of
applications/bolted
joints

Bolted joints at
elevated temperatures

Highly stressed
sliding guides with
low speeds

High temperature/ pressure
applications
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Table 17 Test matrix for the tightening tests of bolting assemblies made of austenitic, duplex, lean duplex
and super duplex stainless steel

Type of Bolt dimension
Steel grade Grade inl I Lubrication
stainless stee M2 | mi6 | m20 | m24
STEP 1: Tightening tests with standard lubrication
Bumax 88 bolts: Austenitic gleitmo 1952V 40149 4017 | 4017 4017
EN 1.4432
Bumax 109 nuts: Austenitic gleitmo 1952V 4014 4017 4014 -
EN 1.4436
Bumax LDX EN 1.4162 Lean Duplex gleitmo 1952V - 4017 4017 -
Bumax DX EN 1.4462 Duplex gleitmo 1952V - 4017 4017 -
Bumax SDX EN 1.4410 | Super Duplex gleitmo 1952V 4017 - - -
STEP 2: Tightening tests with alternative lubrication
Molykote 1000 Spray? - 4017 4017 -
Molykote 1000 Paste? - - 4017 -
Bumax 88 Austenitic
bolts: Molykote P-74 Paste? - - 4017 -
ENnL.ttBZ Molykote D-321R Spray? - - 4017 -
EN 1.4436 Molykote 1000 Spray - 4017 4014 -
Bumax 109 Austenitic Molykote P-74 Paste - - 4014 -
Molykote D-321R Spray - 4017 4014 -
Bumax LDX EN 1.4162 Lean Duplex Molykote 1000 Spray - 4017 4017 -
Bumax DX EN 1.4462 Duplex Molykote 1000 Spray - 4017 4017 -
Bumax SDX EN 1.4410 | Super Duplex Molykote 1000 Spray 4017 - - -
STEP 3: Tightening tests with ceramic based lubrication
HT1200 Spray® - - 4017 -
Bumax 88 bolts: Austenitic
EN 1.4432 HT1200 Paste® - - 4017 -
nuts: HT1200 Spray - - 4017 -
Bumax 109 EN 1.4436 Austenitic
HT1200 Paste - - 4017 -
HT1200 Spray - - 4017 -
Bumax LDX EN 1.4162 Lean Duplex
HT1200 Paste - - 4017 -
" gleitmo 1952V lubricant from Fuchs Lubritech GmbH
2 Molykote products from DOW Corning
3 HT1200 spray and paste from Interflon
44014: EN ISO 4014 bolt, EN ISO 4032 nut and EN ISO 7089 washer
9 4017: EN I1SO 4017 bolt, EN ISO 4032 nut and EN 1SO 7089 washer

Table 18 Nominal mechanical properties of stainless steel bolting assemblies and bolt/washer/nut
combinations [© BUMAX]

Bolt Tensile Yield Nut and Nut and Nuts - Washers
o Elong., washer washer type Stress -
Bolt type of strength | strength . teel arad f stainl d ¢ | Hard
Steel grade stainless R. Roozmm min steel grade | of stainless | under proo ardness,
9 steel m.min pO.2,min steel load, min min
N/mm? N/mm? mm N/mm? HV
Bumax 88 | Austenitic 800 640 0.3d | Bumax 88 Austenitic 800 200
Bumax 109 | Austenitic 1000 900 0.2d |Bumax 109 Austenitic 1000 300
Bumax LDX | Lean Duplex 1000 900 0.3d |Bumax 109 Austenitic 1000 300
Bumax DX | Duplex 1000 900 0.3d | Bumax 109 Austenitic 1000 300
gg')'(‘ax Super Duplex | 1000 900 03d |Bumax109 | A stenitic 1000 300
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The nomenclature of the specimens for the tightening tests is as follows:

BU_Mxx_yyy-zz
BU: BUMAX stainless steel bolt yyy: Property class 8.8/80 or 10.9/100

Mxx: bolt diameter 2z: sequential number of bolt

3.3 Tightening test results and evaluation — STEP 1: gleitmo®
1952V standard lubrication

In the following, every tested series — sorted by bolt dimension, strength class and
steel grade — is described and evaluated in detail to give an overview about the
performed tightening tests and basic preloading behaviour of bolting assemblies
made of stainless steel (austenitic, lean duplex, duplex and super duplex) with Fuchs
Lubritech GmbH gleitmo® 1952V standard lubrication (STEP 1).

3.3.1 Bolt dimension M12

For bolt dimension M12, tightening tests of stainless steel austenitic bolts M12x80 in
property classes 8.8 and 10.9 were performed as well as super duplex bolting
assemblies in strength class 10.9 with the same nominal length. Austenitic bolts were
produced according to EN ISO 4014 whereas super duplex bolts were produced
according to EN ISO 4017. The clamp length >t was set to 64.0 mm (clamp length/bolt
diameter ratio of 5.3) in reference to the corresponding tables of System HR — EN
14399-3 respectively System HV — EN 14399-4 standards. The bolting assemblies
were tightened nut sided with a constant speed of rotation of 5.0 min-'. The tightening
tests of Bumax 88 — M12x80 and Bumax 109 — M12x80 were stopped when the angle
of nut rotation exceeded A©,, .;,> 240° or when the measured bolt force dropped to
Fpc=0.7 - fuo - As (with fuo: tensile strength of the bolt and As: tensile stress area of
the bolt). In contrast, tightening tests of Bumax SDX — M12x80 in property class 10.9
were only stopped when the bolt force dropped to Fy. to allow a more detailed
investigation of the basic preloading behaviour.

The criteria of evaluation acc. to EN 14399-3 for bolting assembilies in property class
8.8 (equal to Bumax 88) are defined as follows:

= Foc*=0.7fp-As=0.7 - 640 N/mm? - 84.3 mm? = 37.8 kN (acc. to DIN EN
1993-1-8/NA)

= Fpc=0.7fp-As=0.7 - 800 N/mm? - 84.3 mm? = 47.2 kN

= Foimax = 0.9 - fup - As = 0.9 - 800 N/mm? - 84.3 mm? = 60.7 kN

" A®Oqimin = 120° with Zt=64.0 mm: 2d < 2t < 6d
" A@2imin 2 240° with 2t =64.0 mm: 2d < Xt < 6d
In addition, the criteria of evaluation for bolting assemblies in property class 10.9

(meaning Bumax 109 and Bumax SDX series) are defined as follows:

= Fpc"=0.7-fp - As=0.7 - 900 N/mm? - 84.3 mm? = 53.1 kN
* Fpc=0.7"fw- As=0.7 - 1000 NJmm? - 84.3 mm? = 59.0 kN
*  Fpimax 2 0.9 - fup - As = 0.9 - 1000 N/mm? - 84.3 mm? = 75.9 kN

" AO®1imin 2 120° with 2t =64.0mm: 2d < 2t <6d
" A@2imin 2 240° with 2t=64.0 mm: 2d < 2t < 6d
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All tightening test were carried out in accordance with EN 14399-2 and EN ISO 16047
using the test setup shown in Table 19.

Table 19 Test setup Bumax 88/109/SDX — M12x80 series.

1 Sensor force — thread friction torque: SNo. 1016254 — 200 kN / 350 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1016257 — 1,000 Nm
3 Shims: DP 15mm + M12HV Lubrication: gleitmo 1952V
4 Support bar: Yes Adapter: Yes
Speed of rotation: 2.0 min-! Rotated component: Hexagon nut
Number of bolting assemblies tested: 10 Washers: placed under nut
Clamp length >t = 64.0 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 5.3 | Stop criteria: dropped to Fp,c or A@zimin = 240°

3.3.1.1 Bumax 88 — M12x80 — 8.8 — EN ISO 4014 — gleitmo 1952V
The Bumax 88 — M12x80 austenitic stainless steel bolting assemblies, abbreviated
below as BU_M12_88, are arranged of following components and descripted in detail
including nominal mechanical properties based on Bumax datasheet from February
2014:
= Bolts: BUFAB Group Bumax 88 - M12x80 A4 according to EN ISO 4014;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2014-08-05; PRE = 27
tensile strength Rm,min (= fun): nominal 800 N/mm?
yield strength Rpo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 - M12 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; PRE 27

stress under proof load, min: nominal 800 N/mm?

=  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 13.0 mm,
D =24.0 mm, t=2.5 mm; PRE 27

hardness, min: nominal 200 HV

The test results of Bumax 88 — M12x80 bolting assemblies are summarized in Table
20 and Table 21 including statistical evaluation. All tests were performed without any
partial or total bolt fracture. Referring to the criteria of EN 14399-3, all bolting
assemblies reached specified preloading levels Fp,c* and Fpc, and 9 of 10 bolts
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achieved Fpimax= 0.9 - fup - As. The k-values at specified preload level F, ¢ lie between
k=0.11 and k=0.19 with a coefficient of variation in the amount of 18,61 %
(compared to k=0.11-0.16 and v=12.69 % at Fyc*). 3 of 10 tested bolts failed
AB1imin = 120° (with high coefficient of variation caused by specimens BU_M12_88-
05 and -07) and 2 bolts also failed the criteria A®2imin = 240°. In total, 8 of 10 bolting
assemblies achieved k-class K1, k-class K2 was not accomplished. Furthermore, the
reached maximum bolt force Fpimax and A®y underlie high spreading. For further
information and summarized criteria see Table 22. In addition, the tightening curves
are shown in Figure 17 and Figure 18. The graphs show irregular bolt force-tightening
torque curves because of galling in the nut bearing surface. The galling appears due
to the high friction in the bearing surfaces and starts only when the bolts are tightened
into the plastic range. In consequence, the washers began to rotate. After finishing
the tightening tests, damages at the first load-bearing thread turn of the bolts,
roughening of the paired threads and a minimal necking of the threaded shanks could
be observed.

Table 20 Test results of Bumax 88 — M12x80 series

Specimen | Fpc |Max F|Max T | Opi | ©1i | O2i | Foi (O2i)| A®+i | AO2i |k (Fpc) | bt (Fpc) | Hin (Fpc) [ b (Fpc)| k (Fpct) | Mi (Fpc) |M (Fpc*) | M (Fbimax)
Legend kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - - ---| 0,160 0,16
min 60,7 120] 240] 0,100 0,10
I | BU_M12_88-01[47,2| 61,5[191,5[158(268[298| 60,2 |<112[<142]>0,183] 0,145 | 0,187 | 0,109 | >0,16 | 1065 | 73,7 180,8
I | BU_M12_88-03 68,8 | 225,1 [137[302(376| 655 | 166| 240 0,144| 0,106 | 0,129 | 0,087 | 0,13 | 81,8 | 60,6 197,4
I | BU_M12_88-04 68,4 252,0 [154[315[393| 59,3 | 163| 240| 0,150 0,111 0,157 | 0072 | 014 | 847 | 622 216,3
I | BU_M12_88-05 <55,4230,0 (144197323 46,9 | <54[<180[>0,193| 0,149 | 0,217 | 0,092 | >0,16 | 1093 | 74,2 172,6
I | BU_M12_88-06 74,91190,2 [147[354(387| 74,1 | 208| 240| 0,113| 0079 | 0,103 | 0,059 | 0,11 | 642 | 514 174,5
I | BU_M12_88-07 62,0 204,7 [160[247[399| 496 | <88| 240| 0,158| 0,118 | 0,188 | 0,059 | 0,15 | 894 | 66,3 157,2
BU_M12_88-08 72,0 201,3[136[359(376| 71,7 | 224| 240| 0,119| 0,084 | 0,110 | 0,062 | 0,12 | 67,4 | 536 192,4
I | BU_M12_88-09 71,21276,9[139[313[378| 69,0 | 175| 240| 0,157| 0,118 | 0,134 | 0,104 | 0,15 | 89,0 | 69,7 216,2
I | BU_M12_88-10 68,8 | 259,3[159(304(398| 64,1 | 146| 240| 0,153| 0,114 | 0,156 | 0,079 | 0,14 | 86,9 | 632 2104
I | BU_M12_88-11 75,6 240,6 [135|375]375| 756 | 240| 240 0,116] 0082 | 0,109 | 0,059 | 0,12 | 66,0 | 524 2402

Table 21 Statistical evaluation of Bumax 88 — M12x80

BU_M12_88 (2014)| MaxF | MaxT | Oy O Oy |Fui (@2) AOy | AOz |t (Fpc) [ Men (Fpc) [ Ho (Foc) | Mi (Fpc) | k (Fpe) [M (Fpc*) | k (Fp.c:) | M (Foimax)

n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 75,6 2769 | 160 375 399 75.6 240 240 0,149 0,217 0,109 | 109.3 0,19 74,2 0,16 | 2402
min 554 1902 | 135 197 298 46.9 54 142 0,079 0,103 | 0,059 | 64,2 0,113 | 514 0,11 | 157.2
R 20,2 86,7 25 178 101 287 186 98 0,070 0,114 0,050 | 45,1 0,080 | 22,8 0,05 83,0
X 67.9 2272 | 147 303 370 63,6 158 224 0,111 0,149 0,078 | 845 0,149 | 62,7 0,14 195,8
s 6.4 30.1 10 55 33 9.8 60 34 0,024 0,039 | 0,019 | 156 0,028 | 84 0,02 253

AY 9,45 13,23 6,89 | 17,97 9,00 | 15,35 37,80 | 15,38 | 21,99 26,05 24,45 18,51 | 18,61 13,41 12,69 12,90

n: number; R: range; x: mean value; s: standard deviation; Vi coefficient of variation in [%]

Table 22 Evaluation of test results of Bumax 88 — M12x80 according to EN 14399-3

n Fc F.c Foi max AO, i | DOy | k-values k-class K1 k-class K2 .

= = : . . Fracture | Galling
[-1| 37.8kN | 47.2kN | >60.7kN | >120° | >240° [-1 0.10<k,<0.16 | 0.10 <k, <0.23| V, <0.06
10 || 100% 100% 90% 70% 80% 0.11-0.19 80% 0.149 0.186 0% | 100%

TN

Figure 16 BU_M12_88 test specimen after tightening
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Figure 17 BU_M12_88 Bolt force-angle of rotation curves
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Figure 18 BU_M12_88 Bolt force-tightening torque curves
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3.3.1.2 Bumax 109 — M12x80 — 10.9 — EN ISO 4014 — gleitmo 1952V
The Bumax 109 — M12x80 austenitic stainless steel bolting assembilies, in short form
BU_M12_109, are compiled and described in detail including nominal mechanical
properties on the basis of Bumax datasheet:
= Bolts: BUFAB Group Bumax 109 - M12x80 A4 according to EN ISO 4014;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2013-11-20; PRE 27
tensile strength Rm min (= fun): nominal 1000 N/mm?
yield strength Rpo.2min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.2d

= Nuts: BUFAB Group Bumax 109 - M12 M6M A4 according to EN I1SO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; PRE 27
stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 13.0 mm,
D=24.0 mm, t=2.5 mm; PRE 27

hardness, min: nominal 300 HV

Table 23, Table 24 and Table 25 summarize the test results and evaluation of
Bumax 109 — M12x80 EN ISO 4014 bolting assemblies. The statistical evaluation is
also presented as well as an overview about fulfilled and failed criteria according to
EN 14399-3. The Bumax 109 — M12x80 bolts show a similar behaviour to the Bumax
88 — M12x80 bolts. Figure 20 and Figure 21 show the tightening graphs for the Bumax
109 - M12x80 — bolting assemblies. All tested specimens reached F,c* = 53.1 kN and
Foc=59.0 KN. The bolt force plateau in the plastic range is less pronounced
compared to the Bumax 88 — M12x80 bolts. In consequence, 4 of the 10 bolts failed
A®2imin = 240° according to EN 14399-3. The k-values at specified preload Fyc are
between k = 0.12 and k = 0.24 (compared to k =0.12 — 0.21 at Fyc*), so that only 3
of the 10 tested bolts achieved k-class K1. k-class K2 is not achieved due to a
coefficient of variation of v = 20.48 %. In addition, with attention to the demanded
maximum bolt force, it is to noticeable that only 4 of 10 bolting assemblies reached
Fuimax = 0.9 - fup - As. Galling did occur when the bolts were tightened into the plastic
range and lead to irregular bolt force-tightening torque curves shown in Figure 21.
The statistical evaluation underlines high coefficients of variation for k-values at F,c*
and Fpc, A®4; and also high standard deviations and coefficients of variation for
tightening torques M; at Fyc*, Fp.c and Fuimax. Galling in the faying surface washer/nut,
plastic deformations of the hexagon nut, damages at the first load-bearing thread turn
of the bolts/nuts and roughening of paired threads are similar to what was observed
for Bumax 88 — M12x80 tested bolting assemblies. Again, all tightening tests were
performed without any partial or total bolt fracture.
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Table 23 Test results of Bumax 109 — M12x80

Specimen Fp.c|Max F|Max T| Opi | O | Oz | Fui (©2i) | AO+i| ABsi [k (Fp.c) | Lot (Fp.c)| Hn (Fpc)| Mo (Fpc)| Foc* |k (Fpct) | Mi (Fpc)| M (Fp.c*) | M (Fbimax)

Legend kN | kN Nm ° ° ° kN ° ° kN Nm Nm Nm
max - o -] 0,160 0,16

min 75,9 120] 240| 0,100 0,10
I [ BU_M12_109-01] 59 [ <73,7[300,4 [186]307[410] 58,8 | 122[<225|>0,170] 0,129 | 0,155 | 0,107 [53,1] >0,16 | 120,6 | 103,9 | 230,0
I [ BU_M12_109-02 78,5]340,7 [181[317[420] 639 | 137 240[ 0.159] 0,119 | 0,089 [ 0,145 015 | 1128 952 | 2906
I [ BU_M12_109-03 <72,6[300,8184]315[423] 61,7 [ 133] 240|>0,185| 0,142 | 0,157 | 0,128 >0,17 | 130,7 | 1075 | 263.4
I [ BU_M12_109-04 <70,5|333,8[177[283|388| 58,8 |<107|<212[>0,185] 0,142 | 0,118 | 0,161 0,16 | 1307 994 | 2653
I | BU_M12_109-05 <72,71298,1[179[272(391| 588 | <94|<213[>0202| 0,157 | 0,140 | 0,171 >0,20 | 1427 | 1256 | 2410
I [ BU_M12_109-06 <69,0(297,1[197]288[397| 58,8 [ <91[<200[>0,223| 0,175 | 0,128 | 0,215 >0,21 | 157,8 | 1329 | 2437
I (BU_M12_109-07 <73,5]339,0[183[315[423| 63,8 | 132| 240(>0211| 0,165 | 0,093 | 0,227 >0,20 | 1497 | 1264 | 302,8
N [ BU_M12_109-08 78,3]350,6 [182[313422| 72,8 | 132] 240[>0,241| 0,191 | 0,108 | 0,261 >0,21 | 1703 | 1358 | 3147
I [ BU_M12_109-09 78,7|203,4 [164[290|404] 689 | 125| 240[ 0,127] 0,091 | 0,122 [ 0,065 012 [ 899 78,7 | 1614
[ [ BU_M12_109-10 81,1|238,8 174|324 |415] 74,7 | 150| 240[ 0,131 0,095 | 0,097 | 0,092 013 [ 927 81,2 | 1890

Table 24 Statistical evaluation of Bumax 109 — M12x80

BU_M12_109| MaxF | Max T Oy Oy Oz |Fui(@z)| AOu | AOz | Lot (Fpc)| Min (Fpc)| Mo (Fpc) | Mi (Fpc) | k (Fpc) [M (Fpc*) | k (Foct) | M (Foimax)
(2013)
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 81,1 350.6 | 197 324 423 74,7 150 240 0,191 0,157 | 0,261 | 170,3 0,24 135,8 0,21 314,7
min 69,0 2034 | 164 272 388 58,8 91 200 0,091 0,089 | 0,065 | 89,9 0,127 | 787 0,12 161,4
R 12,1 147,2 33 52 35 15,9 59 40 0,100 0,068 | 0,196 | 804 0,114 | 571 0,09 153.3
X 74,9 300,3 | 181 302 409 64,1 122 229 0,141 0,121 0,157 | 129,8 0,183 | 108,7 0,17 | 250,2
s 4,0 47,1 9 18 14 6,0 19 15 0,033 0,025 | 0,063 | 26,5 0,038 | 20,7 0,03 48,5
v 5,36 15,69 4,71 5,82 3,31 9,44 15,68 6,71 | 23,39 20,34 | 39,93 20,43 | 20,48 19,08 | 19,19 19,37

n: number; R: range; x: mean value; s: standard deviation; ,: coefficient of variation in [%]

Table 25 Evaluation of test results of Bumax 109 — M12x80 according to EN 14399-3

n Foc Foc Foiomax AO, . | AOy ., | k-values k-class K1 k-class K2 Fracture | Galling
[-1| 53.1kN | 59.0kN | >759kN | >120° >240° [-1 0.10<k;<0.16 [ 0.10 <k, <0.23| V, <0.06
10 [ 100% 100% 40% 70% 60% 0.12-0.24 30% 0.183 0.205 0% | 100%

NN

3

Figure 19 BU_M12_109 test specimen after tightening
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3.3.1.3 Bumax SDX - M12x80 — 10.9 — EN ISO 4017 — gleitmo 1952V
The Bumax SDX — M12x80 super duplex stainless steel bolting assemblies in
property class 10.9, abbreviated as BU_M12_SDX, are arranged as follows including
mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax SDX - M12x80 according to EN ISO 4017;
stainless steel EN 1.4410; manufact.: 2014-11-14; PRE 42
tensile strength Rm min (= fup): nominal 1000 N/mm?
yield strength Rpo.2min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 109 - M12 M6M A4 according to EN I1SO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2014-05-22; PRE 27
stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 13.0 mm,
D =24.0 mm, t = 2.5 mm; manufact.: 2015-04-14; PRE 27
hardness, min: nominal 300 HV

The test results of Bumax SDX — M12x80 super duplex bolting assemblies according
to EN I1SO 4017 and property class 10.9 are presented in Table 26, Table 27 and
Table 28 including statistical data and evaluation. Referring to EN 14399-3, all bolting
assembilies fulfilled the specified preload of F,c* and Fpc, and additionally, 9 of 10
bolts achieved Fpimax = 0.9 - fup - As = 75.9 KN. The bolt force plateau in the plastic
range is more pronounced compared to the austenitic Bumax 88 — M12x80 bolts.
Furthermore, 6 of 10 tested bolts achieved k-class K1 with k-values at F,c between
0.14 and 0.21 (compared to k = 0.14 — 0.20 at F,c*). Once more, k-class K2 is not
achieved caused by a coefficient of variation of v = 13.82 %. Caused by high friction
coefficients, specimen BU _M12 _SDX-03 shows a noticeable low maximum force
Fuimax = 70.8 KN and also low angles of rotation A®4 =81° and A®y = 209°.
Neglecting this test, the k-values at F, ¢ lie between 0.10 and 0.18 with a significant
lower coefficient of variation v = 9.22 %, and under those circumstances, all bolts
achieved Fpimax as previously defined system HR criterion according to EN 14399-3.
The tightening graphs of BU_M12_SDX 109 are presented in Figure 23. Figure 24
shows again irregular bolt force-tightening torque curves caused by galling in the nut
bearing surface. Furthermore, the damages of the tested super duplex bolting
assemblies are similar to those of the tested austenitic stainless steel bolts with
damages mainly at the first and second load-bearing thread turns, roughening of
paired threads and minimal necking of threaded shanks. Despite of galling in the
faying surface washer/nut and plastic deformations of the paired threads it was
possible to unscrew the hexagon nuts of all tested bolting assemblies manually by
hand.
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Table 26 Test results of Bumax SDX — M12x80

Probenbez. Foc|Max F|Max T| Oy | O | Oz | Foi (O2) | AO+i| AByi [k (Fpc) | Mot (Fpe) | Hin (Fp.c) | Ho (Foc) | Foc® | k (Fo.c) | Mi (Fpc) | M (Fp.c®) | M (Foimax)
Legende KN| kN | Nm | ° | ° | ° kN s 9 kN Nm Nm Nm
max --- --| -] 0,16 0,16
min 75,9 120 240 0,10 0,10
[ [ BU_M12_SDX 109-01| 59 | 78,0 [281,0 [183[320[454 59,0 | 137] 271| >0,16 | 0,123 | 0,157 0,094 |53,1| 0,16 | 1156 | 101,4 | 2271
I | BU_M12_SDX 109-02 83,3 |340,8 [172/300(562| 59,0 | 128| 390| >0,18 | 0,134 | 0,145 | 0,126 >0,17 | 1249 | 1094 | 237,7
I | BU_M12_SDX 109-03 <70,8]321,2 [176]257[385] 59,0 | <&1|<209] >021 | 0,165 | 0,201 0,134 >0,20 | 1496 | 1294 | 2611
BU_M12_SDX 109-04 81,5]377,4 [173]304523| 59,0 | 131 350| 0,15| 0,111 | 0,146 | 0,082 0,14 | 106,0 899 | 2226
I | BU_M12_SDX 109-05 79,2 | 382,5 [159(275(465| 59,0 <115 306 0,14 | 0,104 | 0,144 0,070 0,14 | 1006 87,7 | 2309
I | BU_M12_SDX 109-06 78,6 | 298,4 [174|292|465| 59,0 |<118| 202| >0,17 | 0,131 [ 0,166 | 0,101 >0,16 | 1219 | 1045 | 2146
I | BU_M12_SDX 109-07 81,1 326,6 164294 475] 59,0 | 131 312 014 | 0,104 | 0,125 0,085 0,14 | 100,0 882 | 2276
[ | BU_M12_SDX 109-08 86,8 | 333,0 [173[336(603| 59,0 | 163 429| 014 | 0,104 | 0,128 0,084 0,14 | 100,6 88,8 | 2092
I | BU_M12_SDX 109-09 77,8332,9 [170|274[411| 59,0 |<105| 241| 0,45 0,116 | 0,144 | 0,091 0,15 | 109,7 931 | 216,6
I | BU_M12_SDX 109-10 81,0 | 358,8 [169|304[487| 59,0 | 135 317| 0,16 | 0,117 | 0,155 0,085 0,15 | 11,1 950 | 2417

Table 27 Statistical evaluation of Bumax SDX — M12x80

nghgézzaostX MaxF | MaxT | Oy Oy Oz |Fui (O2)| AOsi | AO2 | Lot (Fpc) [ Men (Foc) [ o (Foc) | Mi (Foc) | K (Foc) |M (Foc®) |k (Foc) | M (Foimax)
109 (2014)
n=10 kN Nm © ° ° kN ° ° Nm Nm Nm
max 868 | 3825 | 183 |336 |603 | 59,0 | 163 |429 | 0,165 | 0,201 0,134 [ 1496 | 021 | 1294 0,20 | 261.1
min 70,8 | 2810 |159 [257 [385 | 59,0 | 81 |209 | 0,104 | 0,125 0,070 | 1000 | 0,14 | 87,7 | 0,14 | 2092
R 16,0 | 1015 | 24 79 | 218 00 | 82 [220 0,061 | 0,076 0064 | 496 | 007 | 417 0,06 | 519
X 798 [3353 | 171|296 | 483 59,0 | 124 | 312 0,121 | 0,151 | 0,095 | 1140 | 0,16 | 987 0,16 | 2289
s 42 | 319 7 23 65 00 | 22 66 0,019 | 0,021 | 0,020 | 153 | 002 | 13, 0,02 | 152
v 524 | 953| 381 780 1356 000 | 17,47 | 21,12 1564 | 1420 | 21,15 | 1339 | 13,82 | 1329 | 12,26 6,63

n: number; R: range; x: mean value; s: standard deviation; y: coefficient of variation in [%]

Table 28 Evaluation of test results of Bumax SDX — M12x80 according to EN 14399-3

n| B | Fe | Fum | 804, | 80, | kvalues | k-class ki k-class K2 racture | Galling
[-1| 531kN | 50.0kN | >759kN | >120° | >240° [ 0.10<k <0.16 |0.10<k,<0.23 | V, <0.06
0.14-0.21 [ 60% 0.160 0.138 0% | 100%

S
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Figure 22 BU_M12_SDX test specimen after tightening
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Bolt force-angle of rotation curves
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Figure 23 BU_M12_SDX Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 24 BU_M12_SDX Bolt force-tightening torque curves
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3.3.2 Bolt dimension M16

Tightening tests for bolt dimension M16 were carried out according to EN 14399-2
and EN ISO 16047. The test procedure contains a constant speed of rotation of 2.0
min-' for Bumax 88 bolting assemblies and speed of rotation of 5.0 min-! for Bumax
109, lean duplex and duplex steel grades. All series were tightened nut sided. The
clamp length >t for M16x80 bolts was set to 60.5 mm (clamp length/bolt diameter
ratio of 3.8) in reference to the corresponding tables of System HR — EN 14399-3. In
contrast, the clamp length >t for property class 10.9 bolts (nominal length 100 mm)
was set to 78.5 mm (clamp length/bolt diameter ratio of 4.9). In addition, the tests
were stopped when the measured bolt force dropped to F,c = 0.7 - fup - As (with fup:
tensile strength of the bolt and As: tensile stress area of the bolt).

The criteria of evaluation for property class 8.8 according to EN 14399-3 are defined
as follows:

= Fpc"=0.7-fyp - As=0.7 - 640 N/mm? - 157.0 mm? = 70.3 kN (see DIN EN
1993-1-8/NA:2010-10)

* Fpc=0.7"fw As=0.7 - 800 N/'mm? - 157.0 mm? = 87.9 kN

" Fbimax 2 0.9 - fup - As = 0.9 - 800 N/mm? - 157.0 mm? = 113.0 kN

" AO®1imin 2 120° with 2t=60.5mm: 2d < 2t <6d
" AO2imin = 240° with 2t=60.5mm:2d < 2t < 6d

In addition, the criteria of evaluation for bolting assemblies in property class 10.9
(meaning Bumax 109, Bumax lean duplex and Bumax duplex series) are defined as
follows:

" Foc*=0.7 - fo - As=0.7 - 800 N/mm? - 157.0 mm? = 70.3 kN (for Bumax 109
bolts)

" Fpc*=0.7-fyp - As=0.7 - 900 N/mm? - 157.0 mm? = 87.9 kN (for Bumax
LDX and DX)

» Fpc=0.7"fuw As=0.7 - 1000 N/mm? - 157.0 mm? = 109.9 kN

" Fpimax20.9 - fup - As = 0.9 - 1000 N/mm? - 157.0 mm? = 141.3 kN

" A®Oqimin = 120° with Zt=64.0 mm: 2d < 2t < 6d
" AO2zimin 2 240° with 2t=64.0 mm: 2d < 2t < 6d

All tightening test were carried out in accordance with EN 14399-2 and EN ISO 16047
using the test setup shown in Table 29 and Table 30.

47 30.03.2018



UNIVERSITAT

DUISBURG

ESSEN

Open-Minded

30.03.2018

Project No.: 410410007-20003 | Report No.: 2018-08

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4)
Preloading behaviour and preloading levels for stainless steel bolt
assemblies including relaxation with detailed specifications for
recommended preloading levels

Table 29 Test setup Bumax 88 — M16x80 series

Sensor force — thrgéd friction torque: SNo. 1016254 — 200 kN / 350 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1016257 — 1,000 Nm
3 Shims: DP 9mm + DP 12mm + M16HV Lubrication: gleitmo 1952V
Support bar: No Adapter: Yes
Speed of rotation: 2.0 min-! Rotated component: Hexagon nut
Number of bolting assemblies tested: 10 Washers: placed under nut
Clamp length >t = 60.5 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 3.8 | Stop criteria: bolt force dropped to Fp,c

Table 30 Test setup Bumax 109/LDX/DX — M16x100 series (schematically)

1 Sensor force — thrgéd friction torque: SNo. 1016254 — 200 kN / 350 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1016257 — 1,000 Nm
3 Shims: DP 12mm + DP 22mm + M16HV Lubrication: gleitmo 1952V
Support bar: No Adapter: Yes
Speed of rotation: 5.0 min-"! Rotated component: Hexagon nut
Number of bolting assemblies tested: 10 Washers: placed under nut
Clamp length >t = 78.5 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 4.9 | Stop criteria: bolt force dropped to Fp.c

3.3.2.1 Bumax 88 — M16x80 — 8.8 — EN ISO 4017 — gleitmo 1952V
The Bumax 88 — M16x80 austenitic stainless steel bolting assemblies in property
class 8.8/80, in short form BU_M16_88, were arranged of following components
including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 - M16x80 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-09-05; PRE 27
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tensile strength Rm min (= fup): nominal 800 N/mm?
yield strength Rpo.2min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 - M16 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-03-10; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2014-04-16; PRE 27
hardness, min: nominal 200 HV

Table 31, Table 32 and Table 33 summarize the test results and evaluation of tested
stainless steel bolting assemblies. The statistical evaluation is shown as well with
fulfilled and failed criteria according to EN 14399-3 (System HR). Figure 26 and
Figure 27 present the tightening graphs. They show similar curves and pronounced
bolt force plateaus in the plastic range compared to Bumax SDX — M12x80 super
duplex bolting assemblies without any partial or total bolt fracture. All tested austenitic
bolting assemblies reached F,c* = 70.3 kN, Fpc = 87.9 kN and also the maximum
required bolt force Fyimax= 0.9 - fup - As = 113.0 KN. Furthermore, 9 of 10 tested bolts
achieved k-class K1 with k-values in a narrow range between 0.13 and 0.17 and
coefficient of variation v =7.53 % (compared to k=0.12 - 0.15 and v=7.90 % at
Fo.c*). On the contrary, k-class K2 was not accomplished. Indeed, the coefficient of
variation vk is 7.53 % and quite close to the required criteria for classification of k-
class K2. For further information and summarized criteria see Table 33.The graphs
show irregular bolt force-tightening torque curves because of galling in the nut bearing
surface when tightened into the plastic range including significant high ranges of
values M; at Fyimax and at the end of the tests (bolt force dropped again to F,c) in the
bolt force-tightening torque-curves. 6 of 10 tested bolts achieved A®+imin = 120° and
additionally, all bolts reached A®amin = 240°. Damages at the first and second load-
bearing thread turn of the bolts and roughening of the paired threads could be
observed; bolt failure by fracture did not occur. Galling in the faying surface
washer/nut could be observed, too. Furthermore, in the context of functionality and
re-use, it was possible to unscrew the hexagon nuts of all tested bolting assemblies
manually but turning the nut on the whole threaded shank by hand was not possible.

Table 31 Test results of Bumax 88 — M16x80

Fpc|Max F|Max T| Opi | O | Oz | Fui (O2) | AO+i | A2 [ Kk (Fp.c) | Hiot (Fp.c)| Hin (Fo.c) | Kb (Foc) | Foc* |k (Fpc) | Mi (Foc) | M (Foc®) | M (Foimax)
kKN | kN Nm | | ° |~ kN ° ° kN Nm Nm Nm
max - el 0,16 0,16
min 113,0 120|240 | 0,10 0,10
I | BU_M16_88-01| 88 | 125,0 | 502,8 | 183 332|537 | 88,0 149 | 355 0,14 | 0,104 0,163 0,053 | 70 0,14 196,0 159,6 366,7
I | BU_M16_88-02 1154 | 441,5 147|264 |543| 88,0 |<116|396 | >0,16 | 0,126 | 0,144 | 0,111 0,14 | 2322 | 1623 3786
I | BU_M16_88-03 119,9 | 612,1 |171|301|490| 88,0 130/ 319 | 014 | 0,106 | 0,162 | 0,058 0,14 | 1996 | 158,9 378,1
[ | BU_M16_88-04 122,1|580,5 170|303 511 | 88,0 133|341 | 0,13 | 0,095 | 0,141 0,056 0,12 | 181,8 | 1353 3184
I | BU_M16_88-05 114,5 | 483,7 (178|278 |420| 88,0 <99| 242 0,15 | 0,115 0,183 0,056 0,15 2132 165,4 415,9
[ | BU_M16_88-06 127,0 | 798,7 | 168|346 |607 | 88,0 178 | 439 0,15 | 0,116 0,180 0,061 0,15 2150 171,9 4731
BU_M16_88-07 122,4 | 572,6 |176(293 |499| 88,0 |<117|323 | 0,13 | 0,097 | 0,143 | 0,058 0,12 | 1854 | 139,8 346,4
I | BU_M16_88-08 117,0 | 638,0 |179(275|465| 88,0 <96| 286 0,13 | 0,100 0,141 0,065 0,13 190,0 1444 417,0
I | BU_M16_88-09 1236 | 642,5 185|314 |479| 88,0 129 | 294 0,14 | 0,104 0,156 0,058 0,14 195,4 156,5 419,5
I | BU_M16_88-10 121,9 | 746,2 | 185|310 |503| 88,0 125| 318 0,13 | 0,100 0,140 0,065 0,13 189,0 150,9 564,7
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Table 32 Statistical evaluation of Bumax 88 — M16x80

BU_M16_88 (2015)| MaxF | MaxT | Oy Oy O |Fui (©2)] A®y | AOz | Lot (Fpc)|Hin (Foc) | b (Foc) | K (Foc) |Mi (Fpc) [M (Fpc®) | M (Foimax)
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 1270 | 7987 | 185 | 346 | 607 880 | 178 | 439 0,126 | 0,183 | 0,111 | 0,16 | 2322 | 171,9 | 5647
min 1145 | 4415 | 147 | 264 | 420 880 | 96 | 242 0,095 | 0,140 | 0,053 | 0,13 | 181,8 | 1353 | 3184
R 125 | 3572 | 38 82 | 187 00 | 8 197 0,031 | 0,043 | 0,058 | 003 | 504 | 36,6 | 2463
X 1209 6019 | 174 | 302 | 505 88,0 | 127 |331 0,106 | 0,155 | 0,064 | 0,14 | 199,8 | 1545 | 407.8
s 41 (1123 | 11 26 50 00 | 24 56 0,010 | 0,016 | 0,017 | 0,01 | 158 | 11,7 70,2
v 342 1865| 651 | 847| 993 000 | 1872| 1691 921 1052 | 2640 | 7,53 789 757 | 1721

n: number; R: range; x: mean value; s: standard deviation; y: coefficient of variation in [%]

Table 33 Evaluation of test results of Bumax 88 — M16x80 according to EN 14399-3

n Foc Foc Fomax DO, i, | A9y, | k-values k-class K1 k-class K2 Fracture | Galling
[-1] 703kN | 87.9kN | >113.0kN| >120° | >240° [-1 0.10<k,<0.16 | 0.10<k_<0.23| v, <0.06
10 [ 100% 100% 100% 60% 100% 0.13-0.17 90% 0.136 0.075 0% | 100%

Figure 25 BU_M16_88 test specimen after tightening

Bolt force-angle of rotation curves
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Figure 26 BU_M16_88 Bolt force-angle of rotation curves
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Bolt force-tightening torque curves
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Figure 27 BU_M16_88 Bolt force-tightening torque curves

3.3.2.2 Bumax 109 — M16x100 — 10.9 — EN ISO 4017 — gleitmo 1952V

The Bumax 109 — M16x100 austenitic stainless steel bolting assemblies in property
class 10.9, in short form BU_M16_109, were arranged of following components

including the nominal mechanical properties based on the Bumax datasheet:

= Bolts: BUFAB Group Bumax 109 - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-28; PRE 27

tensile strength Rm min (= fup): nominal 1000 N/mm?
yield strength Rpo.2,min (= fyb): nominal 800 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN ISO 4032;

stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27

stress under proof load, min: nominal 1000 N/mm?

Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,

D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27

hardness, min: nominal 300 HV

The tightening test results of Bumax 109 — M16x100 bolting assemblies are
summarized in Table 34, Table 35 and Table 36. The statistical evaluation is shown
as well with fulfilled and failed criteria according to EN 14399-3 (System HR). In
addition, the tightening curves are presented in Figure 29 andFigure 30. They show
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less pronounced bolt force plateaus in the plastic range compared to Bumax 88 —
M16x80 bolting assemblies without any partial or total bolt fracture. All tested
austenitic bolting assemblies reached F,c*=87.9 kN and Fpc = 109.9 kN. On the
contrary, only 3 of 10 bolts achieved Fpimax= 0.9 - fu, - As = 141.3 kN. Due to the less
pronounced plastic plateau, only 4 of the 10 bolts achieved A®4imin = 120° and
AB2imin = 240° according to EN 14399-3. Furthermore, 6 of 10 tested bolts achieved
k-class K1 with k-values in a wide range between 0.11 and 0.22 and a coefficient of
variation of v = 23.07 % (compared to k=0.10 — 0.20 and v = 21.57 % at F,c*). k-
class K2 was not accomplished. For further information and summarized criteria see
Table 36. Again, the graphs show irregular bolt force-tightening torque curves
because of galling in the nut bearing surface when tightened into the plastic range
including significant high ranges of values M; at F,c*, Fpc, Foimax and at end of test
(bolt force dropped again to F,c) in the bolt force-tightening torque curves. The
coefficients of friction pit, Mih @and Pp show noticeable high scattering, especially the
friction under nut bearing surface with a coefficient of variation of v = 61.38% at Fpc.
Damages at the first and second load-bearing thread turn of the bolts and roughening
of paired threads could be observed. Galling especially in the faying surface
washer/nut could be observed, too.

Table 34 Test results of Bumax 109 — M16x100

Specimens | Fpc*|Fpc| Max F |Max T| ©pi | @1 | Oz | Foi (O2i)| A®4i| ABai |k (Fpcr)| k (Fpc) | Htot (Foc)| Hun (Fpc) | o (Fp.c) [ M (Fp.c*)| Mi (Fpc) | M (Fbimax)
Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - -— - 0,16 0,16
min 1413 120| 240| 0,10 0,10
I BU_M16_109-01| 88 |110(<125,1|613,1[198/287|391| 110,0 | <88|<193| 0,16 | >0,18 0,133 0,174 0,101 221,6 3134 4918
I | BU_M16_109-02 145,3|787,7 | 187|348|550| 110,0 161| 363| >0,20 | >0,22 0,169 0,133 0,197 286,2 386,9 664,9
I  BU_M16_109-03 <132,7[716,0 |187]292|403| 110,0 [<105|<216| 0,13 0,13 0,094 0,138 0,058 1771 230,6 472,5
N | BU_M16_109-04 <137,0|649,4 | 184|307 |444| 110,0 123| 260 0,13 0,13 0,093 0,149 0,048 182,9 2293 403,0
I | BU_M16_109-05 <123,2|738,3|191[293|398| 110,0 |<102|<207| >0,17 | >0,19 0,145 0,148 0,142 235,1 336,8 569,9
N | BU_M16_109-06 <123,2|608,7 | 197 |278|372| 1100 | <81|<175| 0,14 | >0,17 0,123 0,213 0,050 203,2 292,0 418,0
BU_M16_109-07 <132,1|634,6 | 189|294 |427| 110,0 [<105|<238| 0,12 0,14 0,104 0,150 0,066 174,5 2514 450,3
I  BU_M16_109-08 <136,3[575,4 |184|302|401| 110,0 [<118|<216| 0,13 0,14 0,097 0,155 0,051 178,7 237,9 443,6
I | BU_M16_109-09 142,6|661,7 |184[320(481| 110,0 136[ 298| 0,11 0,12 0,080 0,117 0,051 157,8 202,8 449,2
I  BU_M16_109-10 149,3|796,9 | 182|341|528| 110,0 159| 346| 0,10 0,11 0,072 0,091 0,056 143,7 185,5 564,3

Table 35 Statistical evaluation of Bumax 109 — M16x100

BU_M16_109_100| MaxF | MaxT | Oy Oy Oz |Foi (O2)] AGq | AOz |k (Focr) | k (Fpo) | bot (Fpo) | Htn (Fpc) | b (Foc) | M (Fpc*) | Mi (Fpc)| M (Foimax)
- gleitmo 1952V
n=10 kN Nm © © c kN c © Nm Nm Nm
max 149,3 | 796,9 | 198 | 348 550 110,0 | 161 363 020 | 022 | 0,169 | 0,213 | 0,197 | 2862 | 386,9 | 664,9
min 1232 [5754 [182 | 278 372 110,0 | 81 175 0,10 | 0,11 | 0,072 | 0,091 | 0,048 | 1437 | 1855 | 403,0
R 26,1 [2215 | 16 70 178 0,0 | 80 188 010 | 0,11 | 0097 | 0122 | 0,149 | 1425 | 2014 | 2619
X 134,7 6782 | 188 |306 | 440 110,0 | 118 | 251 0,14 | 0,15 | 0111 | 0,147 | 0,082 | 196,1 | 266,7 | 49238
s 92 | 773 6 23 61 00 | 27 65 0,03 | 004 | 0031 | 0032 0,050 | 420 | 638 822
v 6,84 | 11,40 294 | 759| 1386 | 000]| 2323 | 2571 2157 | 23,07 | 27.67 | 2210 | 61,38 | 2141 | 2392| 16,69

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 36 Evaluation of test results of Bumax 109 — M16x100 according to EN 14399-3

n F . F F, AO,, . Ao, . k-values k-class K1 k-class K2

p,C p.C bi,max 1i,min '2i,min Fracture Galling
[-1| 879kN | 109.9kN | >141.3kN| >120° | >240° [-] 0.10 <k;<0.16 | 0.10 <k, <0.23 [ Vv, <0.06
10 [ 100% 100% 30% 40% 40% 0.11-0.22 60% 0.151 0.231 0% | 100%

Figure 28 BU_M16_109 test specimen after tightening
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Bolt force-angle of rotation curves
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Figure 29 BU_M16_109 Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 30 BU_M16_109 Bolt force-tightening torque curves
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3.3.2.3 Bumax LDX - M16x100— 10.9 — EN ISO 4017 — gleitmo 1952V
The Bumax LDX — M16x100 lean duplex stainless steel bolting assemblies in property
class 10.9, in short form BU_M16_LDX, were arranged of following components
including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26
tensile strength Rm min (= fup): nominal 1000 N/mm?
yield strength Rpo.2min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN I1SO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27
stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27
hardness, min: nominal 300 HV

Table 37, Table 38 and Table 39 summarize the test results and evaluation of tested
stainless steel bolting assemblies. The statistical evaluation is shown as well with
fulfilled and failed criteria according to EN 14399-3 (System HR). Additionally, Figure
32 and Figure 33 present the tightening graphs. They show similar curves and
pronounced bolt force plateaus in the plastic range compared to Bumax 109 —
M16x100 austenitic bolting assemblies without any partial or total bolt fracture. All
tested lean duplex bolting assemblies reached Fpc* = 98.9 kN and Fpc = 109.9 kN,
but on the contrary only 3 of 10 bolts achieved the maximum required bolt force
Fpimax= 0.9 - fup - As = 141.3 KN. Furthermore, 10 of 10 tested bolts achieved k-class
K1 with k-values in a narrow range between 0.11 and 0.15 and a coefficient of
variation of v=12.70 % (compared to k=0.11—- 0.15 and v=11.52 % at Fpc*).
However, k-class K2 was not accomplished due to a high coefficient of variation larger
than 6 %. For further information and summarized criteria see Table 39. The graphs
show irregular bolt force-tightening torque curves because of galling in the nut bearing
surface when tightened into the plastic range especially after reaching Fpimax,
including significant high ranges of values M; at Fyimax and at the end of the tests (bolt
force dropped again to F,c) in the bolt force-tightening torque curves. 4 of 10 tested
bolts achieved A®1min = 120° and additionally, 8 of 10 bolts reached A®2i min = 240°.
Damages at the first and second load-bearing thread turn of the bolts and roughening
of paired threads could be observed as well as galling in the faying surface
washer/nut. Furthermore, in the context of functionality and re-use, it was possible to
unscrew the hexagon nuts of all tested bolting assemblies manually but turning the
nut on the whole threaded shank by hand was not possible.
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Table 37 Test results of Bumax LDX — M16x100

Specimens | Fpc*|Fpc| Max F | Max T| Opi | O+ | Oz | Foi (O2)| AO+i| AGai| k (Fpcr) |k (Fp.c) | Mot (Fpc) | Hin (Fp.c) | b (Fp.c) | M (Fp.c*)| Mi (Fp.c)| M (Foimax)
Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - - -—| 0,16 0,16
min 1413 120| 240| 0,10 0,10
I (BU_M16_LDX-01/98,9(110| 141,9]638,1 [173]313|434| 109,9 141| 261| 0,11 0,12 0,083 0,117 0,054 176,5 203,3 448,0
I | BU_M16_LDX-02 <138,4|692,0 |174|289|454| 110,0 [<116| 280| 0,11 0,11 0,083 0,117 0,053 180,3 202,3 411,0
I BU_M16_LDX-03 <137,6|538,9 | 174|293 |439| 110,0 [<118| 265| 0,11 0,11 0,081 0,115 0,052 179,5 198,6 367,1
[ | BU_M16_LDX-04 <129,3|714,6 |176|247|420| 110,0 | <72| 244| 0,13 0,14 0,104 0,109 0,101 203,0 2459 4476
I | BU_M16_LDX-05 <138,2|702,9 |172|286|461| 110,0 [<114| 289| 0,11 0,11 0,082 0,111 0,057 180,8 200,6 414.8
N | BU_M16_LDX-06 <139,3|632,4 |174|301/418| 110,0 126| 243| 0,12 0,12 0,085 0,121 0,054 182,7 206,0 371,5
BU_M16_LDX-07 141,5(642,8 [176|311[474| 110,0 | 135| 299| 0,11 0,11 0,078 0,112 0,048 172,4 191,8 349,9
I BU_M16_LDX-08 144,2|750,9 [178]322|493| 110,0 | 144| 315| 0,11 0,11 0,080 0,109 0,054 174,6 196,2 396,0
I | BU_M16_LDX-09 <126,3|787,0|183|276|401| 109,9 | <93|<218| 0,15 0,15 0,118 0,160 0,081 232,0 272,6 5248
I BU_M16_LDX-10 <131,8|740,3 |181|275|374| 110,0 | <94|<192| 0,13 0,14 0,103 0,141 0,070 210,6 2434 4545

Table 38 Statistical evaluation of Bumax LDX — M16x100

Bumax LDX - Max F | Max T Oy Oy Oz |Fui (O2)] AOy; Ay |k (Fper) | k (Fpe) | ot (Fp.c)| tn (Fpc) | b (Fp.c) [ M (Fp.c*) | Mi (Fp.c) | M (Foimax)
M16x100 ISO 4017
- Gleitmo 1952V
n=10 kN Nm ° ° ¢ kN ° ° Nm Nm Nm
max 1442 | 787.0 | 183 | 322 | 493 | 1100 | 144 | 315 0.15 | 0.15 | 0.118 | 0.160 | 0.101 | 232.0 | 272.6 | 524.8
min 126,3 |538,9 | 172 247 374 109,9 72 192 0,11 0,11 0,078 0,109 0,048 | 1724 191,8 349,9
R 17,9 | 2481 11 75 119 0.1 72 123 0,04 0,04 0,040 0,051 0,053 59,6 80.8 174,9
x 1369 | 6840 | 176 291 437 1100 | 115 261 0.12 0,12 0,090 0,121 0,062 | 189.2 | 216,1 4185
s 58 72,4 4 22 35 0,0 23 38 0,01 0,02 0,014 0,017 0,017 19,5 275 52,1
v 426 | 10,58 2,03 7,59 8,11 0,04 | 20,08 | 1444 | 1152 | 1270 | 1514 13,63 26,91 10,31 12,74 12,45

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 39 Evaluation of test results of Bumax LDX — M16x100 according to EN 14399-3

n F.c Foc Foomax AO, i | AOy ., | k-values k-class K1 k-class K2 Fracture | Galling
[-1| 98.9kN [ 109.9kN | >141.3kN]| >120° | >240° [-1 0.10<k,;<0.16 [0.10<k_ <0.23 | Vv, <0.06
10 [ 100% 100% 30% 40% 80% 0.11-0.15 100% 0.123 0.127 0% | 100%

‘r,?.::;'.s.‘,\,n

1‘{\;
IHI

Figure 31 BU_M16_LDX test specimen after tightening
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Bolt force-angle of rotation curves
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Figure 32 BU_M16_LDX Bolt force-angle of rotation curves
Bolt force-tightening torque curves
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Figure 33 BU_M16_LDX Bolt force-tightening torque curves
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3.3.2.4 Bumax DX - M16x100 — 10.9 — EN ISO 4017 — gleitmo 1952V
The Bumax DX — M16x100 duplex stainless steel bolting assemblies in property class
10.9, in short form BU_M16_DX, were arranged of following components including
nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4462; manufact.: 2016-06-20; PRE 36
tensile strength Rm min (= fun): nominal 1000 N/mm?
yield strength Rpo.2min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN I1SO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27
hardness, min: nominal 300 HV

The tightening test results of Bumax DX — M16x100 bolting assemblies are
summarized in Table 40, Table 41 and Table 42. The statistical evaluation is shown
as fulfilled and failed criteria according to EN 14399-3 (System HR). The tightening
curves are presented in Figure 35 and Figure 36 and show, similar to the Bumax 109
— M16x100 and Bumax LDX — M16x100 series, less pronounced bolt force plateaus
in the plastic range without any partial or total bolt fracture. All tested duplex bolting
assemblies reached F,c* = 98.9 kN and F,c = 109.9 kN. On the contrary, only 2 of
10 tested bolting assemblies achieved Fpimax= 0.9 - fup - As = 141.3 kN. Due to the
less pronounced plastic plateaus, 2 of the 10 bolts achieved A®+imin = 120°, 3 of 10
bolts fulfilled the A®zimin = 240° criteria according to EN 14399-3. Furthermore, 7 of
10 tested bolts achieved k-class K1 with k-values in a wide range between 0.12 and
0.19 and a coefficient of variation of v =16.92 % (compared to k =0.12 — 0.17 and
v =13.58 % at Fpc*). k-class K2 was not accomplished. For further information and
summarized criteria see Table 42. The tightening graphs show irregular bolt force-
tightening torque curves because of galling in the nut bearing surface when tightened
into the plastic range especially after Fpimax including significant high ranges of values
M; at end of the tests (bolt force dropped again to Fy c). The coefficients of friction Lt
Mih and P, show noticeable high scattering, especially the friction under the nut bearing
surface with a coefficient of variation of v = 35.62 % at F,c. Damages at the first and
second load-bearing thread turn of the bolts and roughening of paired threads could
be observed. Galling - especially in the faying surface washer/nut - could be observed,
too.
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Table 40 Test results of Bumax DX — M16x100

Specimens | Fpc*|Fpc| Max F [Max T| Opi | ©1i | ©ai | Foi (O2)| A®+i | ABai | k (Fp.cr) | k (Fp.c) | uot (Foc)| Hitn (Fpc) | Mo (Fpc)|M (Fp.c*) | Mi (Fp.c) | M (Fbimax)
Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max — -] --| 0,16 | 0,16
min 141,3 120| 240/ 0,10 0,10
I  BU_M16_DX-01{98,9|110|<129,9[747,9 [209|301[402| 110,0 | <92|<193| >0,17 | >0,18 | 0,142 0,167 0,120 263,6 321,2 606,6
I | BU_M16_DX-02 145,4|608,5|187|316|463| 110,0 129| 277 0,12 0,12 | 0,089 0,127 0,055 188,7 2139 385,5
I  BU_M16_DX-03 <135,3|574,8 | 189|287|402| 110,0 | <98|<213| 0,13 0,13 | 0,097 0,147 0,054 200,0 | 230,7 394,1
N | BU_M16_DX-04 <131,3(821,1[193]|274[496| 110,0 | <81| 303| 0,13 0,14 0,105 0,139 0,076 208,1 2473 4504
I | BU_M16_DX-05 <134,9|589,6 |191|289|399| 109,9 | <98|<208| 0,13 0,14 | 0,103 0,163 0,051 208,5 | 2421 389,7
N | BU_M16_DX-07 <133,7(829,1[189]|292[393| 110,0 |<103[<204| 0,14 0,16 | 0,123 0,150 0,100 2273 2841 585,8
BU_M16_DX-08 <126,1(683,8 [202|264|357| 110,0 | <62|<155| 0,16 | >0,18 | 0,137 0,179 0,100 2493 310,9 4513
I  BU_M16_DX-10 <123,1]693,4 |192|254|333| 110,0 | <62|<141| 0,16 | >019 | 0,152 0,170 0,137 257,2 342,1 560,1
I  BU_M16_DX-11 142,5| 875,7 |184|362|547| 110,0 177| 363| 0,12 0,13 | 0,094 0,098 0,091 184,8 2254 652,5
I BU_M16_DX-12 <135,4|648,5|192|290|399| 110,0 | <98|<206| 0,12 0,13 | 0,093 0,132 0,060 186,0 | 2236 475,9

Table 41 Statistical evaluation of Bumax DX — M16x100

Bumax DX - Max F | Max T [CH Oy Oy |Fui (O2)] AOy AOz |k (Foc) | k (Foc) | ot (Fpc) | Hin (Foc) | Lo (Fp.c) | M (Fp.c®) | Mi (Fp.c) | M (Foimax)
M16x100 ISO 4017
- Gleitmo 1952V
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 1454 | 875,7 | 209 362 547 110,0 [ 177 363 0,17 0,19 0,152 0,179 0,137 | 263,6 | 3421 652,5
min 123,1 | 5748 | 184 254 333 109.9 62 141 0,12 0,12 0,089 | 0,098 | 0,051 | 1848 | 2139 | 3855
R 22,3 | 3009 25 108 214 0.1 115 222 0,05 0,07 0,063 0,081 0,086 788 128,2 267.0
X 1338 | 707.2 | 193 293 419 110,0 | 100 226 0,14 0,15 0,114 | 0,147 | 0.084 | 2174 | 2641 495,2
s 6.8 | 107.1 7 30 65 0.0 34 68 0,02 0,03 0,023 | 0,024 | 0,030 | 30.1 46.5 98,5
AY 5,06 | 15,14 3,83 | 10,27 | 1541 0,03 | 3351 | 3020 | 13,58 | 16,92 | 20,33 16,50 35,62 13,87 17,61 19,89

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 42 Evaluation of test results of Bumax DX — M16x100 according to EN 14399-3

n F.c F.c Fomax DOy in | AOy ., | k-values k-class K1 k-class K2 Fracture | Galling
[-1| 989kN | 109.9kN | >141.3kN| >120° | >240° [1 0.10<k;<0.16 | 0.10 <k_<0.23 | V, <0.06
10 | 100% 100% 20% 20% 30% 0.12-0.19 70% 0.150 0.169 0% | 100%

‘lil\\ llld'.lmtl\‘,i‘;l';l!iti!\iﬂ\‘ﬁ!! b m '\*\ :m ,: ik

Figure 34 BU_M16_DX test specimen after tightening
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Figure 35 BU_M16_DX Bolt force-angle of rotation curves
Bolt force-tightening torque curves
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Figure 36 BU_M16_DX Bolt force-tightening torque curves
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3.3.3 Bolt dimension M20

The tests of Bumax 88 — M20x100 bolting assemblies according to EN ISO 4017 were
performed with bolts manufactured in 2013 (first series) and in addition with bolts
produced in the year 2015 (second series). Bumax 88 — M20x100 (2013) showed
irregular results, so it has been decided to stop the tightening tests after five tested
specimens and repeat testing with the bolts manufactured in 2015. Both series were
tested with the same test setup to assure comparable testing conditions: The clamp
length >t was set to 75.0 mm (clamp length/bolt diameter ratio of 3.8) in reference to
EN 14399-3. As a complement to the Bumax 88 bolting assembilies, tightening tests
of Bumax 109 austenitic stainless steel bolting assemblies according to EN ISO 4014
were performed to investigate basic preloading behaviour. The Bumax 109 —
M20x140 bolts were tested with a clamping length of >t=105.0mm and a
clamp length/bolt diameter ratio of 5.3. In addition, lean duplex and duplex bolts
M20x100 (>t = 72.0 mm and clamp length/bolt diameter ratio of 4.9) according to EN
ISO 4017 were tested as well. The nut was turned to tighten the assembly with a
constant speed of rotation of 2.0 min-! for Bumax 88 and 109 and 5.0 min-! for the
lean duplex and duplex bolts. Overall, the tightening tests were stopped when the bolt
force dropped to F, ¢ after exceeding Fpc once.

With normative reference to EN 14399-3, the relevant criteria for the evaluation of the
Bumax 88 bolting assemblies were defined as follows:

= Fpc"=0.7-fyp - As=0.7 - 640 N/mm? - 245.0 mm? = 109.7 kN (DIN EN
1993-1-8/NA:2010-10)

* Foc=0.7"fw As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN

"  Fbimax 2 0.9 - fup - As = 0.9 - 800 N/mm? - 245.0 mm? = 176.4 kN

" AO®1imin 2 120° with 2t=75.0mm: 2d < 2t < 6d
" AO2imin = 240° with 2t=75.0mm:2d < 2t < 6d

Moreover, the criteria fro the evaluation of the bolting assemblies in property class
10.9 (meaning Bumax 109, Bumax lean duplex and Bumax duplex series) were
defined as follows:

" Foc*=0.7fpp - As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN (for Bumax
109 bolts)

" Fpc*=0.7 - fyo - As=0.7 - 900 N/mm? - 245.0 mm? = 154.4 kN (for Bumax
LDX and DX)

" Foc=0.7" fwp-As=0.7 - 1000 N/mm? - 245.0 mm? = 171.5 kN

" Fpimax2 0.9 - fup - As = 0.9 - 1000 N/mm? - 245.0 mm? = 220.5 kN

" AO@1imin 2 120° with 2t =105.0 mm: 2d < Xt < 6d
" AO2imin = 240° with 2t=105.0 mm: 2d < Xt < 6d

All tightening tests were carried out in accordance to EN 14399-2 and EN I1SO 16047
using the test setup shown in Table 43 and Table 44.

60



Project No.: 410410007-20003 | Report No.: 2018-08

UNIVERSITAT

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4) DUISBURG
Preloading behaviour and preloading levels for stainless steel bolt ZeelEl
assemblies including relaxation with detailed specifications for Open-Minded

recommended preloading levels

Table 43 Test setup Bumax 88/LDX/DX — M20x100 series

1 Sensor force — thread friction torque: SNo. 1016242 — 1,500 kN / 5,000 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1024283 — 5,000 Nm
3 Shims: DP 15mm + M20HV Lubrication: gleitmo 1952V
4 Support bar: Yes Adapter: Yes
Speed of rotation: 2.0 min' (88) and 5.0 min""* Rotated component: Hexagon nut
Number of bolting assemblies tested: 5/10 Washers: placed under nut
Clamp length >t = 75.0 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 3.8 | Stop criteria: bolt force dropped to Fpc

Table 44 Test setup Bumax 109 — M20x140

1 Sensor force — thread friction torque: SNo. 1016242 — 1,500 kN / 5,000 Nm
2 3ensor total tightening torque — angle of rotation: SNo. 1024283 — 5,000 Nm
3 Shims: DP 15mm + DP 30mm + M20HV Lubrication: gleitmo 1952V
4 Support bar: Yes Adapter: Yes
Speed of rotation: 2.0 min-' Rotated component: Hexagon nut
Number of bolting assemblies tested: 10 Washers: placed under nut
Clamp length >t = 105.0 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 5.3 Stop criteria: bolt force dropped to Fp.c
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3.3.3.1 Bumax 88 — M20x100 (2013) — 8.8 — EN ISO 4017 — gleitmo 1952V
Bumax 88 — M20x100 austenitic stainless steel bolting assemblies, property class 8.8
and bolts manufactured in 2013, abbreviated below as BU_M20_88 (2013), were
arranged of following components including nominal mechanical properties based on
Bumax datasheet:
* Bolts: BUFAB Group Bumax 88 — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2013-12-12; PRE 27
tensile strength Rm,min (= fun): nominal 800 N/mm?
yield strength Ryo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2014-06-05; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27

hardness, min: nominal 200 HV

The test results of Bumax 88 — M20x100 (2013 series) EN ISO 4017 bolting
assemblies are summarized in Table 45, Table 46 and Table 47 showing the
statistical evaluation as well as the summarized fulfilled and failed criteria according
to EN 14399-3. In addition, Figure 38 and Figure 39 show the tightening graphs for
these bolting assembilies. All tested bolting assemblies reached the specified preload
of Fpc®*=109.7 KN and F,c=137.2 kN. One of the specimens (BU_M20_88-03)
reached Fpimax at 138 kN, near to Fyc. A visual failure could not be noticed. The k-
values at Fpc lie between 0.21 and 0.33 and result in a very high coefficient of
variation of 21.71 % (compared to k = 0.20 — 0.28 and v = 16.02 % at F,c*) because
of the one irregular test. Neglecting this test, the k-values at F, ¢ lie between 0.21 and
0.22 which equates to a very low coefficient of variation. Nevertheless, criteria for k-
class K1 and k-class K2 failed. Also, all bolts failed the demanded maximum bolt force
Foimax = 0.9 - fup - As = 176.4 kN. Furthermore, they clearly not fullfilled the required
angles of rotation A®+imin and A®2min. The graphs show also irregular bolt force-
tightening torque curves because of galling in the nut bearing surface when the bolts
are tightened into the plastic range. Similar to the previously described test series,
damages at the first and second load-bearing thread turn of the bolts and roughening
of the paired threads could be observed; bolt failure by partial or total fracture did not
occur. In contrast to other tested series, galling in the faying surface washer/nut could
be observed for only one tested specimen. Furthermore, the functionality and re-use
of all tested bolting assembilies is limited.

Table 45 Test results of Bumax 88 — M20x100 (2013)

Foc | MaxF | Max T | @i | O | O | Fri (Q2) | A®+i| ABzi | k (Fpc) | iot (Fpo) | en (Foc) | 1o (Foc) | Foc™ | k (Fo.c) | Mi (Foc) | M (Fpc®) | M (Foiman)
kN kN Nm ° ° kN ° ° kN Nm Nm Nm

max | - | | --| 0,16 | 0,16
min 176,4 120 | 240| 0,10 0,10
BU_M20_88-01|137,2|<163,4 | 1021,4| 205|279 381 137,2 | <74 |<176| >0,21 | 0,166 | 0,234 | 0,106 |109,7| 0,20 | 5720 | 4395 | 8734
BU_M20_88-02 <152,0(1054,3 222267 345| 137,1 | <45 |<123| >0,22 | 0,174 | 0,254 | 0,104 >020 | 5972 | 4297 | 784/
BU_M20_88-03 | <137,9| 985,1/245|248263| 137,2 | <3| <18| >0,33 | 0271 | 0,351 | 0,201 >0,28 | 901,0 | 6175 | 9129
BU_M20_88-04 <161,7| 9853/208281 421| 1372 | <74 |<214| >021 | 0471 | 0215 | 0,133 >0,20 | 5888 | 4385 | 7995
BU_M20_88-05 <151,6| 902,6]|210|259|363| 137,2 | <49 |<152| >0,22 | 0,178 | 0,290 | 0,079 >021 | 6095 | 4597 | 7390
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Table 46 Statistical evaluation of Bumax 88 — M20x100 (2013)

BU_M20_88 (2013)| MaxF | MaxT | Oy O Oy [Foi(@2)] AOy | AOy | Lot (Fpc)| Hun (Foc) | Mo (Foc) | Mi (Fc)| k (Foc) [M (Foc*)| Kk (Foc?) [ M (Foimax)
n=5 KN Nm ° ° ° kN ° ° Nm Nm Nm
max 1634 |1054,3 | 245 | 281 | 421 137,2 | 74 214 0,271 | 0,351 | 0,201 | 9010 | 0,333 | 617,5 0,28 | 9129
min 1379 | 902,6 | 205 |248 | 263 | 1371 | 3 18 0,166 | 0215 | 0,079 | 5720 | 021 | 429,7 0,20 | 739,0
R 255 | 151,7 | 40 33 [ 158 01 | 71 196 0,105 | 0,136 | 0,122 [ 3290 | 0,12 | 187,8 0,08 | 1739
X 1533 | 989,7 | 218 | 267 | 355 | 1372 | 49 137 0,192 | 0,269 | 0,125 | 6537 | 024 | 477,0 0,22 | 8218
s 102 | 566 | 16 14 58 00 | 29 74 0,044 | 0,054 | 0,047 1389 | 005 | 793 0,03 | 702
v 6,64 | 572| 753 518| 1648 | 003 5934 | 5433 | 23,11 | 1997 | 37,55 | 21,25 | 21,71 | 16,63 | 16,02 8,55

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 47 Evaluation of test results of Bumax 88 — M20x100 (2013) according to EN 14399-3

n F.c Foc Fomax AO, i | AOy ., | K-values k-class K1 k-class K2 Fracture | Galling
[-1] 109.7kN| 137.2kN | >176.4KkN| >120° | >240° 5] 0.10<k,<0.16 | 0.10 <k <0.23 |V, <0.06
5 100% 100% 0% 0% 0% 0.21-0.33 0% 0.239 0.217 0% | 20%

Db bl
"OM‘wou\oumom.\.-.umo‘;omwmum.ww.nu“iw-cwm

l ‘5‘,M.h"nhhh).h‘|$.$ih$r$.$.&|$.8.h$ |‘|‘|‘“M$(“Q‘ "‘“M'

Figure 37 BU_M20_88 (2013) test specimen after tightening
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Bolt force-tightening torque curves
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Figure 39 BU_M20_88 (2013) Bolt force-tightening torque-curves

3.3.3.2 Bumax 88 — M20x100 (2015) — 8.8 — EN ISO 4017 — gleitmo 1952V

In addition to the tightening tests described before and due to the irregular results,
further Bumax 88 — M20x100 austenitic stainless steel bolting assemblies, property
class 8.8 with bolts manufactured in 2015, abbreviated below as BU_M20 88 (2015),
were tested and arranged of following components including the nominal mechanical
properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27

tensile strength Rm min (= fup): nominal 800 N/mm?
yield strength Rpo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D = 37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27
hardness, min: nominal 200 HV

As a continuation of the previously presented Bumax 88 — M20x100 series (bolts
manufactured in 2013), the test results of the 2015 produced bolts according to EN
ISO 4017, property class 8.8 with a nominal length of 100.0 mm are shown in Table
48, Table 49 and Table 50 including the evaluation of the tightening tests and the
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statistical data referred to EN 14399-3. Figure 41 and Figure 42 show the tightening
graphs. In contrast to the 2013 series, the BU_M20_88 (2015) test series shows a
different behaviour with a more pronounced bolt force plateau in the plastic range. All
tested bolting assemblies reached F,c = 137.2 kN and 9 of 10 bolting assemblies
achieved Fpimax= 0.9 - fup - As = 176.4 kN. Furthermore, 8 of 10 tested bolts achieved
k-class K1 with k-values between 0.12 and 0.17. On the contrary, k-class K2 was not
accomplished because of a high coefficient of variation. It can be seen that 3 of 10
bolts reached A®+imin, however 9 of 10 bolts achieved the criteria for A®zjmin. FoOr
further information and summarized criteria see Table 50. Galling did occur when the
bolts were tightened into the plastic range and leads to irregular bolt force-tightening
torque curves as shown in Figure 42 including remarkable high ranges of tightening
torque. The statistical evaluation underlines high coefficients of variation for friction
and maximum torque. Damages at the first and second load-bearing thread turn of
the bolts and nuts as well as minor and major roughening of paired threads occurred
as well. Compared to the previously tested series, especially damages of the hexagon
nut threads occured. Partial or total bolt fracture did not occur. Visible necking of the
threaded shank and galling in the faying-surface washer/nut were detected, too.

Table 48 Test results of Bumax 88 — M20x100 (2015)

Fpc | MaxF | Max T | Opi | Osi| Oz | Foi (O2) | AO1i| AOzi| k (Fp.c) | Hiot (Fpc)| Hun (Foc) [ Ko (Foc) | Foc* |k (Foc) | Mi (Fpc) | M (Fpc*) [ M (Fiimar)
kN kN Nm ° ° ° kN ° ° kN Nm Nm Nm

max | -] 0,16 0,16

min 176,4 120| 240| 0,10 0,10
[ | BU_M20_88-06 | 137,2| 189,4| 958,8|233|364|602| 137,2 132| 369| 0,12 | 0,088 0,119 0,062 |109,7| 0,12 331,1 265,4 629,2
BU_M20_88-07 188,1/1346,0|/197|309|517| 137,1 |<112| 320| 0,15 | 0,113 0,147 0,084 0,14 409,2 299,0 768,7
I | BU_M20_88-08 185,2/1005,1|214|328 | 542| 137,2 |<114| 328| 0,14 | 0,103 0,139 0,071 0,13 375,0 287,2 725,6
I | BU_M20_88-09 179,7/1551,6|193|303 | 545| 137,2 |<110| 352| >0,17 | 0,128 0,132 0,124 0,15 453,9 339,7 1017,5
I | BU_M20_88-10 177,411047,5/215|320/491| 137,2 |<105| 276| 0,45 | 0,118 0,174 0,069 0,15 4239 3236 704,8
N | BU_M20_88-11 184,9/1260,9|/190|302|523| 137,2 |<112| 333| 0,16 | 0,122 0,172 0,079 0,15 4371 339,0 755,8
I | BU_M20_88-12 178,0| 969,5|203|308/463| 137,2 |<105| 260| 0,15 | 0,115 0,178 0,059 0,14 412,9 3154 757,0
I | BU_M20_88-13 191,7| 872,2/204|326/608| 137,2 121| 403| 0,13 | 0,093 0,131 0,060 0,13 346,1 282,7 599,7
N | BU_M20_88-14 <171,4|1167,7|204 | 286|424 | 137,1 <81|<219| >0,16 | 0,123 0,179 0,075 0,15 440,3 3239 705,1
I | BU_M20_88-15 185,6|1084,1|217 340|507 | 137,1 122| 289| 0,12 | 0,090 0,117 0,066 0,12 3351 258,8 731,2

Table 49 Statistical evaluation of Bumax 88 — M20x100 (2015)

BU_M20_88 (2015)| MaxF | MaxT | O [N Oz [Foi (©@2)| AOy | AOyi | Lot (Fpc)| Hen (Fpc) [ Mo (Foc) [ Mi (Foc) | k (Foc) |M (Foc®)| k (Foc:) [M (Foimax)

n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm

max 191,7 [1551,6 | 233 364 608 137,2 132 403 0,128 0,179 0,124 | 4539 0,17 | 339,7 0,15 1017,5

min 1714 | 8722 | 190 | 286 | 424 | 1371 | 81 |219 0,088 | 0,117 | 0,059 | 331,1 0,12 | 2588 | 0,12 | 5997

R 203 | 6794 | 43 78 | 184 01 | 51 184 0,040 | 0,062 | 0,065 | 1228 | 0,05 | 809 | 003 | 4178

X 183,1 [1126,3 | 207 319 522 137,2 111 315 0,109 0,149 0,075 | 396,5 0,15 | 303,5 0,14 739,5

s 6,3 | 2079 | 13 22 57 00 | 14 55 0,015 | 0,025 | 0,019 | 46,1 002 | 293 | 001 | 1121

v 345| 1845 625 698 10,87 | 004 | 1213 | 17,39 | 1347 | 16,67 | 2549 | 11,62 | 11,83 | 9,64 | 891 15,16

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 50 Evaluation of test results of Bumax 88 — M20x100 (2015) according to EN 14399-3

n Foc Foc Fmax A0, i | AOy ., | k-values k-class K1 k-class K2 Fracture | Galling
[-1] 109.7kN| 137.2kN | >176.4kN| >120° | >240° [ 0.10<k,<0.16 [0.10 <k, <0.23 |V, <0.06
10 | 100% 100% 90% 30% 90% 0.12-0.17 80% 0.145 0.118 0% | 100%

s ‘cvmmun|oio|0lolm|o|t|»mm|mgolm| | L" ‘i 1 ,;nn.. \A. ‘.
.}muuuulmmmmbmlmmuuumlﬂ;‘:Iuhf‘;’lﬁ.s'::;l.m'n'il's:

Figure 40 BU_M20_88 (2015) test specimen after tightening
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3.3.3.3 Bumax 109 — M20x140 — 10.9 — EN ISO 4014 - gleitmo 1952V
Bumax 109 — M20x140 austenitic stainless steel bolting assemblies in property class
10.9 according to EN ISO 4014, abbreviated below as BU_M20_109, were arranged
of the following components including the nominal mechanical properties based on
Bumax datasheet:
= Bolts: BUFAB Group Bumax 109 — M20x140 A4 according to EN ISO 4014;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2014-05-05; PRE 27
tensile strength Ry min (= fub): nominal 1000 N/mm?
yield strength Ryo.2,min (= fyb): nominal 800 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-03-03; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV290 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2012-01-04; PRE 27

hardness, min: nominal 200 HV

Table 51, Table 52 and Table 53 summarize the test results and evaluation of the
Bumax 109 — M20x140 bolting assemblies. The statistical evaluation is also
presented as well as an overview about the fulfilled and failed criteria according to EN
14399-3. The tightening graphs are shown in Figure 44 and Figure 45 and outline a
shortened and barely visible pronounced bolt force plateaus in the plastic range. All
tested bolting assemblies achieved Fpc* = 137.2 kN, but only 4 of 10 tested bolting
assemblies reached the specified preload F,c = 171.5 kN. Furthermore, the tested
stainless steel bolting assemblies failed in all additional criteria. The maximum bolt
force Fpimax= 0.9 - fup - As = 220.5 kN as well as the prescribed angles of rotation were
not achieved due to low ductile behaviour and high friction coefficients. With regard
to the only partially reached preload level F ¢, it must be considered that the statistical
evaluation must be interpreted with caution: the coefficient of variation for the k-value
lies between 0.25 and 0.26 and failed in criteria for k-class K1 as well as k-class K2;
indeed only 4 of 10 tested bolts were considered in the statistical evaluation.
Furthermore, the coefficients of friction are remarkably high at the specified preload
level Fpc: U (0.218 — 0.225), pin (0.176 — 0.203) and piot (0.199 — 0.203). The
tightening graphs also show irregular bolt force-tightening torque curves like in the
previous tested series because of galling in the nut bearing surface. Furthermore, the
damages of the tested bolting assemblies show plastic deformations at the first load-
bearing thread turn of the bolt and nut, roughening of the paired threads and minimal
necking of the threaded shanks, comparable to the previously tested series. Total or
partial bolt failure by fracture did not occur. Galling in the faying-surface washer/nut
was detected in all tested bolting assemblies.
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Table 51 Test results of Bumax 109 — M20x140

Foc | MaxF | MaxT|Opi| Oy | Oz |Foi (O2) AO4i| AOzk (Fyc) | ot (Foc) | un (Fpc) | o (Fp) | Foc™ | K (Foc?) | Mi (Foc) | M (Fpc®) | M (Foiman)
kN kN Nm £ i i kN & 2 kN Nm Nm Nm

max - 0,16 0,16

min 220,5 120 | 240 0,10 0,10
I | BU_M20_109-01|171,5 <177,7 1223,4|260 295|334 | 171,5 | <34 | <74 | >0,25 0,203 0,184 0,219 (137,2| >0,19 | 860,5 531,3 1075,6
I | BU_M20_109-02 <160,1/1101,5| - 249 - - - - - - - - >0,24 - 6546 923,7
N | BU_M20_109-03 <156,9 974,4| - 275|369 129,8 - <0 - - - - >0,27 - 7466 949,8
I | BU_M20_109-04 [<169,0/1147,9| - [276[387| 1283 | - <0 [ - - - - >0,22 - 593,0 978,6
N | BU_M20_109-05 <166,1 1223,5| - 284|410| 126,6 - <0 - - - - >0,27 - | 7278 1066,6
BU_M20_109-06 <179,2/1099,1 |250 /289|338 | 171,5 | <39 | <88 | >0,26 0,214 0,201 0,225 >0,22 | 904,3 607,1 1056,4
I | BU_M20_109-07 <177,5/1136,2|265 316|344 | 1715 <51 | <79 | >0,26 0,211 0,203 0,218 >0,21 | 893,2 585,9 1098,3
I | BU_M20_109-08 <175,6/1089,1 258 286 (310| 171,5 | <27 | <52 | >0,25 0,199 0,176 0,218 >0,20 | 8446 | 5391 1000,3
I | BU_M20_109-09 <168,7/1263,5| - 284|381 130,1 - <0 - - - - >0,23 - 631,3 1003,7
I | BU_M20_109-10 <169,8 981,8| - |275(399| 122,7 - <0 - - - - >0,20 - 5371 917,4

Table 52 Statistical evaluation of Bumax 109 — M20x140

:32%12/;20_109 MaxF | MaxT | Oy Oy Oy |Fui(@2)| AOy | AOy | Lot (Fpc) | Hun (Fpc)| Mo (Fpc) | Mi (Foc)| k (Foc) [M (Fpc*) | k (Fpc?) [ M (Foimax)
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 179,2 12635 | 265 | 316 | 410 1715 | 51 88 0,214 | 0,203 | 0,225 | 904,3 | 0,26 | 746,6 0,27 | 1098,3
min 156,9 | 9744 | 250 | 249 310 1227 | 27 0 0,199 | 0,176 | 0,218 | 8446 | 025 | 5313 0,19 | 9174

R 223 | 289,1 | 15 67 100 488 | 24 88 0,015 | 0,027 | 0,007 | 59,7 | 001 | 2153 0,08 | 180,9

X 170,1 [1124,0 [ 258 | 283 364 147,1 | 38 33 0,207 | 0,191 | 0,220 | 8757 | 0,26 | 6154 0,23 | 1007,0
s 7,6 97,1 6 17 34 233 | 10 40 0,007 | 0,013 | 0,003 | 278 | 0,01 76,1 0,03 65,1

v 4,47 864 242 602| 926| 1584 26,79 - 3,36 6,88 1,53 318 2,26 | 12,36 | 12,44 6,46

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 53 Evaluation of test results of Bumax 109 — M20x140 according to EN 14399-3

n F . F F,. A0, ., AO, . k-values k-class K1 k-class K2

b.C b,C bi,max 1i,min '2i,min Fracture | Galling
1] 137.2kN|[ 1715 kN | >2205kN]| >120° | >240° 5] 0.10<k;<0.16 |0.10<k,_ <0.23 | V, <0.06
10 100% 40% 0% 0% 0% 0.25-0.26 0% 0.255 0.023 0% | 100%

Figure 43 BU_M20_109 test specimen after tightening

Bolt force-angle of rotation curves
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Figure 44 BU_M20_109 bolt force-angle of rotation-curves (only specimens which achieved Fpc)
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Figure 45 BU_M20_109 bolt force-tightening torque-curves

3.3.3.4 Bumax LDX - M20x100 - 10.9 — EN ISO 4017 — gleitmo 1952V
The Bumax LDX — M20x100 ferrite-austenitic lean duplex stainless steel bolting
assemblies in property class 10.9, in short form BU_M20_LDX, are arranged of the
following components including nominal mechanical properties based on the Bumax
datasheet:
= Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26

tensile strength Rm,min (= fup): nominal 1000 N/mm?

yield strength Ryo.2,min (= fyb): nominal 900 N/mm?

elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

» Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27

hardness, min: nominal 200 HV

The tightening test results of Bumax LDX — M20x100 bolting assemblies are
summarized in Table 54, Table 55 and Table 56. The statistical evaluation is shown
as well with fulfilled and failed criteria according to EN 14399-3 (System HR). In
addition, the tightening curves are presented in Figure 47 and Figure 48. They show
less pronounced bolt force plateaus in the plastic range compared to Bumax LDX —
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M16x100 and Bumax DX — M16x100 bolting assemblies without any partial or total
bolt fracture. All tested lean duplex bolting assemblies reached Fpc* = 154.4 kN and
Foc=1715 kN. On the contrary, the criteria of the maximum bolt force
Fuimax= 0.9 - fup - As = 220.5 kN was not achieved in the whole tested series. Due to
the less pronounced plastic plateau, criteria A®+imin = 120° failed, too, and only 3 of
10 bolts achieved A®2imin = 240° (with a coefficient of variation of 37.96 %) according
to EN 14399-3. Furthermore, 10 of 10 tested bolts achieved k-class K1 with k-values
between 0.10 and 0.15 and a coefficient of variation of v =14.81 % (compared to
k=0.10 — 0.14 and v=13.12 % at Fpc*). k-class K2 was not accomplished. For
further information and summarized criteria see Table 56. The graphs show irregular
bolt force-tightening torque curves because of minor and major galling in the nut
bearing surface when tightened into the plastic range. In addition, the coefficients of
friction Pt (v=17.80 %), P (v=20.45 %), and p, (v=20.45%) show a high
scattering at Fyc. Damages at the first and second load-bearing thread turn of the
bolts and roughening of the paired threads could be observed. Galling especially in
the faying surface washer/nut could be observed, too.

Table 54 Test results of Bumax LDX — M20x100

Specimens Fpc* | Foc |MaxF | Max T | Opi| O | Oz | Fui (O2i) | AO+i| A2 |k (Fpcr) | K (Fpc) | Feot (Fpc) | Fun (Fpc)| Mo (Fpc) [ M (Fpc*) | Mi (Fpc) [ M (Fbimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - —| -] 0,16 0,16
min 220,5 120| 240| 0,10 0,10
I | BU_M20_LDX-01(154,4[171,5|<214,7| 956,0(273|397|605| 171,4 124| 333| 0,10 0,10 0,085 0,087 0,084 365,7 4154 679,6
I | BU_M20_LDX-02 <187,6| 936,2|267|321|380| 1714 | <53|<112| 0,13 0,14 0,127 0,168 0,090 496,7 576,3 766,2
I | BU_M20_LDX-03 <198,2| 954,0(263|350|451| 1714 | <86|<188| 0,11 0,11 0,100 0,120 0,082 396,6 4715 7116
[ | BU_M20_LDX-04 <199,1| 828,9|276|361|512| 171,3 | <84|<235| 0,12 0,13 0,114 0,165 0,070 4547 528,9 7172
I | BU_M20_LDX-05 <200,0| 936,5|255|348|437| 1714 | <93|<182| 0,10 0,11 0,095 0,119 0,075 383,5 4542 715,0
N | BU_M20_LDX-06 <205,7| 897,9|256|362|516| 171,3 |<107| 260| 0,10 0,11 0,093 0,115 0,074 3793 4454 7462
BU_M20_LDX-07 <189,5| 998,01252|305|362| 1714 | <53|<110| 0,13 0,14 0,125 0,139 0,113 480,8 5712 7972
I | BU_M20_LDX-08 <184,0| 989,2|271|311|376| 1714 | <40|<105| 0,14 0,15 0,141 0,167 0,118 509,2 6324 804,3
I | BU_M20_LDX-09 <201,9| 926,2|251|333|447| 1714 | <81|<195| 0,10 0,10 0,085 0,109 0,065 360,8 4159 696,4
I | BU_M20_LDX-10 <206.,6|1024,8|246|350|496| 171,3 |<104| 251| 0,12 0,12 0,109 0,136 0,084 436.4 506,3 799,6

Table 55 Statistical evaluation of Bumax LDX — M20x100

BU_M20_LDX-| MaxF | MaxT Oy Oy Oy |Fbi (O2)] AOy A®si |k (Fper) | k (Fpe) | bot (Fp.c) | Hin (Fpc) | Mo (Fpc) | M (Fp.c®) | Mi (Fp.c) | M (Foimax)
Gleitmo 1952V
n=10 kN Nm ° ¢ ° kN ° ° Nm Nm Nm
max 214,7 |1024,8 | 276 397 605 1714 | 124 333 0,14 0,15 0,141 0,168 0,118 | 509,2 6324 8043
min 1840 | 8289 | 246 305 362 171.3 40 105 0,10 010 | 0,085 | 0,087 | 0,065 | 360,8 | 4154 679.6
R 30,7 195,9 30 92 243 0,1 84 228 0,04 0,05 0,056 0,081 0,053 | 1484 217.0 1247
X 1987 | 9448 | 261 344 458 1714 83 197 0,12 012 | 0107 | 0133 | 0,086 | 4264 |501.8 743.3
s 9.4 553 | 10 27 76 0.0 27 75 0,02 0,02 | 0019 | 0028 | 0,017 | 564 741 46,0
v 4,76 5,85 3,99 798 | 16,58 0,03 | 3247 | 37,96 | 13,12 | 1481 | 17,80 20,79 20,45 13,22 14,76 6,19

with  n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 56 Evaluation of test results of Bumax LDX — M20x100 according to EN 14399-3

n F. Fc Foi max DO, i | AOy i | k-values k-class K1 k-class K2 .

= P! : - 2 Fracture | Galling
[-]1]| 154.4kN | 171.5kN | >2205kN| >120° | >240° [1 0.10<k,<0.16 [0.10 <k <0.23| V, <0.06
10 | 100% 100% 0% 0% 30% 0.10-0.15 100% 0.120 0.148 0% | 100%

N

spanaidi)

Figure 46 BU_M20_LDX test specimen after tightening
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Figure 48 BU_M20_LDX Bolt force-tightening torque curves
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3.3.3.5 Bumax DX - M20x100 — 10.9 — EN ISO 4017 — gleitmo 1952V
The Bumax DX — M20x100 duplex stainless steel bolting assemblies in property class
10.9, in short form BU_M20_DX, are arranged of following components including
nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4462; manufact.: 2016-06-17; PRE 36
tensile strength Rm min (= fup): nominal 1000 N/mm?
yield strength Rpo.2min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27
hardness, min: nominal 200 HV

The test results and evaluation of Bumax DX — M20x100 tested stainless steel bolting
assemblies are summarized in Table 57, Table 58 and Table 59. The statistical
evaluation is shown as well with fulfilled and failed criteria according to EN 14399-3
(System HR). Figure 50 and Figure 51 present the tightening graphs. They show
nearly similar bolt force-angle of rotation-curves and also a less pronounced bolt force
plateau in the plastic range comparable with Bumax LDX — M20x100 lean duplex
bolting assemblies. All tested duplex bolting assemblies reached Fpc* = 154.4 kN,
Fpc=171.5kN, but on the contrary the maximum required bolt force
Fuimax= 0.9 - fup - As = 220.5 kN is not achieved in the whole series. Furthermore, 10
of 10 tested bolts achieved k-class K1 with k-values between 0.10 and 0.15 and a
coefficient of variation of v =15.84 % (compared to k =0.10-0.13 and v=11.84 %
at Fpc*). k-class K2 was not accomplished. For further information and summarized
criteria see Table 59. The graphs show irregular bolt force-tightening torque curves
because of galling in the nut bearing surface when tightened into the plastic range
including significant high ranges of values M; at the end of the tests (bolt force dropped
again to Fpc).The curve progressions are comparable with the results of the Bumax
LDX — M20x100 series. Only 2 of 10 tested bolts achieved A®1imin = 120° and 3 of 10
bolts reached A®:imin = 240°. Damages at the first and second load-bearing thread
turn of the bolts and roughening of the paired threads could be observed; bolt failure
by fracture did not occur. Galling in the faying surface washer/nut could be observed,
too. It was possible to unscrew the hexagon nuts of all tested bolting assemblies
manually but turning on the nut on the whole threaded shank by hand was not
possible.
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Table 57 Test results of Bumax DX — M20x100

Specimens | Fpc* | Fpc | Max F | Max T | Opi | ©1i | Oai | Foi (O2)| AG+i | AO2 | k (Fpc) |k (Fp.c)| Mot (Fp.c) | Hitn (Fp,c) | o (Fpc) | M (Fp.c*) | Mi (Fp.c)| M (Fbimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max -] -—| 0,16 0,16
min 220,5 120| 240| 0,10 0,10
I | BU_M20_DX-01]154,4(171,5[<204,7 | 1228,8|242|328(449| 1714 | <85|<207| 0,10 0,11 0,096 0,110 0,085 387,2 | 4586 821,1
I | BU_M20_DX-02 <193,6/1292,0/252|318 |419| 171,3 | <66|<167| 0,13 0,15 0,135 0,147 0,125 | 490,3 | 610,8 893,8
I | BU_M20_DX-03 <197,2|1328,3|246|332|420| 1714 | <87|<175| 0,13 0,14 0,130 0,151 0,112 | 482,0 | 590,5 1004,8
[ | BU_M20_DX-04 <192,8|1157,5/243|303|388| 1714 | <60|<145| 0,10 0,11 0,100 0,122 0,081 381,5 473,0 7848
I | BU_M20_DX-05 <214,5(1802,3(242|372|582| 171,3 130| 340| 0,10 0,10 0,085 0,086 0,085 3745 415,9 1039,5
N | BU_M20_DX-06 <197,7|1527,6|260|359 |479| 171,4 |<100|<220| 0,13 0,15 0,135 0,102 0,164 497,2 611,0 1136,1
BU_M20_DX-07 <190,4| 843,8|253|302|370| 1714 | <49|<117| 0,11 0,12 0,106 0,152 0,066 4147 497 1 674,3
I | BU_M20_DX-08 <216,2| 908,5(237|369|653| 171,4 132| 416| 0,10 0,10 0,082 0,111 0,057 366,9 403,1 636,7
I | BU_M20_DX-09 <205,5/1007,3| 242|348 |461| 1714 |<106|<219| 0,12 0,13 0,114 0,135 0,095 461,8 526,6 7824
I | BU_M20_DX-10 <211,8|1258,3| 229|347 |583| 171,4 |<118| 354| 0,11 0,11 0,101 0,105 0,098 412,8 4772 814,3

Table 58 Statistical evaluation of Bumax DX — M20x100

BU_M20_DX- | MaxF | MaxT | O | ©u | Ox [Fu(O2)| AOy | AOs |k (Foc)| k (Fpc) | Lot (Foc) | B (Foc) | Mo (Fp.c) | M (Fpc*) | Mi (Foc) | M (Foimas)
Gleitmo 1952V
n=10 kN Nm c ° ° kN ° ° Nm Nm Nm
max 2162 |1802,3 | 260 | 372 | 663 | 171,4 | 132 | 416 013 | 0,15 | 0,135 | 0,152 | 0,164 | 497,2 | 611,0 | 1136,1
min 1904 | 8438 | 229 [302 |370 | 1713 | 49 | 117 0,10 | 0,10 | 0,082 | 0,086 | 0057 | 3669 |403,1 | 6367
R 258 | 9585 | 31 70 | 283 01 | 83 [299 0,03 | 005 | 0053 | 0066 | 0,107 | 1303 | 207,9 | 4994
X 2024 |12354 | 245 | 338|480 | 1714 | 93 | 236 011 | 0,12 | 0,108 | 0,122 | 0097 | 4269 | 5064 | 8588
s 94 | 2863 | © 25 94 00 | 29 [100 001 | 002 | 0020 | 0023 | 0031 | 51,1 | 764 | 1599
v 467 | 2317| 358| 751| 1964| 002| 31,12| 4224 11,84 | 1584 | 1804 | 1888 | 3195 | 11,98 | 1509| 18,62

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 59 Evaluation of test results of Bumax DX — M20x100 according to EN 14399-3

n F.c F.c Fmax DO, | AOy ., | K-values k-class K1 k-class K2 Fracture | Galling

[-1| 154.4kN | 171.5kN | >220.5kN| >120° | >240° [ 0.10 <k;<0.16 |0.10 <k, <0.23| V, <0.06

10 100% 100% 0% 20% 30% 0.10-0.15 100% 0.121 0.158 0% | 100%
-

\lllngPlth!:ll?illi!ii
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"
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Figure 49 BU_M20_DX test specimen after tightening
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Figure 50 BU_M20_DX Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 51 BU_M20_DX Bolt force-tightening torque curves
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3.3.4 Bolt dimension M24

In addition to the prescribed tightening tests in the technical annex of SIROCO,
tightening tests for bolt dimension M24 in property class 8.8 were additionally carried
out according to EN 14399-2 and EN ISO 16047. The test procedure was performed
with a constant speed of rotation of 2.0 min-' and all bolting assemblies were tightened
nut sided. The clamp length >t was set to 70.0 mm (clamp length/bolt diameter ratio
of 2.9) in reference to the corresponding tables of System HR — EN 14399-3. The
tightening tests were stopped when the measured bolt force dropped to
Foc=0.7 - fio - As (with fyp: tensile strength of the bolt and As: tensile stress area of
the bolt).

The criteria of evaluation for property class 8.8 according to EN 14399-3 are defined
as follows:

= Fpc*=0.7-fyp - As=0.7 - 640 N/mm? - 353.0 mm? = 158.1 kN (DIN EN
1993-1-8/NA)

* Fpc=0.7"fuw-As=0.7 - 800 N/'mm? - 353.0 mm? = 197.7 kN

" Fpimax 2 0.9 - fup - As = 0.9 - 800 N/mm? - 353.0 mm? = 254.4 kN

" AO®4imin 2 120° with 2t=60.5mm:2d < 2t <6d
" AO®zimin 2 240° with Xt=60.5mm:2d < 2t <6d

All tightening test were carried out in accordance to EN 14399-2 and EN ISO 16047
using the test setup shown in Table 60.

Table 60 Test setup Bumax 88 — M24x100

~H - 3 :
-

1

M 4

[t

A |

1 Sensor force — thread friction torque: SNo. 1016242 — 1,500 kN / 5,000 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1024283 — 5,000 Nm
3 Shims: DP 15mm + M24HV Lubrication: gleitmo 1952V
Support bar: No Adapter: Yes
Speed of rotation: 2.0 min™' Rotated component: Hexagon nut
Number of bolting assemblies tested: 10 Washers: placed under nut
Clamp length >t = 70.0 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 2.9 | Stop criteria: bolt force dropped to Fpc

3.3.4.1 Bumax 88 — M24x100 — 8.8 — EN ISO 4017 — gleitmo 1952V

The series Bumax 88 — M24x100 acc. EN ISO 4017 austenitic stainless steel bolting
assemblies in property class 8.8 and abbreviated below as BU_M24 88 were
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arranged of the following components including the nominal mechanical properties
based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M24x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm min (= fup): nominal 800 N/mm?
yield strength Rpo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M24 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 25.0 mm,
D =44.0 mm, t = 4.0 mm; manufact.: 2013-11-25; PRE 27

hardness, min: nominal 200 HV

Table 61, Table 62 and Table 63 summarize the test results including statistical
evaluation and summarized criteria according to EN 14399-3. Due to technical
problems, specimen BU_M24 88-08 was declared as invalid. With attention to the
tightening curves shown in Figure 53 and Figure 54, all tested bolting assemblies
reached F,c*=158.1 kN and F,c=197.7kN. Only 5 of 10 bolts reached the
maximum bolt force Fpimax = 0.9 - fup - As = 254.2 kN. The bolt force-angle of rotation-
curves show a narrow and shortened bolt force plateau in the plastic range. As a
result, only 1 of 10 bolts achieved the angle of rotation A®4min. = 120° and 3 of 10
bolts reached A®azmin. = 240°. The k-values lie between 0.10 and 0.22 with a high
coefficient of variation of v = 23.45 %, accordingly 6 of 10 bolts accomplished the
criteria for k-class K1 whereas the integration of the tested series referred to k-class
K2 failed. The statistical evaluation shows very high coefficients of variation for A®y;
(43.70 %) and A®y (46.50 %). After all, the graphs show again irregular bolt force-
tightening torque curves because of galling in the nut bearing surface when tightened
into the plastic range. But it must be pointed out that, in contrast to the previously
tested series, in the majority only minor galling occured.

The damage analysis in detail shows damages at the first load-bearing thread turn of
the bolts and roughening of paired threads; bolt failure by fracture did not occur in all
tested bolting assemblies made of stainless steel. Furthermore, it was possible to
unscrew the hexagon nuts of all tested bolting assemblies manually.

Table 61 Test results of Bumax 88 — M24x100

Probenbez. | Fpc |Max F | MaxT | O O] Oz | Foi @2) | AO+i | AOz | k (Foc) | Hiot (Foc) | Hin (Fpo) | Mo (Fpe)| Fpc* |k (Focs) | Mi (Fpc) | M (Fpc*) | M (Fbimax)
Legende kN kN Nm ° °© ° kN ° ° kN Nm Nm Nm
max i - - 0,16 0,16
min 254,2 120 240] 0,10 0,10
I | BU_M24_88-01/197,7|<206,7|1303,8 (169 191|232 197,7 | <21 <63|>0,22| 0,72 | 0226 | 0,125 [158,1 >0.20 | 10220 [ 7551 | 11613
I | BU_M24_88-02 <228,0/1301,4 163 214|292| 197,7 | <51 /<130| >0,17 | 0,134 | 0,182 | 0,091 >0,17 | 8156 | 6399 | 1087,0
N | BU_M24_88-03 257,1/14753[154 236(379| 197,6 | <62 <225 0,15 | 0,111 | 0,092 | 0128 | 0,15 | 6955 | 551,8 | 10255
I | BU_M24_88-04 | <231.2[1349,2|157 206|295| 197,6 | <49 <139| >0.17 | 0,133 | 0,148 | 0,120 | >0,17 | 8126 | 637,7 | 10933
I | BU_M24_88-05 <237,8(1343,4(162 224(327| 197,5 | <63[<166| 0,16 | 0,122 | 0,126 | 0,118 015 | 7521 | 5816 | 1066,3
I | BU_M24_88-06 256,11569,5|154 232|354 | 1976 = <78 <200| 0,14 | 0106 | 0,093 | 0,117 0,14 | 667,1 | 5240 | 103238
BU_M24_88-07 268,5(1258,7 155 263[481| 197,7 | <109 326 0,1 | 0,076 | 0,074 | 0,079 0,11 | 506,2 | 4027 860.9
. | BU_M24_88-09 273,9/1304,6 151 282|525| 197,7 | 131 374 0,10 | 0,074 | 0,064 | 0,084 | 010 | 4957 | 3874 | 8977
I | BU_M24_88-10 260,7|1453,6| 156 247(416] 197,6 | <91 261| 0,12 | 0,090 | 0,082 | 0,097 | | 012 | 5794 | 4637 | 976,
I | BU_M24_88-11 <235,3/1329,5(162/219(317| 1976 | <57|<155| >0,17 | 0,132 | 0,154 | 0,112 >0,17 | 804,4 | 646,0 | 1071,9
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Table 62 Statistical evaluation of Bumax 88 — M24x100
BU_M24_88 (2015)| MaxF | MaxT | © O Oy [Fui (@2)| AOy | AOz | Lo (Fpc)|Hin (Foc) [ Mo (Fc)| K (Foc) |Mi (Fpc) |M (Foc*) | M (Foimax)
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 2739 [1569,5 | 169 282 525 197,7 [ 131 374 0,172 0,226 0,128 0,22 11022,0 | 755,1 1161,3
min 206,7 [1258,7 | 151 191 232 1975 21 63 0,074 0,064 0,079 0,10 | 495,7 | 3874 860,9
R 67,2 310,8 18 91 293 02 | 110 311 0,098 0,162 0,049 0,12 | 526,3 | 367,7 300,4
X 2455 |1368,9 | 158 231 362 197,6 73 204 0,115 0,124 0,107 0,15 | 715,1 | 559,0 1027,3
S 21,1 98,0 5 27 90 0,1 32 95 0,030 0,053 0,018 0,04 161,9 | 1171 92,2
v 8,58 7,16 347 | 11,71 | 24,98 0,03 | 43,70 | 46,50 | 26,24 42,55 16,61 23,46 22,65| 20,96 8,98
with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]
Table 63 Evaluation of test results of Bumax 88 — M24x100 according to EN 14399-3
n F.c F.c Foi max AO, i | DOy, | k-values k-class K1 k-class K2 .
- . - - . Fracture | Galling
[-1] 158.1 kN | 197.7kN | >254.2kN| >120° | >240° [-1 0.10<k;<0.16 | 0.10 <k, <0.23| V, <0.06
10 100% 100% 50% 10% 30% 0.10-0.22 60% 0.151 0.235 0% | 30%
| viﬂ_.ihil!ﬂm
I T
Figure 52 BU_M24_88 test specimen after tightening
Bolt force-angle of rotation curves
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Figure 53 BU_M20_88 (2015) Bolt force-angle of rotation curves
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Bolt force-tightening torque curves
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Figure 54 BU_M20_88 (2015) Bolt force-tightening torque curves

3.4 Tightening test results and evaluation - STEP 2:
alternative lubricants

3.4.1 Lubrication tests: Identification of suitable, alternative lubrication
for stainless steel bolting assemblies

To identify suitable, alternative lubrication for stainless steel bolting assembilies,
tightening tests were performed with Bumax 88 — M20x80 EN ISO 4017 bolting
assemblies as well as Bumax 109 — M20x140 EN ISO 4014 bolting assemblies. For
Bumax 88 — M20x80 austenitic series, the clamp length )t was set to 60.5 mm (clamp
length/bolt diameter ratio of 3.0) in reference to the corresponding tables of System
HR — EN 14399-3. In addition, the Bumax 109 — M20x140 bolts were tested with a
clamping length >t = 105.0 mm and clamp length/ bolt diameter ratio of 5.3. The nut
was turned to tighten the assembly with a constant speed of rotation of 5.0 min-'. The
tightening tests were stopped when the bolt force dropped to F,c after reaching Fyc
once to allow more detailed investigation of the basic preloading behaviour and the
effects of alternative lubricants.

With normative reference to EN 14399-3, the relevant criteria for the evaluation of
Bumax 88 bolting assemblies in property class 8.8 were defined as follows:

* Fpc*=0.7 - fyp - As=0.7 - 640 N/mm? - 245.0 mm? = 109.7 kN (DIN EN
1993-1-8/NA)

* Fpc=0.7"fw- As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN

*  Fpimax2 0.9 - fup - As = 0.9 - 800 N/mm? - 245.0 mm? = 176.4 kN

" AO®4imin 2 120° with 2t =60.5mm: 2d < 2t < 6d
" A@zmin 2 240° with Zt=60.5mm: 2d £ Xt < 6d

In addition, the criteria for evaluation of the bolting assemblies in property class 10.9
(meaning Bumax 109) are defined as follows:
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» Fpc*=0.7 - fyo - As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN
* Fpc=0.7"fuw-As=0.7 - 1000 N/mm? - 245.0 mm? = 171.5 kN
" Fpimax2 0.9 - fup - As = 0.9 - 1000 N/mm? - 245.0 mm? = 220.5 kN

" AO®{imin 2 120° with Xt =105.0 mm: 2d < Xt < 6d
" AO®zimin 2 240° with Xt =105.0 mm: 2d < Xt < 6d

All tightening test were carried out in accordance to EN 14399-2 and EN ISO 16047
using the test setup shown in Table 64 and Table 65.

The following sections show exemplariliy the test results and evaluation of Bumax 88
— M20x80 series with alternative lubricants to provide an overview about the effects
of alternative lubricants on ductility and galling. Finally, the results of all lubrication
tests are discussed in subchapter 3.6.2.

Table 64 Test setup Bumax 88 — M20x80 series

1 Sensor force — thread friction torque: SNo. 1016242 — 1,500 kN / 5,000 Nm
2 3ensor total tightening torque — angle of rotation: SNo. 1024283 — 5,000 Nm
3 Shims: DP 9mm + DP 12mm + M20 Lubrication: Various
4 Support bar: Yes Adapter: Yes
Speed of rotation: 5.0 min" Rotated component: Hexagon nut
Number of bolting assemblies tested: 5 Washers: placed under nut
Clamp length >t = 60.5 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 3.0 Stop criteria: bolt force dropped to Fp.c
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Table 65 Test setup Bumax 109 — M20x140

1 Sensor force — thread friction torque: SNo. 1016242 — 1,500 kN / 5,000 Nm
2 Sensor total tightening torque — angle of rotation: SNo. 1024283 — 5,000 Nm
3 Shims: DP 15mm + DP 30mm + M20HV Lubrication: Various
4 Support bar: Yes Adapter: Yes
Speed of rotation: 5.0 min-"' Rotated component: Hexagon nut
Number of bolting assemblies tested: 5 Washers: placed under nut
Clamp length >t = 105.0 mm according to EN 14399-3:2015-03
Clamp length/bolt diameter ratio: 5.3 | Stop criteria: bolt force dropped to Fp.c

3.4.1.1 Bumax 88 — M20x80 — 8.8 — EN ISO 4017 — gleitmo 1952V
The Bumax 88 — M20x80 austenitic stainless steel bolting assemblies (used
lubrication: Fuchs Lubritech gleitmo® 1952V standard lubrication) in property class
8.8, abbreviated below as BU_M20_88 80, were tested and arranged of following
components including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x80 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm min (= fup): nominal 800 N/mm?
yield strength Rpo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27

stress under proof load, min: nominal 800 N/mm?

=  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27

hardness, min: nominal 200 HV

The tightening test results of Bumax 88 — M20x80 bolting assemblies (with gleitmo®
1952V standard lubrication) are summarized in Table 66, Table 67 and Table 68. The
statistical evaluation is shown as well with fulfilled and failed criteria according to
EN 14399-3 (System HR). In addition, the tightening curves are presented in Figure
56 and Figure 57. All tested bolting assemblies reached F,c* = 109.7 kN, Fpc = 137.2
kN, the criteria of maximum bolt force Fpimax= 0.9 - fup - As = 176.4 kN was achieved
in the whole tested series. Due to the less pronounced plastic plateaus, only 2 of 5
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bolts fulfilled criteria of A®1imin = 120°. However, 5 of 5 bolts achieved A®3j min = 240°
(with coefficient of variation of 13.14 %) according to EN 14399-3. Furthermore, 5 of
5 tested bolts achieved k-class K1 with a narrow range of k-values between 0.12 and
0.13 and coefficient of variation v = 4.28 % (comparedtok =0.12 - 0.13and v = 5.15
% at Fpc*). For this reason, k-class K2 was accomplished. For further information and
summarized criteria see Table 68. The graphs show irregular bolt force-tightening
torque-curves because of minor galling in the nut bearing surface when tightened into
the plastic range. Damages at the first and second load-bearing thread turn of the
bolts and roughening of the paired threads could be observed. Minor galling especially
in the faying surface washer/nut could be observed, too.

Table 66 Test results of Bumax 88 — M20x80 — Gleitmo 1952V

Specimens Foc* | Foc |[MaxF|Max T | ©p | O] O | Fui (©2)| AOy | AOy |k (Fp.cr) |k (Foc) | Mot (Foc) | Min (Foc)| o (Fc) [ M (Foc*)| Mi (Fp.c) | M (Foimax)
Legend kN kN kN Nm ¢ ° ° kN ° ° Nm Nm Nm
max — -—-| -] 016 0,16
min 176,4 120| 240 | 0,10 0,10
I | BU_M20_88_80-01109,7 |137,2| 179,5 | 743,0{169|272|527| 137,1 |<103| 358 | 0,13 0,13 0,096 0,139 0,059 2874 355,3 555,1
Il | BU_M20_88_80-02 180,2 | 770,3|161|254|455| 137,0 | <93| 295 | 0,12 0,12 0,086 0,112 0,064 262,3 324,7 550,2
I | BU_\I20_88_80-03 184,6 | 832,3[170]281|475| 137,1 [<110] 305 | 0,13 | 0,13 | 0,097 | 0,144 | 0,055 | 2911 | 356,7 | 5673
[ | BU_M20_88_80-04 184,3 | 846,5]149270|548| 137,1 | 120 399 | 0,12 | 0,12 | 0,088 | 0,119 | 0,060 | 2652 | 3285 | 6064
I | BU_M20_88_80-05 185,0 | 1122,9| 152|259 |464| 137,1 [<107| 311 | 0,12 | 012 | 0,092 | 0,114 | 0,072 | 2643 | 3409 | 7103
Table 67 Statistical evaluation of Bumax 88 — M20x80 — Gleitmo 1952V
BU_M20_88 80-| MaxF | MaxT | Opi O Oz |Foi (®2)| A®+i | A®2 [k (Fpc) |k (Fpc) | Lot (Fpc) | Hin (Fpc) | Mo (Foc) | M (Fpc*) | Mi (Fpc) | M (Foimax)
Gleitmo 1952V
n=5 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 185,0 |1122,9 | 170 281 548 1371 120 399 0,133 | 0,13 0,097 0,144 0,072 | 2911 356,7 710,3
min 179,5 743,0 | 149 254 455 137,0 93 295 0,120 | 0,118 0,086 0,112 0,055 | 2623 324,7 550,2
R 55 379,9 21 27 93 0,1 27 104 0,013 | 0,012 0,011 0,032 0,017 28,8 32,0 160,1
X 182,7 863,0 | 160 267 494 137,1 107 334 0,125 | 0,124 0,092 0,126 0,062 | 2741 341,2 597,9
s 2,6 151,5 10 11 41 0,0 10 44 0,006 | 0,005 0,005 0,015 0,006 14,0 14,8 66,6
v 1,45 17,55 5,98 4,03 8,34 0,03 9,25 13,14 | 5,15 4,28 5,25 11,82 10,39 5,10 4,33 11,14

n: number; R: range; X: mean value; s: standard deviation; v coefficient of variation in [%]

Table 68 Evaluation of test results of Bumax 88 — M20x80 — Gleitmo 1952V acc. EN 14399-3

n Foc Foc Fiimax AB;; rin A0, rin k-values k-class K1 k-class K2 .

P L 2 . . Fracture | Galling
[-1] 109.7 kN | 137.2kN | >176.4kN | >120° >240° [-] 0.10<k;<0.16 | 0.10<k, <0.23 | V, <0.06
5 100% 100% 100% 20% 100% 0.12-0.13 100% 0.124 0.043 0% | 60%

Figure 55 BU_M20_88 (Gleitmo 1952V) test specimen after tightening
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Bolt force-angle of rotation curves

200+ : :
T Fuimax > 176.4kN ! '
L e TR A B s S e e
1 Fbi,max 2 09- fub : As
150 —
E ] Fp’c—137.2kN _____________________
£ 125+
0]
O j
5 Pommmmm e N
= 1004
o
8 j
754
50
| A02i min224o° A
25+ : +
0 ——— | :
-200 100 200 300 400 500 600
angle of rotation (summed - F p,C) in °
Figure 56 BU_M20_88 (Gleitmo 1952V) Bolt force-angle of rotation curves
Bolt force-tightening torque curves
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Figure 57 BU_M20_88 (Gleitmo 1952V) Bolt force-tightening torque curves
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3.4.1.2 Bumax 88 — M20x80 — 8.8 — EN ISO 4017 — Molykote 1000 spray
The Bumax 88 — M20x80 austenitic stainless steel bolting assemblies (used
lubrication: Dow Corning Molykote® 1000 spray) in property class 8.8, abbreviated
below as BU_M20_88 80, were tested and arranged of following components
including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x80 A4 according to EN I1SO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm,min (= fun): nominal 800 N/mm?
yield strength Ryo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27
stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 70889;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27

hardness, min: nominal 200 HV

The test results and evaluation of Bumax 88 — M20x80 (Molykote 1000 spray) tested
stainless steel bolting assemblies are summarized in Table 69, Table 70 and Table
71. The statistical evaluation is shown as well with fulfilled and failed criteria according
to EN 14399-3 (System HR). Figure 59 and Figure 60 present the tightening graphs.
Compared to the gleitmo 1952V series, they show significantly more pronounced bolt
force plateaus in the plastic range. All tested austenitic bolting assemblies reached
Fpc*=109.7 kN, Fpc=137.2kN as well as the maximum required bolt force
Fuimax= 0.9 - fup - As = 176.4 KN. Furthermore, 5 of 5 tested bolts achieved k-class K1
with k-values between 0.12 and 0.14 and a coefficient of variation of v =9.43 %. k-
class K2 was not accomplished. For further information and summarized criteria see
Table 71. The graphs show irregular bolt force-tightening torque-curves because of
the strong galling in the nut bearing surface when tightened into the plastic range
including significant high ranges of values M; at end of the tests (bolt force dropped
again to F,c) in the bolt force-tightening torque-curves. 5 of 5 tested bolts achieved
A®1imin = 120° and A®2imin = 240°. Damages at the first and second load-bearing
thread turn of the bolts and roughening of paired threads could be observed; bolt
failure by fracture did not occur. Strong galling in the faying surface washer/nut could
be observed, too. It was possible to unscrew the hexagon nuts of all tested bolting
assemblies manually but turning on the nut on thewhole threaded shank by hand was
not possible.

Table 69 Test results of Bumax 88 — M20x80 — Molykote 1000 spray

Specimens Fpc* | Foc | Max F| Max T | Opi| Oy | Oy | Fui (O2) | AO+i| AOyi [k (Fpcr)| k (Fp.c) | Mot (Fp.c) | Hitn (Fp.c) | Mo (Fpc) |M (Fp.c*) | Mi (Fpc) | M (Fbimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm

max - - --| 0,16 0,16
176,4 120 [ 240 | 0,10 [ 0,10
BU_M20_88_80-06|109,7137,2| 194,0 | 901,0[209[362[923] 137,1 [ 152|714 [ 0,12 | 0,12 | 0,086 | 0,095 | 0,079 | 2598 [ 3247 | 5929
BU_M20_88_80-07 195,8 [1268,4|186(335(880 137,1 | 149 [ 694 | 0,12 | 0,12 | 0,087 | 0,084 | 0,090 | 260,6 | 326,6 | 6492
BU_M20_88_80-08 185,8 [ 1095,5(229|363|615| 137,2 | 134 | 386 | 0,13 | 0,14 | 0,109 | 0,112 | 0,105 | 2955 | 3940 | 7858
BU_M20_88_80-09 192,5 [1343,3[186(337[820] 136,9 | 151 [ 634 | 0,14 | 0,14 [ 0,107 | 0,410 [ 0,103 | 3123 | 387,5 | 8334
BU_M20_88_80-10 193,7 [1328,0(217|379[822| 137,1 | 163|605 | 0,12 | 0,43 | 0,093 | 0,096 | 0,091 | 2646 | 3456 | 8105

:
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Table 70 Statistical evaluation of Bumax 88 — M20x80 — Molykote 1000 spray

BU_M20 88 80-| MaxF | MaxT | O O Oz |Foi (@2)| AO4i | ABzi |k (Fpcr)| k (Fpc) | Mot (Fpc) | Min (Fpc) | Mo (Fp.c) | M (Fpc*) | Mi (Fpc) | M (Foimax)
Molykote 1000
spray
n=5 kN Nm © © © kN © © Nm Nm Nm
max 1958 [1343,3 [ 229 379 923 1372 | 163 714 0,142 [ 0,14 0,109 | 0,12 | 0,105 | 312,3 [394,0 | 8334
min 1858 | 901,0 | 186 335 615 1369 | 134 386 0,118 | 0,118 [ 0,086 | 0,084 | 0,079 | 259.8 | 324,7 | 592,9
R 10,0 | 442,3 | 43 44 308 03 | 29 328 0,024 | 0,026 [ 0,023 | 0028 [ 0,026 | 525 | 69,3 | 2405
X 192,4 [1187,2 | 205 355 812 1371 [ 150 607 0,127 | 0,130 [ 0,096 | 0,099 [ 0,094 | 2786 [3557 [ 7344
s 39 | 1878 | 19 19 118 0,1 10 131 0,011 [ 0,012 | 0,011 [ 0012 [ 0,011 [ 240 [ 331 [ 106,7
v 2,00| 1582 929 529 1456| 008 693] 21,59 | 854 | 943 | 11,35 | 11,68 | 11,35 8,60 931 1453

n: number; R: range; x: mean value; s: standard deviation; v coefficient of variation in [%]

Table 71 Evaluation of test results of Bumax 88 — M20x80 Molykote 1000 spray acc. EN 14399-3

n F.c Foc Foomax AO, i | BBy, | k-values k-class K1 k-class K2 Fracture | Galling
[-1] 109.7kN| 137.2kN | >176.4kN| >120° | >240° [-1 0.10<k;<0.16 | 0.10 <k _<0.23 | V, <0.06
5 [ 100% 100% 100% 100% 100% || 0.12-0.14 100% 0.130 0.094 0% | 100%

AT

Figure 58 BU_M20_88 (Molykote 1000 spray) test specimen after tightening

Bolt force-angle of rotation curves
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Figure 59 BU_M20_88 (Molykote 1000 spray) Bolt force-angle of rotation curves
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Bolt force-tightening torque curves
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Figure 60 BU_M20_88 (Molykote 1000 spray) Bolt force-tightening torque curves

3.4.1.3 Bumax 88 — M20x80 — 8.8 — EN ISO 4017 — Molykote 1000 paste
The Bumax 88 — M20x80 austenitic stainless steel bolting assemblies (used
lubrication: Dow Corning Molykote® 1000 paste) in property class 8.8, abbreviated
below as BU_M20_88 80, were tested and arranged of following components
including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x80 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm min (= fup): nominal 800 N/mm?
yield strength Rpo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D = 37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27
hardness, min: nominal 200 HV

Table 72, Table 73 and Table 74 summarize the test results and evaluation of tested
stainless steel bolting assemblies. The statistical evaluation is shown as well as
fulfilled and failed criteria according to EN 14399-3 (System HR). Figure 62 and
Figure 63 present the tightening graphs. They show similar curves and pronounced
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bolt force plateaus in the plastic range compared to the Molykote 1000 spray series
without any partial or total bolt fracture. All tested austenitic bolting assemblies
reached specified preload F,c*, Fp.c = 87.9 kN and also the maximum required bolt
force Fpimax= 0.9 - fup - As = 176.4 KN. Furthermore, 5 of 5 tested bolts achieved k-
class K1 with k-values in a narrow range between 0.13 and 0.15 and a coefficient of
variation of v =4.99 % (compared to k =0.13 - 0.14 and v = 3.37 % at F,c*). k-class
K2 was accomplished. The graphs show irregular bolt force-tightening torque-curves
because of strong galling in the nut bearing surface when tightened into the plastic
range including significant high ranges of values M; at Fpimax and at the end of the
tests (bolt force dropped again to F; c) in the bolt force-tightening torque-curves. 4 of 5
tested bolts achieved A®1min = 120° and additionally, all bolts reached A®y; min = 240°.
Damages at the first and second load-bearing thread turn of the bolts and roughening
of the paired threads could be observed; bolt failure by fracture did not occur. Galling
in the faying surface washer/nut could be observed, too. Furthermore, in the context
of functionality and re-use, it was possible to unscrew the hexagon nuts of all tested
bolting assemblies manually but turning on the nut on the whole threaded shank by
hand was not possible.

Table 72 Test results of Bumax 88 — M20x80 — Molykote 1000 paste

Specimens Foc* | Fpc |Max F | Max T | O | O1i | O | Foi (O2)| AO4i| A2 k (Fpce)| k (Fp.c) | Heot (Fp.c) | Htn (Fp.c) | Ko (Fpc) [ M (Fpc*) | Mi (Fp.c) | M (Foimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - -—| - 0,16 0,16
min 176.4 120|240 | 0,10 | 0,10
[ | BU_M20_88_80-11[109,7 |137,2| 184,9 | 1640,2| 195|333 |736| 137,1 138|541 | 0,14 | 0,15 0,112 0,124 0,101 311,6 403,7 940,0
I | BU_M20_88_80-12 189,0 [ 1214,3]179|324|710| 1371 146| 531 | 0,14 | 0,14 0,104 0,115 0,094 308,4 378,9 854,4
I | BU_M20_88_80-13 188,7 | 1388,7|214|371|776| 1371 157|562 | 0,13 | 0,13 0,098 0,118 0,081 2957 360,8 812,4
N | BU_M20_88_80-14 192,5 | 1255,3|183|325(695| 137,1 143| 512 | 0,14 0,13 0,099 0,106 0,094 297,2 364,8 822,7
I | BU_M20_88_80-15 181,7 |1119,8|216|324|610| 137,1 |<108| 394 | 0,13 | 0,13 0,098 0,118 0,079 2874 359,6 740,7
Table 73 Statistical evaluation of Bumax 88 — M20x80 — Molykote 1000 paste
BU_M20_88 80-| MaxF | MaxT | O (O Oz |Foi (O2)| AO4i | A2 |k (Fpc) | k (Fpe) | Mot (Fpc) | Htn (Fpc) | b (Fpc)| M (Fp.c®) | Mi (Fpc) | M (Foimax)
Molykote 1000
paste
n=5 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 192,65 [1640,2 | 216 371 776 137,1 157 562 0,142 | 0,15 0,112 0,124 0,101 | 311,6 | 403,7 940,0
min 181,7 [1119,8 | 179 324 610 137.1 108 394 0,131 | 0,131 0,098 0,106 0,079 | 287.4 359,6 740,7
R 10,8 520,4 37 47 166 0,0 49 168 0,011 | 0,016 0,014 0,018 0,022 242 441 199.3
X 187,4 [1323,7 | 197 335 705 1371 138 508 0,137 | 0,136 0,102 0,116 0,090 | 300,1 373,6 834,0
s 4,2 201,6 17 20 62 0,0 18 66 0,005 | 0,007 0,006 0,007 0,009 9,9 18,5 72,4
v 2,22 15,23 8,68 6,04 8,72 0,00 | 13,27 | 13,04 | 3,37 4,99 5,89 5,66 10,49 3,29 4,96 8,68

n: number; R: range; x: mean value; s: standard deviation; Vi coefficient of variation in [%)]

Table 74 Evaluation of test results of Bumax 88 — M20x80 — Molykote 1000 paste acc. EN 14399-

3
n F. Fc Fii max DO, i | AOy i | k-values k-class K1 k-class K2 .
P P : - 2 Fracture | Galling
[-] | 109.7kN | 137.2kN | >176.4kN| >120° > 240° [-] 0.10<k;<0.16 | 0.10 <k, <0.23 |V, <0.06
5 100% 100% 100% 80% 100% 0.13-0.15 100% 0.136 0.050 0% | 100%

Figure 61 BU_M20_88 (Molykote 1000 paste) test specimen after tightening
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Figure 62 BU_M20_88 (Molykote 1000 paste) Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 63 BU_M20_88 (Molykote 1000 paste) Bolt force-tightening torque curves
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3.4.1.4 Bumax 88 — M20x80 — 8.8 — EN ISO 4017 — Molykote P-74 paste
The Bumax 88 — M20x80 austenitic stainless steel bolting assemblies (used
lubrication: Dow Corning Molykote® P-74 paste) in strength class 8.8, abbreviated
below as BU_M20_88 80, were tested and arranged of following components
including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x80 A4 according to EN I1SO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm,min (= fub): nominal 800 N/mm?
yield strength Ryo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27

hardness, min: nominal 200 HV

The tightening test results of Bumax 88 — M20x80 (Molykote P-74 paste) bolting
assemblies are summarized in Table 75, Table 76 and Table 77. The statistical
evaluation is shown as well with fulfilled and failed criteria according to EN 14399-3
(System HR). In addition, the tightening curves are presented in Figure 65 and Figure
66. All tested austenitic bolting assemblies reached F,c* = 109.7 kN and Fpc = 137.2
kN as well as the criteria of maximum bolt force Fpimax= 0.9 - fup - As = 176.4kN. 4 of
5 bolts achieved angle of nut rotation A®1imin = 120°, in addition 5 of 5 bolts achieved
A®2imin = 240° (with coefficient of variation of 21.92 %) according to EN 14399-3.
Furthermore, 3 of 5 tested bolts achieved k-class K1 with k-values between 0.14 and
0.17 and coefficient of variation v=8.34 % (compared to k=0.13 — 0.15 and
v ="5.83 % at Fpc*). k-class K2 was not accomplished. For further information and
summarized criteria see Table 77. Again, the graphs show irregular bolt force-
tightening torque-curves because of minor and major galling in the nut bearing surface
when tightened into the plastic range. In addition, the coefficients of friction it
(v=9.65 %), i (v=12.57 %), and pp (v =23.79 %) show high scatterings at F,c.
Damages at the first and second load-bearing thread turn of the bolts and roughening
of the paired threads could be observed. Strong galling especially in the faying surface
washer/nut could be observed, too.

Table 75 Test results of Bumax 88 — M20x80 — Molykote P-74 paste

Specimens Foc* | Foc [Max F | Max T | Opi| O | O | Foi (O2)| A4 ABz |k (Fpc)| k (Fpc) | Hiot (Fpc)| Hin (Fp.c) [ Mo (Fpc) [ M (Fo.c*) | Mi (Fp.c) [ M (Foimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max o —~-| -] 0,16 0,16
min 176.4 120| 240 | 0,10 0,10
BU_M20_88_80-16|109,7|137,2| 177,8 | 1147,9|213|338|620| 137,0 126| 407 | 0,15 0,16 | 0,119 0,141 0,100 320,1 4276 866,6
BU_M20_88_80-17 179,4 |1101,8/210329|534| 137,2 |<118| 324 | 0,15 | >0,16 0,127 0,131 0,122 326,0 450,1 8171
BU_M20_88_80-18 187,4 |1173,5/212|351|766| 137,0 138| 553 | 0,13 0,13 0,101 0,120 0,084 2884 369,1 802,2
BU_M20_88_80-19 185,3 |1219,1|241|373|589| 137,1 132|348 | 0,15 | >0,17 | 0,131 0,101 0,158 332,3 465,0 863,7
BU_M20_88_80-20 186,8 | 1329,7|227 | 364|684 | 137,1 136| 456 | 0,14 0,15 | 0,119 0,115 0,121 303,7 4251 9654
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Table 76 Statistical evaluation of Bumax 88 — M20x80 — Molykote P-74 paste
BU_M20_88 80-| MaxF | MaxT Opi O Oz |Fui (O2)| AOyi A®2 |k (Fpe)| k (Fpe) | Mot (Fpc) | Hin (Fpc) | Mo (Fpc) | M (Fpc*) [ Mi (Fpc) | M (Foimax)
Molykote P-74
aste

i n=>5 KN Nm ° ° ° kN ° ° Nm Nm Nm

max 187,4 |1329,7 | 241 373 766 137,2 138 553 0,151 0,17 0,131 0,141 0,158 | 332,3 465,0 965,4

min 177,8 |1101,8 | 210 329 534 137,0 118 324 0,131 0,135 0,101 0,101 0,084 | 288,4 369,1 802,2

R 9,6 2279 31 44 232 0,2 20 229 0,020 | 0,034 0,030 0,040 0,074 43,9 95,9 163,2

X 183,3 [1194,4 | 221 351 639 137,1 130 418 0,143 | 0,156 0,119 0,122 0,117 | 3141 427,4 863,0

s 4,4 86,7 13 18 89 0,1 8 92 0,008 | 0,013 0,012 0,015 0,028 17,9 36,5 63,8

v 2,42 7,26 6,00 5,15 14,01 0,06 6,25 21,92 | 5,83 8,34 9,65 12,57 23,79 5,69 8,54 7,40

n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 77 Evaluation of test results of Bumax 88 — M20x80 — Molykote P-74 paste acc. EN 14399-3

n F.c Foc Foomax A0, i | BBy, | k-values k-class K1 k-class K2 Fracture | Galling
[-] [ 109.7kN | 137.2kN | >176.4 kN [ >120° >240° [-] 0.10<k;<0.16 [ 0.10 <k, <0.23| V, <0.06
5 [ 100% 100% 100% 80% 100% [ 0.14-0.17 60% 0.156 0.083 0% I 80%

Figure 64 BU_M20_DX test specimen after tightening

Bolt force-angle of rotation curves
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Figure 65 BU_M20_88 (Molykote P-74 paste) Bolt force-angle of rotation curves
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Figure 66 BU_M20_88 (Molykote P-74 paste) Bolt force-tightening torque curves

3.4.1.5 Bumax 88 — M20x80 — 8.8 — EN ISO 4017 — Molykote D-321R spray
The Bumax 88 — M20x80 austenitic stainless steel bolting assemblies (used
lubrication: Dow Corning Molykote® D-321R spray) in property class 8.8/80,
abbreviated below as BU_M20_88 80, were tested and arranged of following
components including nominal mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 88 — M20x80 A4 according to ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-06-05; PRE 27
tensile strength Rm,min (= fun): nominal 800 N/mm?
yield strength Ryo.2min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to 1ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-05-11; PRE 27
stress under proof load, min: nominal 800 N/mm?

» Washers: BUFAB Group Bumax RB A4-HV200 according to ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2014-03-19; PRE 27
hardness, min: nominal 200 HV

The test results and evaluation tested stainless steel bolting assemblies are
summarized in Table 78, Table 79 and Table 80. The statistical evaluation is shown
as well with fulfilled and failed criteria according to EN 14399-3 (System HR). Figure
68 and Figure 69 present the tightening graphs. All tested bolting assemblies reached
Foc*, Fpcand maximum required bolt force Fpimax=0.9 - fu - As=176.4 kN.
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Furthermore, 5 of 5 tested bolts achieved k-class K1 with low k-values between 0.10
and 0.11 and coefficient of variation v=4.71 % (compared to k=0.10- 0.12 and
v=5.42% at Fpc*). For this reason, k-class K2 was accomplished. For further
information and summarized criteria see Table 80. The graphs show irregular bolt
force-tightening torque-curves because of galling in the nut bearing surface when
tightened into the plastic range, especially at the end of the tests (bolt force dropped
again to F,c). Due to the improved ductility, all tested bolts achieved A®1imin = 120°
and AG®zimin = 240°. Damages at the first and second load-bearing thread turn of the
bolts and roughening of the paired threads could be observed; bolt failure by fracture
did not occur. Galling in the faying surface washer/nut could be observed, too. It was
possible to unscrew the hexagon nuts of all tested bolting assemblies manually but
turning on the nut on the whole threaded shank by hand was not possible.

Table 78 Test results of Bumax 88 — M20x80 — Molykote D-321R spray

Specimens Foc* | Fpc |Max F | Max T | Opi| Oy | Oni | Fui (O2) | AO+i | AO | k (Fpcr) | k (Foc) | Htot (Foc)| Min (Foc) | kb (Foc)| M (Foc*) | Mi (Foc) | M (Foimax)

Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max o - | -] 0,16 0,16
min 176.4 120 | 240 | 0,10 0,10

BU_M20_88_80-21|109,7|137,2| 197,3 | 1187,6| 190|332 |714| 137,1 | 142 | 525 | 0,10 0,10 0,074 0,081 0,067 2255 2846 4878

I | BU_M20_88_80-22 198,8 |1317,7|176 /343|854 | 137,0 | 167 | 678 | 0,12 0,11 0,082 0,086 0,078 252,6 310,9 502,7

I | BU_M20_88_80-23 198,0 | 1512,4|185/342|698| 137,1 | 157 | 513 | 0,10 0,10 0,071 0,060 0,081 224,2 277,0 489,0

I | BU_M20_88_80-24 201,7 | 1525,3|208|367|865| 137,1 | 159 | 657 | 0,10 0,10 0,071 0,070 0,072 2215 277,5 4718

[ | BU_M20_88_80-25 194,1|1449,5/175|338|704| 137,0 | 163 | 529 | 0,11 0,11 0,075 0,072 0,078 234,2 | 2899 817,3

Table 79 Statistical evaluation of Bumax 88 — M20x80 — Molykote D-321R spray

BU_M20 88 80-| MaxF | MaxT | O Oy Oz |Fui (O2)] AO4i | AO2 |k (Fper)| k (Fpe) | Lot (Fpc) | Htn (Fp.c) | Hb (Fpc) | M (Fp.c*) | Mi (Fp.c) | M (Fbimax)

Molykote D-321R
n=5 kN Nm © © ° kN ° © Nm Nm Nm
max 201,7 |1525,3 | 208 367 865 137,1 | 167 678 0,115 | 0,11 0,082 0,086 | 0,081 | 2526 3109 | 8173
min 1941 [1187,6 | 175 332 698 137,0 | 142 513 0,101 | 0,101 | 0,071 0,060 | 0,067 | 2215 |277,0 | 471,8
R 76 [ 3377 | 33 35 167 01 | 25 165 0,014 | 0,012 | 0,011 0,026 | 0,014 | 31,1 33,9 | 3455
X 198,0 [13985 | 187 344 767 137,1 | 158 580 0,106 | 0,105 | 0,075 0,074 | 0,075 | 231,6 |288,0 | 553,7
s 27 [ 1438 | 13 13 85 0,1 10 80 0,006 | 0,005 | 0,005 0,010 | 0,006 | 12,7 139 | 147.8
v 138 | 1028 7,98 | 388| 11,056 004 605| 13,80 542 | 4,71 6,04 13,70 | 7,49 547 | 4,82| 26,68

n: number; R: range; x: mean value; s: standard deviation; y: coefficient of variation in [%]

Table 80 Evaluation of test results of Bumax 88 — M20x80 — Molykote D-321R spray acc. EN

14399-3
n F o F Fy. AQ,, . 7O, ., k-values k-class K1 k-class K2
p.C p.C bi,max 1i,min 2i,min Fracture | Galling
[-1| 109.7kN| 137.2kN | >176.4kN | >120° | >240° [-1 0.10<k,<0.16 | 0.10 <k, <0.23| V, <0.06
5 100% 100% 100% 100% 100% 0.10-0.11 100% 0.105 0.047 0% | 80%

P

’}. I

Figure 67 BU_M20_88 (Molykote D-321R spray) test specimen after tightening
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Bolt force-tightening torque curves
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3.4.2 Additional tightening tests: Bolt dimension M12

For bolt dimension M12, additional tightening tests of stainless steel super duplex
bolts M12x80 in property class 10.9 were performed. The tested super duplex bolts

were produced according to EN ISO 4017. The clamp length >t was set to 64.0 mm
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(clamp length/bolt diameter ratio of 5.3) in reference to the corresponding tables of
System HR — EN 14399-3 respectively System HV — EN 14399-4. The bolting
assemblies were tightened nut sided with constant speed of rotation of 5.0 min-! and
stopped when the bolt force dropped to Fy. again to allow a more detailed
investigation of the basic preloading behaviour.

The criteria of evaluation regarding to EN 14399-3 for bolting assemblies in property
class 10.9 (equal to Bumax SDX series) are defined as follows:

» Fpc*=0.7 - fyp - As=0.7 - 900 N/mm? - 84.3 mm? = 53.1 kN

* Fpc=0.7"fw- - As=0.7 - 1000 N/mm? - 84.3 mm? = 59.0 kN

"  Fbimax=0.9 - fup - As = 0.9 - 1000 N/mm? - 84.3 mm? = 75.9 kN

" AO®1imin 2 120° with Zt=64.0 mm: 2d < 2t <6d
" AO2min 2 240° with 2t =64.0 mm: 2d < 2t <6d

3.4.2.1 Bumax SDX - M12x80 — Molykote 1000 spray
The Bumax SDX — M12x80 super duplex stainless steel bolting assemblies (used
lubrication: Dow Corning Molykote® 1000 spray) in property class 10.9, abbreviated
as BU_M12_SDX, were arranged as follows including mechanical properties based
on Bumax datasheet:
= Bolts: BUFAB Group Bumax SDX - M12x80 according to EN ISO 4017;
stainless steel EN 1.4410; manufact.: 2014-11-14; PRE 42

tensile strength Rm,min (= fun): nominal 1000 N/mm?

yield strength Ryo.2,min (= fyb): nominal 900 N/mm?

elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M12 M6M A4 according to EN ISO 4032,
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2014-05-22; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 13.0 mm,
D =24.0 mm, t = 2.5 mm; manufact.: 2015-04-14; PRE 27

hardness, min: nominal 300 HV

The test results of Bumax SDX — M12x80 super duplex bolting assemblies (used
lubrication: Dow Corning Molykote 1000 spray) according to EN ISO 4017 and
property class 10.9 are presented in Table 81, Table 82 and Table 83 including
statistical data and evaluation. Referring to EN 14399-3, all bolting assembilies fulfilled
the specified preload of Fpc* and F,c, and additionally, 10 of 10 bolts achieved
Foimax = 0.9 - fio - As = 75.9 kN. The bolt force plateaus in the plastic range are
significantly more pronounced compared to the Bumax SDX — M12x80 gleitmo 1952V
series. Furthermore, 10 of 10 tested bolts achieved k-class K1 with k-values at Fyc
between 0.12 and 0.16 (equal to k = 0.12 - 0.16 at F,c*). Once more, k-class K2 is
not achieved caused by a coefficient of variation of v = 9.72 %. Additionally, all bolts
achieved Fpimax= 0.9 - fup - As = 75.9 KN according to EN 14399-3. The tightening
graphs of BU_M12_SDX 109 (Molykote 1000 spray) are presented in Figure 71 and
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Figure 72 and show again irregular bolt force-torque-curves caused by strong galling
in the nut bearing surface. Furthermore, the damages of the tested super duplex
bolting assemblies are similar to the austenitic stainless steel bolts with damages
mainly at the first and second load-bearing thread turns, roughening of the paired
threads and minimal necking of the threaded shanks. Strong galling occurred in all
tested bolting assembilies, fracture occurred in 7 of 10 bolts only after the end of the
test when turning off the nut. Furthermore, it was possible to unscrew the hexagon
nuts of all tested bolting assemblies manually by hand.

Table 81 Test results of Bumax SDX — M12x80 — Molykote 1000 spray

Specimens Fpc*|Fpc| Max F | Max T| Opi | O1i | Oz | Foi (@2i)| A®+i | AO2i | k (Fp.ct) | k (Fpc) | ot (Fp.c) | Hun (Fpc) [ b (Fp,c) | M (Fp.c*) | Mi (Fp.c) [M (Foimax)
Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max — - - | 0,16 0,16
min 75,9 120 [ 240 | 0,10 | 0,10
B | BU_M12_SDX-11]53,1] 59 | 95,5 | 370,5 |150| 365|752 59,0 | 216 | 603 | 0,13 | 0,13 | 0,092 | 0,087 | 0,097 | 814 910 | 2574
I | BU_M12_SDX-12 88,9 |310,5(158]350|719] 58,9 | 191 | 560 | 0,12 | 0,12 | 0,086 | 0,080 | 0,090 | 77.1 855 | 2229
| BU_M12_SDX-13 90,2 | 312,4 | 152[400838| 59,0 | 248 | 687 | 0,12 | 0,12 | 0,085 | 0,085 | 0,084 | 756 848 | 2556
[ | BU_M12_SDX-14 92,5 | 259,5 | 156]400872| 59,0 | 244 | 716 | 0,16 | 0,16 | 0,120 | 0,138 | 0,105 | 991 | 1133 | 2347
I | BU_M12_SDX-15 94,1 |308,2[158|411|872| 59,0 | 253 | 714 | 014 | 0,14 | 0,105 | 0,100 | 0,110 | 86,6 | 1014 | 2709
[ [ BU_M12_SDX-16 92,7 | 356,8 [ 149|398 984| 58,9 | 249 | 836 | 0,15 | 0,15 | 0,115 | 0,112 | 0,118 | 950 | 1094 | 2698
BU_M12_SDX-17 84,9 | 2866 |153]332|781] 59,0 | 179 | 628 | 0,14 | 0,15 | 0,109 | 0,109 | 0,108 | 88,9 | 1040 | 226,6
I [ BU_M12_SDX-18 89,0 | 329,7 [157|317|640| 58,9 | 160 | 483 | 0,14 | 0,14 | 0,104 | 0,090 | 0,117 | 86,7 | 100,7 | 2557
I | BU_M12_SDX-19 91,4 |333,8[155]359|730] 59,0 | 204 | 575 | 0,13 | 0,13 | 0,095 | 0,094 | 0,096 | 82,5 931 | 2585
I | BU_M12_SDX-20 87,1 | 3687 | 153|358|939| 59,0 | 205 | 787 | 0,14 | 0,14 | 0,104 | 0,116 | 0,093 | 87,7 | 1000 | 2716
Table 82 Statistical evaluation of Bumax SDX — M12x80 — Molykote 1000 spray
Bumax SDX - MaxF | MaxT | Op | O1 | Oz |Fui(®2)] AOu | AOx |k (Foc)| k (Foo) | Lot (Foc) | Hin (Foc) | Mo (Foc) [ M (Fp.c*) | Mi (Fp.c)| M (Foimar)
M12x80 ISO 4017
Molykote 1000
spray
n=10 KN Nm . . . kN . . Nm Nm Nm
max 955 3705 | 158 | 411 | 984 59.0 | 253 | 836 0,156 | 0,16 0,120 | 0,138 | 0,118 | 991 | 113,3 | 2716
min 84,9 [2595 |149 [317 |640 58,9 | 160 | 483 0,119 | 0,120 | 0,085 | 0,080 | 0,084 | 756 | 84,8 | 2229
R 10,6 | 111,0 9 94 | 344 01 | 93 [353 0,037 | 0,040 | 0035 | 0058 | 0,034 235 | 285 | 487
X 90,6 [3237 |154 [369 813 59,0 |215 | 659 0,135 | 0,139 | 0,102 | 0,101 | 0,102 | 86,1 983 | 2524
s 33 | 357 3 32 107 00 | 33 [109 0,012 | 0,013 | 0012 | 0018 | 0012 7.3 9,6 18,1
v 359 | 11,04 | 208| 866| 1317 | 008 | 1524 | 1653 | 853 | 972 | 11,61 | 1758 | 11,34 | 853 | 974| 7,47

n: number; R: range; x: mean value; s: standard deviation; ,: coefficient of variation in (%]

Table 83 Evaluation of test results of Bumax SDX — M12x80 — Molykote 1000 spray acc. EN

14399-3
n F.c Foc Foomax AO, i | AOy ., | k-values k-class K1 k-class K2 Fracture | Galling
[1] 531kN | 59.0kN | >759kN | >120° | >240° [1 0.10<k,;<0.16 [0.10<k_<0.23 | Vv, <0.06
10 [ 100% 100% 100% 100% 100% 0.12-0.16 100% 0.139 0.097 70% | 100%

Figure 70 BU_M12_SDX test specimen after tightening
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Bolt force-angle of rotation curves
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Figure 71 BU_M12_SDX Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 72 BU_M12_SDX Bolt force-tightening torque curves

3.4.3 Additional tightening tests: Bolt dimension M20

Tightening tests for bolt dimension M20 were performed according to EN 14399-2 and
EN ISO 16047. The test procedure contains a constant speed of rotation of 5.0 min-'

95 30.03.2018



UNIVERSITAT

DUISBURG

ESSEN

Open-Minded

30.03.2018

Project No.: 410410007-20003 | Report No.: 2018-08

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4)
Preloading behaviour and preloading levels for stainless steel bolt
assemblies including relaxation with detailed specifications for
recommended preloading levels

for Bumax 109, lean duplex and duplex steel grades. All series were tightened nut
sided, the clamping length >t was set to 72.0 mm (clamp length/bolt diameter ratio of
3.6) in reference to the corresponding tables of System HR — EN 14399-3. The
tightening tests were stopped when the measured bolt force dropped to
Fpc=0.7 - fuo - As (with fup: tensile strength of the bolt and As: tensile stress area of
the bolt).

The criteria of evaluation for bolting assemblies in property class 10.9 (meaning
Bumax 109, Bumax lean duplex and Bumax duplex series) are defined as follows:

» Fpc*=0.7 - fyp - As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN (for Bumax
109 bolts)

* Fpc*=0.7-fyp - As=0.7 - 900 N/mm? - 245.0 mm? = 154.4 kN (for Bumax
LDX and DX)

» Fpc=0.7"fw: As=0.7 - 1000 NJ/mm? - 245.0 mm? =171.5 kN

" Fbimax 2 0.9 - fup - As = 0.9 - 1000 N/mm? - 245.0 mm? = 220.5 kN

" AO®1imin 2 120° with Zt=105.0 mm: 2d < 2t < 6d
= A®2min 2 240° with 2t =105.0 mm: 2d < 2t < 6d

3.4.3.1 Bumax 109 — M20x100 — 10.9 — EN ISO 4017 — Molykote 1000 spray

The Bumax 109 — M20x100 austenitic stainless steel bolting assemblies in property
class 10.9 according to EN ISO 4017 (used lubrication: Dow Corning Molykote® 1000
spray), abbreviated below as BU M20 109, were arranged of the following
components including nominal mechanical properties based on Bumax datasheet:

= Bolts: BUFAB Group Bumax 109 — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-28; PRE 27
tensile strength Ry min (= fub): nominal 1000 N/mm?
yield strength Ryo.2,min (= fyb): nominal 800 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

» Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27

hardness, min: nominal 200 HV

Table 84, Table 85 and Table 86 summarize the test results and evaluation of Bumax
109 — M20x100 bolting assemblies (used lubrication: Molykote 1000 spray). The
statistical evaluation is presented as well with an overview about the fulfilled and failed
criteria according to EN 14399-3. The tightening graphs are shown in Figure 74 and
Figure 75 and outline slightly improved bolt force plateaus in the plastic range. All
tested bolting assemblies achieved F,c* = 137.2 kN and 10 of 10 tested bolting
assemblies reached the specified preload Fpc = 171.5 kN. The maximum bolt force
Foimax= 0.9 - fup - As = 220.5 kN was not achieved caused by low ductile behaviour
and high friction coefficients. 6 of the 10 bolts achieved A®1imn=120° and
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additionally, 7 of 10 bolts fulfilled the A®2imin = 240° criteria according to EN 14399-3.
Especially the coefficient of variation of yp is remarkably high (v = 24.30 % at F,c).
The tightening graphs also show irregular bolt force-torque-curves like in the previous
tested series because of galling in the nut bearing surface. Furthermore, the damages
of the tested bolting assemblies show plastic deformations at the first load-bearing
thread turn of the bolt and nut, roughening of the paired threads and minimal necking
of the threaded shanks, comparable to previously tested series. Total or partial bolt
failure by fracture did not occur. Strong galling in the faying-surface washer/nut was
detected in all tested bolting assemblies.

Table 84 Test results of Bumax 109 — M20x100 — Molykote 1000 spray

Specimens | Fpc* | Fpc | Max F | Max T | Opi| ©1i | Oai | Foi (O) | AG+i| AGai |k (Fp.cr) |k (Fpe) | Hiot (Fp.c)| Hun (Fp.c)| Mo (Fpc) | M (Fp.c*)| Mi (Fpc) | M (Fbimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - — —| 0,16 0,16
min 220,5 120| 240| 0,10 0,10
I | BU_M20_109-31[137,2(171,5|<213,7|1429,7 [239|377|616| 1714 137| 376| 0,10 0,10 0,091 0,086 0,095 324,9 436,7 903,0
I | BU_M20_109-32 <213,3|1513,8|248|400(841| 1713 152| 593| 0,10 0,10 0,090 0,101 0,081 340,8 4341 879,6
I | BU_M20_109-33 <191,5|1434,5|260|361|486| 1714 [<102|<226| 0,13 0,15 0,141 0,118 0,162 431,5 634,2 10445
[ | BU_M20_109-34 <211,5|1444,5|253|394|705| 1714 140| 452| 0,12 0,14 0,130 0,093 0,162 409.6 589,3 1016,9
I | BU_M20_109-36 <195,5/1070,1|251|352|450| 171,3 [<101|<199| 0,13 0,14 0,132 0,106 0,154 4403 596.4 892,5
N | BU_M20_109-37 <203,0/1370,1|262|416|580| 1714 154| 319| 0,13 0,15 0,139 0,110 0,165 4435 626,6 1084,7
BU_M20_109-38 <212,1|1771,2|243 (428|754 | 171,2 185 511| 0,12 0,13 0,123 0,114 0,130 414,0 561,3 1116,9
I | BU_M20_109-39 <198,0/1219,1|263|363|520| 1714 | <99| 257| 0,12 0,12 0,111 0,120 0,102 386,4 513,7 8459
I | BU_M20_109-40 <192,211260,6248|319|452| 1714 | <70|<203| 0,12 0,13 0,115 0,126 0,106 393,9 5324 8311
I | BU_M20_109-41 <207,7|1405,5|256|380|622| 1713 124| 366| 0,12 0,14 0,124 0,115 0,132 410,3 567,0 8537

Table 85 Statistical evaluation of Bumax 109 — M20x100 — Molykote 1000 spray

BU_M20_109-| MaxF | MaxT | Oy O Oz |Foi(O2)| AO4i | AOz |k (Fper)| k (Fpe) | ot (Fp) | L (Fp.c)| b (Fpc) | M (Fpc*) | Mi (Fp.c) | M (Fbimax)
Molykote 1000
Spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 213,7 |1771,2 | 263 428 841 171,4 | 185 593 0,133 | 0,15 0,141 0,126 0,165 | 443,5 634,2 1116,9
min 191,5 |1070,1 | 239 319 450 171,2 70 199 0,097 | 0,104 0,090 0,086 0,081 | 324,9 4341 831,1
R 22,2 701,1 24 109 391 0,2 | 115 394 0,036 | 0,048 0,051 0,040 0,084 | 118,6 200,1 285,8
X 2039 [1391,9 | 252 379 603 1714 | 126 350 0,120 | 0,132 0,120 0,109 0,129 | 399,5 549,2 946.9
s 8,9 1874 8 32 132 0,1 34 136 0,012 | 0,017 0,018 0,013 0,031 39,8 70,7 107,5
Y 4,39 13,46 3,19 8,50 | 21,97 0,04 | 26,80 | 38,75 | 10,04 | 12,83 15,05 11,50 24,30 9,97 12,87 11,35

n: number; R: range; x: mean value; s: standard deviation; Vi coefficient of variation in [%)]

Table 86 Evaluation of test results of Bumax 109 — M20x140 — Molykote 1000 spray acc. EN

14399-3
n F.c Foc Fomax A0, .. | AO, ., | k-values k-class K1 k-class K2 Fracture | Galling
[-] [ 137.2kN | 171.5kN | >220.5kN [ >120° >240° [-] 0.10<k;<0.16 [ 0.10 <k <0.23| V, <0.06
10 [ 100% 100% 0% 60% 70% 0.10-0.15 100% 0.132 0.128 0% I 100%

s

Figure 73 BU_M20_109 test specimen after tightening
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Bolt force-angle of rotation curves

2254 Foimax 2 220.5 kN : :
_______________ m—————m——————— e ————
4+ Foimax 20.9 - fio - As ) =S -
2001 SN
4 Z ‘.\
175 L Foc =171.5kN " =I
Z + Fpc=0.7" fub * As |
= 1504 / |
S T lReztzmey | SN Y W\ N . W N
(&) * = { 4
‘:§ 125 4 Fp,C 0.7 - f, / As :
= ] ' |
8 100+ :
] |
75+
4 A(a1|,min2 120°
50—+ 1
1 2Oy > 240°
— |
25__ l
] |
0 -+ , =
-200 -100 0 100 200 300 400 500 600 700 800
angle of rotation (summed - F p,C) in °
Figure 74 BU_M20_109 Bolt force-angle of rotation curves
Bolt force-tightening torque curves
225 j_ Fbi,max > 220.5kN s‘“eng-
T Foimax 20.9 - fuo - As . —"‘_"—ni—;l_’fﬂ ncey / galling
200+ == = ———
175 | Foc =171.5kN
E L Foc =07 fin - A 7 ////
e 130 [ Fpc* =137.2kN / }/
o ———————— //— - —— — — — — — — — — — — — — — — ————— — — — — — — — — — — —
g 125 TR =07-%- s
2 100t
15 j_
5oj—
25j— /
0 ' M | PR ST SR AN SR T T NN S S S MR | ‘ PR . M| MR | -
—_t
0 200 400 600 800 1000 1200 1400 1600
tightening torque in Nm
Figure 75 BU_M20_109 Bolt force-tightening torque curves

3.4.3.2 Bumax LDX — M20x100 - 10.9 — EN ISO 4017 — Molykote 1000 spray

The Bumax LDX — M20x100 lean duplex stainless steel bolting assemblies in property
class 10.9 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
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BU_M20_LDX, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26
tensile strength Rm min (= fun): nominal 1000 N/mm?
yield strength Rpo.2,min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27

hardness, min: nominal 200 HV

The tightening test results of the Bumax LDX — M20x100 bolting assemblies are
summarized in Table 87, Table 88 and Table 89. The statistical evaluation is shown
as well with fulfilled and failed criteria according to EN 14399-3 (System HR). In
addition, the tightening curves are presented in Figure 77 and Figure 78. All tested
lean duplex bolting assemblies reached Fpc* = 154.4 kN and Fpc = 171.5 KN. On the
contrary, the criteria of the maximum bolt force Fpimax= 0.9 - fup - As = 220.5 kKN was
not achieved in the whole tested series. Due to the less pronounced plastic plateaus,
only 3 of 10 tested bolting assemblies achieved criteria A®1imin = 120°, and 7 of 10
bolts achieved A®:imin =240° (with a high coefficient of variation of 32.70 %)
according to EN 14399-3. Furthermore, 10 of 10 tested bolts achieved k-class K1 with
k-values between 0.10 and 0.13 and a coefficient of variation of v = 8.23 % (compared
to k=0.10 — 0.12 and v = 6.88 % at Fpc*). k-class K2 was not accomplished. For
further information and summarized criteria see Table 89. The graphs show irregular
bolt force-tightening torque curves because of minor and major galling in the nut
bearing surfaces when tightened into the plastic range. Damages at the first and
second load-bearing thread turn of the bolts and roughening of paired threads could
be observed. Strongly pronounced galling especially in the faying surface washer/nut
could be observed, too.

Table 87 Test results of Bumax LDX — M20x100 — Molykote 1000 spray

Specimens Fpc* | Foc | Max F | Max T | Opi | O1i | Oai | Fui (O2)| AO+i| ABq |k (Fp.cr) | k (Foc)| Hiot (Fp.c) | Min (Fp.c) | Mo (Foc)| M (Fpc®) | Mi (Fpc) | M (Foimax)

Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm

max - - -—-| 0,16 0,16

min 220,5 120| 240| 0,10 0,10
[ | BU_M20_LDX-11[154,4(171,5[<219,5|1512,9| 247|387 |725| 1714 140| 478| 0,10 0,10 0,086 0,085 0,088 3737 418,8 7301
I | BU_M20_LDX-12 <202,4|1164,6|278(373|504| 171,4 | <95[<226| 0,11 0,12 0,108 0,096 0,118 423,0 504,0 837,0
I | BU_M20_LDX-13 <210,7[1514,9|245|360|659| 1714 |<116| 414| 0,12 0,13 0,117 0,107 0,125 462,3 539,4 907,9
I | BU_M20_LDX-14 <199,0/1088,7|249(335|433| 171,2 | <86|<184| 0,12 0,13 0,114 0,126 0,104 434,0 528,8 766,2
I | BU_M20_LDX-15 <218,3|1254,1|242(439|661| 1714 197| 418| 0,11 0,11 0,100 0,089 0,109 4135 4708 866,7
I | BU_M20_LDX-16 <206,9|1400,2|258(372|609| 171,5 |<114| 351| 0,10 0,11 0,095 0,101 0,090 381,0 453,6 863,8
I | BU_M20_LDX-17 <215,5(1305,1|253|411|673| 1714 158| 420| 0,11 0,11 0,102 0,106 0,098 423,5 4794 9711
[ | BU_M20_LDX-18 <198,0/1182,1|261[360|455| 1714 | <99|<194| 0,12 0,13 0,120 0,125 0,116 456.4 551,2 887,2
I | BU_M20_LDX-19 <207,4|1235,8|242(342|504| 1714 |[<101| 262| 0,12 0,12 0,104 0,117 0,092 436,2 486.,8 8433
N | BU_M20_LDX-20 <206,3|1341,4|244|367 |541| 1713 123| 297| 0,12 0,12 0,108 0,129 0,090 4410 503,5 900,9
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Table 88 Statistical evaluation of Bumax LDX — M20x100 — Molykote 1000 spray
BU_M20_LDX -| MaxF | MaxT | @y (S Oz [Fui (O2)] ABOni | AO2 |k (Fpcr) | k (Fpe) | ot (Fpe) | Hin (Fpc) | b (Fpc) | M (Fp.c®) | Mi (Fp.c) | M (Foimax)
Molykote 1000
Spray
n =10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 2195 |[1514,9 | 278 439 725 1715 | 197 478 0,123 | 0,13 0,120 0,129 0,125 | 462,3 551,2 971,1
min 198,0 |1088,7 | 242 335 433 171,2 86 184 0,099 | 0,100 0,086 0,085 0,088 | 373,7 418,8 730,1
R 21,5 426,2 36 104 292 0.3 111 294 0,024 | 0,032 0,034 0,044 0,037 88,6 132,4 241,0
X 2084 [1300,0 | 252 375 576 1714 | 123 324 0,113 | 0,118 0,105 0,108 0,103 | 4245 | 493,6 857.4
s 7.6 143,9 11 31 102 0.1 34 106 0,008 | 0,010 0,010 0,016 0,013 29,0 40,6 69,5
v 3,64 11,07 4,47 832 | 17,68 0,05 | 2757 | 32,70 | 6,88 8,23 9,81 14,54 13,04 6,82 8,22 8,11
n: number; R: range; X: mean value; s: standard deviation; y: coefficient of variation in [%]
Table 89 Evaluation of test results of Bumax LDX — M20x100 — Molykote 1000 spray acc. EN
14399-3
n F.c F.c Foi max AO, i | AO, .. | k-values k-class K1 k-class K2 .
s . 2 - . Fracture | Galling
[-1]| 154.4kN | 171.5kN | >220.5kN| >120° | >240° [ 0.10<k,;<0.16 | 0.10 <k, <0.23| V, <0.06
10 100% 100% 0% 40% 70% 0.10-0.13 100% 0.118 0.082 0% | 100%
Figure 76 BU_M20_LDX test specimen after tightening
Bolt force-angle of rotation curves
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Figure 77 BU_M20_LDX Bolt force-angle of rotation curves
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Bolt force-tightening torque curves

295 1 Foimax 2220.5 kN

I Fbi,max 2 09- fub ’ AS

200+

1751 foc S1T1SKN | /2
z [ e =07 A
£ 15079 F o+ = 154.4kN
o) T Cnd e A
8 sl Foc =07 %
S
£ 1004
75
50
25

1 : PR : L | S S R | ‘
& & & |-t & &
400 600 800 1000

tightening torque in Nm

. . |
—1—+
1200

——
1400

l 1600
Figure 78 BU_M20_LDX Bolt force-tightening torque curves

3.4.3.3 Bumax DX — M20x100 - 10.9 — EN ISO 4017 — Molykote 1000 spray
The Bumax DX — M20x100 duplex stainless steel bolting assemblies in property class
10.9 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
BU_M20_DX, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:
=  Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4462; manufact.: 2016-06-17; PRE 36

tensile strength Rm min (= fun): nominal 1000 N/mm?

yield strength Rpo.2,min (= fyb): nominal 900 N/mm?

elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D = 37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27
hardness, min: nominal 200 HV

The test results and evaluation of Bumax DX —M20x100 (Molykote 1000 spray) tested
stainless steel bolting assemblies are summarized in Table 90, Table 91 and Table
92. The statistical evaluation is shown as well with fulfilled and failed criteria according
to EN 14399-3 (System HR). Figure 80 and Figure 81 present the tightening graphs.
Similar to the Bumax LDX — M20x100 (Molykote 1000 spray) test series, all bolts

101 30.03.2018



Project No.: 410410007-20003 | Report No.: 2018-08

DUISBURG RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4)
el Preloading behaviour and preloading levels for stainless steel bolt
Open-Minded assemblies including relaxation with detailed specifications for

recommended preloading levels

reached F,c* = 154.4 kN and F,c = 171.5 kN. On the contrary, 3 of 10 tested duplex
bolting assemblies  achieved the maximum  required bolt force
Foimax= 0.9 - fup - As = 220.5 kKN. Furthermore, 9 of 10 tested bolts achieved k-class
K1 with k-values between 0.09 and 0.15 and a coefficient of variation of v =12.76 %
(compared to k=0.09- 0.14 and v=1236 % at Fpc*). k-class K2 was not
accomplished. For further information and summarized criteria see Table 92. The
graphs show irregular bolt force-tightening torque curves because of galling in the nut
bearing surface when tightened into the plastic range including significant high ranges
of values M; at end of the tests (bolt force dropped again to Fyc) in the bolt force-
tightening torque curves. 7 of 10 tested bolts achieved A®+imin = 120° and 7 of 10 bolts
reached A®. min = 240°. Damages at the first and second load-bearing thread turn of
the bolts and roughening of the paired threads could be observed; bolt failure by
fracture did not occur. Strong pronounced galling in the faying surface washer/nut
could be observed, too. It was possible to unscrew the hexagon nuts of all tested
bolting assemblies manually but turning on the nut on the whole threaded shank by
hand was not possible.

Table 90 Test results of Bumax DX — M20x100 — Molykote 1000 spray

Specimens | Fpc* | Fpc | Max F | Max T | Opi | ©1i | Oz | Foi (O2) | AO+i | AO2i |k (Fpcr) [ K (Fpc) | Mot (Fp.c) | Mn (Fp,c) | Mo (Fpc)|M (Fpo.c*) | Mi (Fpc) | M (Fbimax)
Legend kN kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - - - 0,16 0,16
min 220,5 120| 240| 0,10 0,10
[ | BU_M20_DX-11]154,4(171,5| 225,2|1121,9|249|404[812| 171,4 | 156| 563| <0,09 | <0,09 | 0,079 0,084 0,075 346,9 391,3 7297
I | BU_M20_DX-12 <199,2|1024,6(240|320(399| 171,4 | <80|<159| 0,12 0,12 | 0,107 0,139 0,079 | 4379 500,1 822,1
I | BU_M20_DX-13 221,7|1176,3|235|393|753| 171,4 | 158| 518 0,11 0,11 | 0,100 0,092 0,107 | 4084 | 4724 8429
I | BU_M20_DX-14 <202,7|1215,6|245|333|449| 1714 | <88|<204| 0,13 0,14 | 0,124 0,132 0,118 502,3 568,2 8814
I | BU_M20_DX-15 220,5/1853,8|237|451|791| 171,4 | 214| 554| 0,11 0,11 0,102 0,094 0,109 4313 480,0 1018,5
I | BU_M20_DX-16 <206,1|1579,6|257|401|559| 1714 144| 301 0,12 0,12 | 0,109 0,070 0,142 4394 506,2 1014,6
I | BU_M20_DX-17 <211,8/1290,0|238|361|529| 171,3 122| 290 0,12 0,12 | 0,111 0,102 0,119 4414 516,7 980,2
[ | BU_M20_DX-18 <207,0/1402,0| 247|354 |482| 171,4 |<107|<236| 0,14 0,15 | 0,135 0,129 0,140 530,8 609,3 1039,2
I | BU_M20_DX-19 <209,5/1559,8|236|363|545| 1714 127]| 309| 0,11 0,12 | 0,109 0,096 0,121 428,6 508,6 969.7
N | BU_M20_DX-20 <213,6|1443,0|239|368|619| 1713 129| 380| 0,14 0,15 | 0,135 0,100 0,165 518,9 610,0 1057,0
Table 91 Statistical evaluation of Bumax DX — M20x100 — Molykote 1000 spray
BU_M20_DX-| MaxF | MaxT Opi O Oz |Fui (O2) AOy; A@zi |k (Fper) | k (Fpc) |Mtot (Fpc) | Litn (Fp.c) | Lo (Fpc) | M (Fpc*) | Mi (Fp.c) | M (Foimax)
Molykote 1000
Spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 2252 18538 | 257 451 812 1714 | 214 563 0,141 0,15 0,135 0,139 0,165 | 530,8 610,0 1057,0
min 199,2 10246 | 235 320 399 1713 80 159 0,092 | 0,094 0,079 0,070 0,075 | 346,9 3913 729,7
R 26,0 829,2 22 131 413 0,1 134 404 0,049 | 0,052 0,056 0,069 0,090 | 183,9 218,7 327,3
X 211,7 [1366,7 | 242 375 594 1714 | 133 351 0,119 | 0,124 0,111 0,104 0,118 | 448,6 516.3 935,5
s 8,6 251,4 7 38 146 0,0 39 147 0,015 | 0,016 0,017 0,022 0,028 55,3 66,2 109,8
v 4,04 18,40 291 10,23 | 24,58 0,02 | 29,25 | 4184|1236 | 12,76 15,21 21,68 23,48 12,32 12,82 11,74

n: number; R: range; x: mean value; s: standard deviation; : coefficient of variation in [%]

Table 92 Evaluation of test results of Bumax DX — M20x100 — Molykote 1000 spray acc. EN

14399-3
n F F Fy 7O, ., MO, . k-values k-class K1 k-class K2
p.C b,C bi,max 1i,min '2i,min Fracture | Galling
[-1| 154.4kN | 171.5kN | >220.5kN| >120° | >240° [ 0.10<k;<0.16 |0.10 <k, <0.23| V, <0.06
10 100% 100% 30% 70% 70% 0.09-0.15 90% 0.124 0.128 0% | 100%

Figure 79 BU_M20_DX test specimen after tightening
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Figure 80 BU_M20_DX Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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3.4.4 Additional tightening tests: Bolt dimension M16

Tightening tests for bolt dimension M16 were carried out as well according to
EN 14399-2 and EN ISO 16047. The test procedure contains a constant speed of
rotation of 5.0 min-! for Bumax 88, Bumax 109, lean duplex and duplex steel grades.
All series were tightened nut sided, the clamping length >t was set to 78.5 mm (clamp
length/bolt diameter ratio of 4.9) in reference to the corresponding tables of System
HR — EN 14399-3. In contrast, the clamp length >t for property class 10.9 bolts
(nominal length 100 mm) was set to 78.5 mm (clamp length/bolt diameter ratio of 4.9).
In addition, the test were stopped when the measured bolt force dropped to
Fpc=0.7 - fuo - As (with fup: tensile strength of the bolt and As: tensile stress area of
the bolt).

The criteria of evaluation for property class 8.8 (Bumax 88 series) according to EN
14399-3 are defined as follows:

= Fpc*=0.7 fy - As = 0.7 - 640 N/mm? - 157.0 mm? = 70.3 kN (DIN EN 1993-
1-8/NA)

= Fpc=0.7 - fu - A= 0.7 - 800 N/mm? - 157.0 mm? = 87.9 kN

= Foimax2 0.9 - fup - As = 0.9 - 800 N/mm? - 157.0 mm?2 = 113.0 kN

" AOqimin = 120° with 2t =60.5mm: 2d < 2t < 6d
" AOzmin = 240° with 2t=60.5mm: 2d < 2t < 6d

In addition, the criteria of evaluation for bolting assembilies in property class 10.9/100
(meaning Bumax 109, Bumax lean duplex and Bumax duplex series) are defined as
follows:
» Fpc*=0.7 - fyp - As=0.7 - 800 N/mm? - 157.0 mm? = 70.3 kN (for Bumax 109
bolts)
* Fpc*=0.7 - fyp - As=0.7 - 900 N/mm? - 157.0 mm? = 87.9 kN (for Bumax
LDX and DX)
* Fpc=0.7-fw-As=0.7 - 1000 N/mm? - 157.0 mm? = 109.9 kN
" Fpimax 2 0.9 - fup - As = 0.9 - 1000 N/mm? - 157.0 mm? = 141.3 kN

" AO®1imin 2 120° with Zt=64.0 mm: 2d < 2t <6d
" A@2min 2 240° with 2t=64.0 mm: 2d < 2t < 6d

3.4.4.1 Bumax 88 — M16x100 — 8.8 — EN ISO 4017 — Molykote 1000 spray

The Bumax 88 — M16x100 austenitic stainless steel bolting assemblies in property
class 8.8 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
BU_M16_88, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:

= Bolts: BUFAB Group Bumax 88 - M16x100 A4 according to EN ISO 4017,
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-28; PRE 27

tensile strength Rm,min (= fun): nominal 800 N/mm?
yield strength Ryo.2,min (= fyb): nominal 640 N/mm?
elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 - M16 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-04-22; PRE 27
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stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 70889;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2014-04-16; PRE 27
hardness, min: nominal 200 HV

Table 93, Table 94 and Table 95 summarize the test results and evaluation of the
tested stainless steel bolting assemblies. The statistical evaluation is shown as well
with fulfilled and failed criteria according to EN 14399-3 (System HR). Figure 83 and
Figure 84 present the tightening graphs. All tested austenitic bolting assemblies
reached Fpc* = 70.3 kN, F,c = 87.9 kN, 9 of 10 bolts the maximum required bolt force
Foimax= 0.9 - fup - As = 113.0 kN. Furthermore, 10 of 10 tested bolts achieved k-class
K1 with k-values between 0.10 and 0.16 and coefficient of variation v =14.95 %
(compared to k =0.10 — 0.15 and v = 12.66 % at F,c*). On the contrary, k-class K2
was not accomplished. For further information and summarized criteria see Table 95.
The graphs show irregular bolt force-tightening torque curves because of strong
galling in the nut bearing surface when tightened into the plastic range including
significant high ranges of values M; at Fyimax and at end of the tests (bolt force dropped
again to F,c) in the bolt force-tightening torque curves. 9 of 10 tested bolts achieved
A®1imin = 120° and A®2imin = 240°. Damages at the first and second load-bearing
thread turn of the bolts and roughening of the paired threads could be observed; bolt
failure by fracture occurred in 5 of 10 tested bolts when the bolt force dropped again
to Fp,c. Galling in the faying surface washer/nut could be observed ,too. Furthermore,
in the context of functionality and re-use, it was possible to unscrew the hexagon nuts
of all tested bolting assemblies manually, but turning on the nut on the whole threaded
shank by hand was not possible.

Table 93 Test results of Bumax 88 — M16x100 — Molykote 1000 spray

Specimens | Fpc*| Foc| Max F | Max T| Opi | ©1i | Oai | Foi (O2) | AO+i| AOai | k (Fp.cr) |k (Fpc) | Mot (Fp.c) | bt (Fp.c) | Mo (Fpc) | M (Fp.c*) | Mi (Fp.c) | M (Foimax)
Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - - —| 0,16 | 0,16
min 113,0 120 | 240| 0,10 0,10
I BU_M16_88-11|70,3| 88 | 140,7|696,0 | 144|387 |852| 87,9 242 | 708| 0,10 0,10 0,072 0,068 0,076 116,7 144,4 4147
I | BU_M16_88-12 113,9] 649,5|171[292|470| 88,0 | 121 | 298| 0,14 0,15 0,110 0,136 0,087 156,2 205,6 421,5
I  BU_M16_88-13 127,4|632,3 |163|347|655| 88,0 | 184 | 492| 0,14 0,15 0,116 0,136 0,098 160,7 214,8 4372
[ | BU_M16_88-14 134,0| 634,6 | 158|329(691| 88,0 171 | 533| 0,13 0,13 0,094 0,098 0,090 141,6 180,2 408,5
I | BU_M16_88-15 138,9] 675,8 |150(367[909| 87,8 | 217 | 759| 0,11 0,11 0,079 0,083 0,076 124,4 156,0 353,2
N | BU_M16_88-16 135,11 811,2|158(351|712| 87,9 | 193 | 553| 0,11 0,11 0,082 0,083 0,082 120,6 161,2 393,0
BU_M16_88-17 139,1| 616,2 | 157|405(837| 87,9 248 | 680| 0,12 0,12 0,083 0,105 0,064 135,0 162,3 468,9
I BU_M16_88-18 114,9| 563,0 | 161|286 (490| 88,0 125 | 329| 0,13 0,14 0,107 0,135 0,083 150,7 200,9 4272
I | BU_M16_88-19 134,8| 574,2 |151(373|783| 87,8 | 222 | 631| 0,12 0,12 0,087 0,105 0,072 135,9 169,0 4653
I | BU_M16_88-20 <110,2| 483,2 |163|250|403| 88,0 | <87 |<240| 0,15 0,16 0,119 0,179 0,068 1701 220,8 342,0

Table 94 Statistical evaluation of Bumax 88 — M16x100 — Molykote 1000 spray

BU_M16_88 100-| MaxF | MaxT | O Oy Oz |Fui(©2)| AG+i | A2 |k (Fpc) k(Fpc) | Hiot (Fpc)| Hin (Fpc)| b (Fp.c)| M (Fpc*) | Mi (Fpc) | M (Foimax)
Molykote 1000
Spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 140,7 [ 8112 |[171 405 909 88,0 248 759 0,151 0,16 0,119 0,179 0,098 | 170,1 220,8 468,9
min 110,2 | 4832 | 144 250 403 87,8 87 240 0,104 | 0,103 0,072 0,068 0,064 | 116,7 144,4 342,0
R 30,5 328,0 27 155 506 0,2 161 519 0,047 0,054 0,047 0,111 0,034 53,4 76,4 126,9
X 128,9 633,6 158 339 680 87,9 181 522 0,126 = 0,129 0,095 0,113 0,080 | 141,2 181,5 413,2
s 11,6 87,5 8 49 175 0,1 55 182 0,016 = 0,019 0,017 0,033 0,010 18,0 27,0 41,8
v 9,02 | 13,81 490 | 14,55 | 2574 0,09 30,27 | 34,75| 12,66 14,95 17,73 29,66 13,11 12,72 14,89 10,13

n: number; R: range; x: mean value; s: standard deviation; \,: coefficient of variation in (%]

Table 95 Evaluation of test results of Bumax 88 — M16x100 — Molykote 1000 spray acc. EN

14399-3
n F. F.c Foi max AO, i | AO, . | k-values k-class K1 k-class K2 .
= = : : . Fracture | Galling
[-1| 70.3kN | 87.9kN | >113.0kN| >120° | >240° [-1 0.10<k <0.16 | 0.10 <k, <0.23| V, <0.06
10 || 100% 100% 90% 90% 90% 0.10-0.16 100% 0.129 0.150 50% | 70%
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Figure 82 BU_M16_88 test specimen after tightening

Bolt force-angle of rotation curves
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Figure 83 BU_M20_88 Bolt force-angle of rotation curves
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Figure 84 BU_M20_88 Bolt force-tightening torque curves

3.4.4.2 Bumax 109 — M16x100 — 10.9 — EN ISO 4017 — Molykote 1000 spray

The Bumax 109 — M16x100 austenitic stainless steel bolting assemblies in property
class 10.9/100 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
BU _M16_109, were arranged of the following components including nominal

mechanical properties based on Bumax datasheet:

= Bolts: BUFAB Group Bumax 109 - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-28; PRE 27

tensile strength Rm,min (= fun): nominal 1000 N/mm?
yield strength Ryo.2min (= fyb): nominal 800 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN ISO 4032,
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,

D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27

hardness, min: nominal 300 HV

The tightening test results of Bumax 109 — M16x100 bolting assemblies (used
lubrication: Molykote 1000 spray) are summarized in Table 86, Table 87 and Table
88. The statistical evaluation is shown as well with fulfilled and failed criteria according
to EN 14399-3 (System HR). In addition, the tightening curves are presented in Figure
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86 and Figure 87. All tested austenitic bolting assemblies reached F,c* = 87.9 kN and
Foc=109.9kN as well as Fpimax=0.9 - fip - As=141.3 kN. Due to the more
pronounced plastic plateaus, consequently 10 of the 10 bolts achieved A®;min = 120°
and AOgzimin = 240° according to EN 14399-3. Furthermore, 10 of 10 tested bolts
achieved k-class K1 with k-values in a narrow range between 0.11 and 0.14 and
coefficient of variation of v =8.03 % (compared to k =0.11- 0.15 and v = 8.48 % at
Fp.c*). k-class K2 was not accomplished. For further information and summarized
criteria see Table 88. Again, the graphs show irregular bolt force-tightening torque
curves because of galling in the nut bearing surface when tightened into the plastic
range including significant high ranges of values M; at Fpimax and at the end of the
tests (bolt force dropped again to Fpc) in the bolt force-tightening torque curves.
Damages at the first and second load-bearing thread turn of the bolts and roughening
of the paired threads could be observed without partial or total bolt fracture. Strong
pronounced galling especially in the faying surface washer/nut could be observed,
too.

Table 96 Test results of Bumax 109 — M16x100 — Molykote 1000 spray

Specimens | Fpc*|Fpc| Max F | Max T| Opi | @i | Oz | Foi (O2) | AO+i| AO2| k (Fp.c) | k (Fpc) | Ftot (Fp.c) | Hun (Fp.c) | Mo (Fp.c)| M (Fp.c*) | Mi (Fp.c) | M (Foimax)

Legend kN | kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max -] -] 016 | 0,16

min 1413 120 [ 240 [ 0,10 0,10
I | BU_M16_109-06| 88 |110| 150,5 | 738,6 | 181|358|593| 110,0 | 177 | 412 | 0,14 0,14 0,098 0,099 0,097 191,8 238,8 479.4
I  BU_M16_109-07 156,8 | 891,2 184|394 |684| 110,0 [ 210 [ 500 | 0,14 0,14 0,098 0,101 0,096 1943 239,7 5447
I | BU_M16_109-08 148,6 | 762,5 | 187 |336|507| 110,0 | 149 | 320 | 0,13 0,13 0,093 0,117 0,074 181,4 229,6 4573
I | BU_M16_109-09 150,1 | 769,7 |[179|353|582| 110,0 | 174 [ 403 | 0,14 0,14 0,103 0,104 0,103 1974 250,3 4474
I  BU_M16_109-10 151,7 | 806,8 | 181|362|636| 110,0 | 181 | 455 | 0,15 0,14 0,105 0,123 0,091 206,8 2541 522,0
I | BU_M16_109-11 155,8 | 692,2 |180|370|693| 110,0 | 190 [ 513 | 0,13 0,13 0,093 0,102 0,086 182,8 2284 481,0
I BU_M16_109-12 158,1 | 799,5 | 180|380(632| 110,0 | 200 | 452 | 0,12 0,12 0,087 0,104 0,074 169,9 2171 557,6
s | BU_M16_109-13 1491 | 696,1 |177|335|605| 110,0 | 157 | 428 | 0,12 0,13 0,090 0,104 0,079 1748 222,5 4217
I  BU_M16_109-14 154,8 | 743,4 |182|362|698| 1099 | 180 [ 515 | 0,11 0,11 0,076 0,089 0,066 154,3 193,9 420,6
N | BU_M16_109-15 151,2 | 839,1 | 180|346|652| 110,0 | 166 | 472 | 0,12 0,12 0,084 0,099 0,072 1701 210,9 534,7

Table 97 Statistical evaluation of Bumax 109 — M16x100 — Molykote 1000 spray

BU_M16_109_100| MaxF | Max T Opi [CH Oz |Fui (O2)] AO4i | AO2 |k (Fpc) |k (Fpc) | Mot (Fpc)| Hin (Fpc) | Mo (Fp.c) | M (Fpc*)| Mi (Fpc) | M (Foimax)
- Molykote 1000
spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 158,1 8912 | 187 394 698 110,0 | 210 515 0,147 | 0,14 0,105 0,123 0,103 | 206,8 2541 557,6
min 1486 |6922 | 177 335 507 109,9 | 149 320 0,110 | 0,110 0,076 0,089 0,066 | 154,3 193.9 420.6
R 9,5 |199,0 10 59 191 0,1 61 195 0,037 | 0,034 0,029 0,034 0,037 52,5 60,2 137,0
X 162,7 | 7739 | 181 360 628 1100 | 178 447 0,130 | 0,130 0,093 0,104 0,084 | 182,4 2285 486.6
s 3.4 62,2 3 19 59 0,0 19 60 0,011 | 0,010 0,009 0,010 0,013 15,7 18,4 50,6
\Y 2,23 8,03 1,63 517 9,41 0,03 | 10,41 13,37 | 8,48 8,03 9,57 9,15 14,99 8,59 8,04 10,39

with n: number; R range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 98 Evaluation of test results of Bumax 109 — M16x100 — Molykote 1000 spray acc. EN

14399-3
n F.c Foc Fomax A0, .. | AO, ., | k-values k-class K1 k-class K2 Fracture | Galling
[-1| 87.9kN [ 109.9kN | >141.3kN | >120° >240° [-] 0.10<k;<0.16 | 0.10 <k, <0.23| V, <0.06
10 [ 100% 100% 100% 100% 100% [ 0.11-0.14 100% 0.130 0.080 0% | 100%

Figure 85 BU_M16_109 test specimen after tightening
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Figure 86 BU_M16_109 Bolt force-angle of rotation curves

Bolt force-tightening torque curves
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Figure 87 BU_M16_109 Bolt force-tightening torque curves
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3.4.4.3 Bumax 109 — M16x100 — 10.9 — EN ISO 4017 — Molykote D-321R spray
The Bumax 109 — M16x100 austenitic stainless steel bolting assemblies in property
class 10.9 (used lubrication: Dow Corning Molykote® D-321R spray), in short form
BU_M16_109, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax 109 - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-28; PRE 27
tensile strength Ry min (= fub): nominal 1000 N/mm?
yield strength Ryo.2,min (= fyb): nominal 800 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN ISO 4032,
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27

hardness, min: nominal 300 HV

Table 99, Table 100 and Table 101 summarize the test results and evaluation of
tested stainless steel bolting assemblies (used lubrication: Molykote D-321R). The
statistical evaluation is shown as well with fulfilled and failed criteria according to
EN 14399-3 (System HR). Figure 89 and Figure 90 present the tightening graphs. All
tested austenitic bolting assemblies reached the specified preload levels Fpc* = 87.9,
Foc =109.9kN and the maximum bolt force Fpimax=0.9 - fu - As = 141.3 kN.
Furthermore, 10 of 10 tested bolts achieved k-class K1 with k-values in a narrow
range between 0.10 and 0.12 and a low coefficient of variation of v=5.29 %
(compared to k =0.10 —0.12 and v = 4.57 % at F,c*). Consequently, k-class K2 was
accomplished. For further information and summarized criteria see Table 101. The
graphs show irregular bolt force-tightening torque curves because of galling in the nut
bearing surface when tightened into the plastic range including significant high ranges
of values M; at Fpimax and at the end of the tests (bolt force dropped again to Fpc) in
the bolt force-tightening torque curves. 10 of 10 tested bolts achieved A®+imin = 120°
and additionally, all bolts reached A®.imin = 240°. Damages at the first and second
load-bearing thread turn of the bolts and roughening of the paired threads could be
observed; bolt failure by fracture occurred once only. Strong galling in the faying
surface washer/nut could be observed, too. Furthermore, in the context of functionality
and re-use, it was possible to unscrew the hexagon nuts of all tested bolting
assemblies manually but turning on the nut on whole threaded shank by hand was
not possible.
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Table 99 Test results of Bumax 109 — M16x100 — Molykote D-321R spray

Specimens Fpc*|Fpc| Max F [Max T| Opi | ©1i | Oz | Foi (©2) | A®+i| AGqi| k (Focr) | k (Fp.c) | ot (Fp.c) | lin (Fpc) | Lo (Fp.c) | M (Fp.c*) | Mi (Fp.c)| M (Foimax)
Legend kN | kN | kN Nm ° ° ° kN ° ° Nm Nm Nm
max — — - | 0,16 0,16
min 141,3 120 | 240 | 0,10 0,10
BU_M16_109-16| 88 |110| 156,4 | 803,5|175|370|770| 110,0 | 194 | 595 | 0,11 0,11 0,073 0,082 0,066 148,9 188,1 329,7
I  BU_M16_109-17 143,7 | 605,7 | 181|307|492| 110,0 | 126 | 311 | 0,11 0,11 0,077 0,090 0,067 157,5 196,6 351,0
I  BU_M16_109-18 154,7 | 709,5 | 181|398|678| 110,0 | 216 | 496 | 0,12 0,12 0,082 0,100 0,068 162,5 | 206,6 398,6
I  BU_M16_109-19 154,3 | 643,9 |177|379|627| 110,0 | 203 | 450 | 0,12 0,12 0,082 0,101 0,067 164,8 2064 394.9
N | BU_M16_109-20 164,5 | 623,2 | 174|412 904| 110,0 | 238 | 730 | 0,11 0,11 0,075 0,080 0,071 154,0 1917 4493
I  BU_M16_109-21 142,0 | 582,6 | 186|323 |515| 110,0 [ 137 | 329 | 0,12 0,12 0,087 0,113 0,066 167,4 2159 386.6
I | BU_M16_109-22 146,3 | 660,4 | 183|337|513| 110,0 | 153 | 330 | 0,11 0,11 0,076 0,090 0,065 155,8 193,9 422,8
I | BU_M16_109-23 151,9 | 623,6 |178|428|785| 110,0 | 249 | 607 | 0,10 0,11 0,074 0,084 0,065 147,8 188,7 507,7
I  BU_M16_109-24 158,4 | 648,5|184|398|592| 110,0 | 213 | 408 | 0,10 0,10 0,070 0,081 0,062 145,9 182,0 355,1
I | BU_M16_109-25 157,0 | 649,1 | 184|384 |719| 110,0 | 200 | 535 | 0,11 0,11 0,078 0,097 0,063 157,8 197,7 3357

Table 100  Statistical evaluation of Bumax 109 — M16x100 — Molykote D-321R spray

BU_M16_109_100| MaxF | Max T Opi [CH Oz |Fui (O2)] AOy A®2 |k (Fpc) | k (Fpe) | Mot (Fpc) | Htn (Fpc) | b (Fpc) [M (Fp.c*) | Mi (Fpc) | M (Foimax)
- Molykote D-321R
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 164,5 | 803,55 | 186 428 904 110,0 | 249 730 0,119 | 0,12 0,087 0,113 | 0,071 167.4 2159 507,7
min 142,0 | 5826 |174 307 492 110,0 | 126 311 0,104 | 0,103 0,070 0,080 | 0,062 | 1459 182,0 329,7
R 22,5 | 2209 12 121 412 0,0 | 123 419 0,015 | 0,020 0,017 0,033 | 0,009 21,5 33,9 178,0
X 152,9 | 6550 | 180 374 660 110,0 | 193 479 0,111 0,112 0,077 0,092 | 0,066 | 156,2 196.8 393,1
s 7,0 62,3 4 40 136 0,0 41 139 0,005 | 0,006 0,005 0,011 | 0,003 7.3 10,3 55,6
v 4,61 9,51 2,28 | 10,60 | 20,69 0,00 | 21,49 | 29,11 | 4,57 5,29 6,51 11,75 3,85 4,67 5,22 14,13

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 101  Evaluation of test results of Bumax 109 — M16x100 — Molykote D-321R spray

n F o F Fy. AQ,, . 7O, ., k-values k-class K1 k-class K2

p.C p.C bi,max 1i,min 2i,min Fracture | Galling
[-1| 87.9kN | 109.9kN | >141.3kN| >120° | >240° [-1 0.10<k,<0.16 | 0.10 <k, <0.23| V, <0.06
10 100% 100% 100% 100% 100% 0.10-0.12 100% 0.112 0.053 10% | 100%

1

AW

Figure 88 BU_M16_109 test specimen after tightening

Bolt force-angle of rotation curves
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Figure 89 BU_M16_109 Bolt force-angle of rotation curves
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Bolt force-tightening torque curves
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Figure 90 BU_M16_109 Bolt force-tightening torque curves

3.4.4.4 Bumax LDX - M16x100- 10.9 — EN ISO 4017 — Molykote 1000 spray
The Bumax LDX — M16x100 lean duplex stainless steel bolting assemblies in property
class 10.9/100 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
BU_M16_LDX, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26

tensile strength Rm min (= fub): nominal 1000 N/mm?

yield strength Rpo.2,min (= fyb): nominal 900 N/mm?

elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27
stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 70889;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27
hardness, min: nominal 300 HV

Table 102, Table 103 and Table 104 summarize the test results and evaluation of the
Bumax LDX — M16x100 tested stainless steel bolting assemblies (used lubrication:
Molykote 1000 spray). The statistical evaluation is shown as well with fulfilled and
failed criteria according to EN 14399-3:2015-03 (System HR). Figure 92 and Figure
93 present the tightening graphs. All tested austenitic bolting assemblies reached the
specified preload levels Fpc* = 98.9, Fp.c = 109.9 kN, and 9 of 10 bolts achieved the
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maximum bolt force Fpimax= 0.9 - fup - As = 141.3 KN. Furthermore, 10 of 10 tested
bolts achieved k-class K1 with k-values in a narrow range between 0.12 and 0.15 and
coefficient of variation v=7.53 % (compared to k=0.12- 0.15 and v=7.82 % at
Fp.c*). Consequently, k-class K2 was accomplished. For further information and
summarized criteria see Table 104. The graphs show irregular bolt force-tightening
torque curves because of strong galling in the nut bearing surface when tightened into
the plastic range including significant high ranges of values M; at Fy,i max and at the end
of the tests (bolt force dropped again to Fyc) in the bolt force-tightening torque curves.
10 of 10 tested bolts achieved A®1imin = 120° and additionally, all bolts reached
ABa2imin = 240°. Damages at the first and second load-bearing thread turn of the bolts
and roughening of the paired threads could be observed without partial or total bolt
fracture. Strong galling in the faying surface washer/nut could be observed, too.
Furthermore, in the context of functionality and re-use, it was possible to unscrew the
hexagon nuts of all tested bolting assemblies manually, but turning on the nut on the
whole threaded shank by hand was not possible.

Table 102  Test results of Bumax LDX — M16x100 — Molykote 1000 spray

Specimens Fpc*|Foc| Max F [ Max T| Opi | ©1; | Oz | Foi (O2)| AO+i| AO2i | k (Fpcr)| k (Fpc) | Mot (Foc)| Hin (Fpc) | o (Fo.c)|M (Foc®) | Mi (Fpc) |M (Foimax)

Legend kN [ kN kN Nm ° ° ° kN ° ° Nm Nm Nm
max - -— -— | 0,16 0,16

min 141,3 120 | 240 | 0,10 0,10
I [BU_M16_LDX-11]98,9 (110 153,2| 869,2 |180(423|892| 110,0 | 242 | 712 | 0,12 0,12 0,088 0,101 0,077 188,6 2131 623,6
I BU_M16_LDX-12 150,6 | 666,3 |182|352|616| 110,0 | 170 | 434 | 0,12 0,12 0,092 0,109 0,077 194,9 220,0 384,7
I | BU_M16_LDX-13 150,7 | 645,6 |172|384(681| 110,0 | 212 | 509 | 0,12 0,12 0,089 0,105 0,076 195,7 215,6 4425
I [ BU_M16_LDX-14 154,5|746,0 168|468 |834| 110,0 | 300 | 666 | 0,13 0,13 0,093 0,085 0,101 200,8 2238 532,3
I BU_M16_LDX-15 147,2|758,5 |175/414|791| 1100 | 239 | 616 | 0,14 0,14 0,109 0,085 0,130 2252 2552 640,2
N [ BU_M16_LDX-16 <139,4|781,9 [178|387|637| 110,0 | 210 | 460 | 0,12 0,13 0,093 0,089 0,096 192,8 2232 614,8
I BU_M16_LDX-17 150,3| 764,7 [175]387|630| 110,0 | 212 | 455 | 0,14 0,15 0,110 0,111 0,108 226,8 256,8 5243
N [BU_M16_LDX-18 150,2(794,9 |[175|389(709| 110,0 | 213 | 533 | 0,13 0,14 0,101 0,097 0,104 208,7 238,0 558,4
I | BU_M16_LDX-19 155,7|893,1 [165(386|813| 110,0 | 221 | 648 | 0,13 0,14 0,102 0,097 0,106 2127 240,6 578,0
[N | BU_M16_LDX-20 149,0( 685,9 |174|385|716| 1100 | 211 | 542 | 0,15 0,15 0,110 0,111 0,109 235,6 256,9 526,1

Table 103  Statistical evaluation of Bumax LDX — M16x100 — Molykote 1000 spray

Bumax LDX - MaxF | MaxT | Op O Oz |Fui (O2)| AO+i | AO2 |k (Fpc)| k (Fpc) | Hot (Fp.c) | Hin (Fpc) | b (Fp.c) | M (Fpc*) | Mi (Fp.c) | M (Fbimax)
M16x100 ISO 4017
- Molykote 1000
spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 155,7 | 893,1 182 468 892 110,0 | 300 712 0,149 | 0,15 0,110 0,111 0,130 | 235,6 256,9 640,2
min 139,4 | 6456 | 165 352 616 110,0 | 170 434 0,119 | 0,121 0,088 0,085 0,076 | 188,6 2131 384,7
R 16,3 | 247,5 17 116 276 0,0 | 130 278 0,030 | 0,025 0,022 0,026 0,054 47,0 43,8 2555
X 150,1 760,6 | 174 398 732 110,0 | 223 558 0,132 | 0,133 0,099 0,099 0,098 | 208,2 2343 542,5
s 4,5 80,9 5 31 96 0,0 33 98 0,010 | 0,010 0,009 0,010 0,017 16,4 17,5 80,6
v 3,02 | 10,64 2,95 7,83 | 13,07 0,00 | 1496 | 17,50 | 7,82 7,53 8,91 10,26 17,68 7,87 7,45 14,86

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 104  Evaluation of test results of Bumax LDX — M16x100 — Molykote 1000 spray acc. EN

14399-3
n F o F Fy. AQ,, . 7O, ., k-values k-class K1 k-class K2
p.C p.C bi,max 1i,min 2i,min Fracture | Galling
[-1| 98.9kN | 109.9kN | >141.3kN| >120° | >240° [-1 0.10<k <0.16 | 0.10 <k, <0.23| V, <0.06
10 100% 100% 90% 100% 100% 0.12-0.15 100% 0.133 0.075 0% | 100%

PR s EHnI TR

Figure 91 BU_M16_LDX test specimen after tightening
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Bolt force-angle of rotation curves
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Figure 92 BU_M16_LDX Bolt force-angle of rotation curves
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Figure 93 BU_M16_LDX Bolt force-tightening torque curves

3.4.4.5 Bumax DX - M16x100— 10.9 — EN ISO 4017 — Molykote 1000 spray

The Bumax DX — M16x100 duplex stainless steel bolting assemblies in property class
10.9 (used lubrication: Dow Corning Molykote® 1000 spray), in short form
BU_M16_DX, were arranged of the following components including nominal
mechanical properties based on Bumax datasheet:
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= Bolts: BUFAB Group Bumax LDX - M16x100 A4 according to EN ISO 4017;
stainless steel EN 1.4462; manufact.: 2016-06-20; PRE 36
tensile strength Rm,min (= fun): nominal 1000 N/mm?
yield strength Ryo.2,min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 109 - M16 M6M A4 according to EN ISO 4032,
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2015-02-26; PRE 27

stress under proof load, min: nominal 1000 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV300 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d = 17.0 mm,
D =30.0 mm, t = 3.0 mm; manufact.: 2015-12-14; PRE 27

hardness, min: nominal 300 HV

The tightening test results of Bumax DX — M16x100 bolting assemblies are
summarized in Table 105, Table 106 and Table 107. The statistical evaluation is
shown as well with fulfilled and failed criteria according to EN 14399-3 (System HR).
The tightening curves are presented in Figure 95 and Figure 96 and show improved
pronounced bolt force plateaus in the plastic range without any partial or total bolt
fracture. All tested duplex bolting assemblies reached Fpc*=98.9kN and
Foc=109.9kN as well as Fpimax=0.9 - fip - As=141.3 kN. Due to the more
pronounced plastic plateaus, 10 of the 10 bolts achieved A®4imin =120° and
ABaimin = 240° criteria according to EN 14399-3. Furthermore, 10 of 10 tested bolts
achieved k-class K1 with k-values in a wide range between 0.14 and 0.17 and
coefficient of variation v=5.73 % (compared to k=0.14 — 0.16 and v=6.16 % at
Fp.c*). k-class K2 was accomplished. For further information and summarized criteria
see Table 107. Again, the tightening graphs show irregular bolt force-tightening
torque-curves because of galling in the nut bearing surface when tightened into the
plastic range especially after Fuimax including significant high ranges of values M; at
Fuimax and at the end of the tests (bolt force dropped again to F,¢) in the bolt force-
tightening torque curves. Damages at the first and second load-bearing thread turn of
the bolts and roughening of the paired threads could be observed without partial or
total bolt fracture. Strong galling especially in the faying surface washer/nut could be
observed, too.

Table 105  Test results of Bumax DX — M16x100 — Molykote 1000 spray

Specimens | Fpc*|Fpc|Max F |Max T| Opi | O | Oai | Fui (O2i) | AO1i | AO2i | k (Fp.cr) | k (Fp.c) | tuot (Fpc)| Hin (Fpc) | o (Fp.c) | M (Fp.c*) | Mi (Fp.c) | M (Foimax)

Legend kN | kN | kN Nm ° ° ° kN ° ° Nm Nm Nm
max - - - 0,16 0,16

min 1413 120 | 240 0,10 0,10
I | BU_M16_DX-12[98,9|110| 148,0 | 862,4 [193|359(636| 110,0 | 166 | 443 0,14 0,14 0,109 0,111 0,106 2233 2542 497,8
I | BU_M16_DX-13 151,6 | 741,0|193|396|692| 110,0 | 203 | 499 0,15 0,15 0,116 0,129 0,105 2373 269,2 552,9
I | BU_M16_DX-14 158,6 | 925,8 |182|430|867| 110,0 | 247 | 685 0,14 0,15 0,113 0,103 0,121 226,2 262,9 621,6
I | BU_M16_DX-15 150,7 | 850,6 |183|377|705| 110,0 | 194 | 522 0,16 | >0,16 0,126 0,102 0,147 2475 289,8 636.,8
I | BU_M16_DX-16 147,9 | 830,9 |186|339|698| 110,0 | 153 | 512 0,15 0,15 0,114 0,113 0,115 229,7 264,9 555,6
I | BU_M16_DX-17 155,2 | 921,5|184|415|786| 110,0 | 231 | 601 0,14 0,14 0,104 0,094 0,113 2171 246,0 749,2
I | BU_M16_DX-18 150,5 | 979,4 |[187|385|828| 110,0 | 198 | 641 0,15 0,15 0,112 0,109 0,114 237,2 2615 569.,9
| BU_M16_DX-19 144,7 | 808,8 |187|360|639| 110,0 | 172 | 451 0,16 0,16 0,121 0,135 0,109 2511 279,9 560,5
I | BU_M16_DX-20 142,0 | 886,2 | 193|337 |568| 110,0 | 144 | 375 | >0,16 | >0,16 0,126 0,147 0,109 260,2 290,2 588,1
[ | BU_M16_DX-21 154,1 | 888,8 |189|389|680| 110,0 | 200 | 491 0,14 0,14 0,108 0,116 0,101 218,4 2533 658,5
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Table 106  Statistical evaluation of Bumax DX — M16x100 — Molykote 1000 spray

Bumax DX - Max F | MaxT | Oy O Oz [Foi (O2)] AO1i | AO2 |k (Fpc)| k (Fpo) | Mot (Fpo) | ltn (Fpc) | o (Fpc) | M (Fpc) | Mi (Fpc) | M (Foimax)
M16x100 ISO 4017
- Molykote 1000
spray
n=10 kN Nm ° ° ° kN ° ° Nm Nm Nm
max 1586 [979,4 | 193 430 867 110,0 | 247 685 0,164 | 0,17 0,126 0,147 0,147 | 260,2 | 290,2 749,2
min 142,0 | 7410 | 182 337 568 110,0 | 144 375 0,137 | 0,140 0,104 0,094 0,101 | 2171 246.,0 497.8
R 16,6 | 2384 11 93 299 0,0 | 103 310 0,027 | 0,025 0,022 0,053 0,046 43,1 44,2 2514
X 150,3 [ 869,5 | 188 379 710 110,0 | 191 522 0,148 | 0,152 0,115 0,116 0,114 | 2348 | 267.2 599,1
s 4.9 67,2 4 31 92 0,0 33 95 0,009 | 0,009 0,007 0,016 0,013 14,5 15,2 70,5
v 3,29 7,73 2,23 8,09 | 12,98 0,00 | 17,17 18,22 | 6,16 5,73 6,48 14,16 11,34 6,19 5,68 1,77

with n: number; R: range; x: mean value; s: standard deviation; ,,: coefficient of variation in [%]

Table 107  Evaluation of test results of Bumax DX — M16x100 — Molykote 1000 spray acc. EN

14399-3
n F.c Foc Fmax A0, .. | AO, ., | k-values k-class K1 k-class K2 Fracture | Galling
[-]| 989KkN [ 109.9kN | >141.3kN | >120° >240° [-] 0.10<k;<0.16 | 0.10 <k, <0.23| V, <0.06
10 [ 100% 100% 100% 100% 100% | 0.14-0.17 80% 0.152 0.057 0% | 100%

Figure 94 BU_M16_DX test specimen after tightening

Bolt force-angle of rotation curves
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Bolt force-tightening torque curves
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Figure 96 BU_M16_DX Bolt force-tightening torque curves

3.5 Tightening test results and evaluation — STEP 3:

Additionally, tightening tests for bolt dimension M20 for austenitic and lean
duplex/duplex were performed in STEP 3 with Interflon® HT1200 spray and paste
according to EN 14399-2 and EN ISO 16047. The objective was to test additional
lubricants and to investigate the effects on ductility and galling during tightening and
to compare them with those of DOW Corning from STEP 2.

The test procedure contains a constant speed of rotation of 5.0 min-! for all tested
steel grades. All series were tightened nut sided, the clamping length }t was set to
72.0 mm (clamp length/bolt diameter ratio of 3.6) in reference to the corresponding
tables of System HR — EN 14399-3. The tightening tests were stopped when the
measured bolt force dropped to Fpc = 0.7 - fup - As (with fup: tensile strength of the bolt
and A tensile stress area of the bolt).

The criteria of evaluation for property class 8.8 (Bumax 88 series) according to EN
14399-3 are defined as follows:
" Foc*=0.7 - fyp - As=0.7 - 640 N/mm? - 157.0 mm? = 70.3 kN (DIN EN 1993-
1-8/NA)
» Foc=0.7-fip-As=0.7 - 800 N/'mm? - 157.0 mm? = 87.9 kN
" Fpimax 2 0.9 - fup - As = 0.9 - 800 N/mm? - 157.0 mm? = 113.0 kN

" AO®1imin 2 120° with 2t=60.5mm: 2d < 2t <6d
" AO2imin = 240° with 2t=60.5mm:2d < 2t <6d

The criteria of evaluation for bolting assemblies in property class 10.9 (meaning
Bumax 109, Bumax lean duplex and Bumax duplex series) are defined as follows:
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* Fpc*=0.7 - fyp - As=0.7 - 800 N/mm? - 245.0 mm? = 137.2 kN (for Bumax
109 bolts)

= Fpc"=0.7-fyp - As=0.7 - 900 N/mm? - 245.0 mm? = 154.4 kN (for Bumax
LDX and DX)

* Fpc=0.7"fw - As=0.7 - 1000 N/mm? - 245.0 mm? = 171.5 kN

*  Fbimax 2 0.9 - fup - As = 0.9 - 1000 N/mm? - 245.0 mm? = 220.5 kN

" A®qimin 2 120° with 2t=105.0 mm: 2d < Xt < 6d
" AO2min 2 240° with Zt=105.0 mm: 2d < 2t < 6d

The following sections show exemplariliy the test results and evaluation of Bumax
LDX — M20x100 series in property class 10.9 with Interflon HT1200 spray and paste
and provide an overview about the effects of these alternative lubricants on ductility
and galling. Finally, the results of all lubrication tests will be discussed in subchapter
3.6.3.

3.5.1 Bumax LDX — M20x100 — 10.9 — EN ISO 4017 - Interflon HT1200
spray
The Bumax LDX — M20x100 lean duplex stainless steel bolting assemblies in property
class 10.9 with Interflon® HT1200 spray lubricants, in short form BU_M20_LDX, were
arranged of the following components including nominal mechanical properties based
on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26
tensile strength Rm min (= fup): nominal 1000 N/mm?
yield strength Rpo.2,min (= fyb): nominal 900 N/mm?
elongation, min: nominal 0.3d

=  Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27

stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27

hardness, min: nominal 200 HV

The tightening curves of Bumax LDX — M20x100 bolting assemblies with Interflon®
HT1200 spray are presented in Table 108. In general, the tightening curves are
comparable to the already tested bolting assemblies using DOW Corning Molykote
1000 spray and are shown in Figure 98 and Figure 99. All tested lean duplex bolting
assemblies reached F,c* = 154.4 kN and Fpc = 171.5 kKN. On the contrary, the criteria
of the maximum bolt force Fpimax= 0.9 - fup - As = 220.5 kN was not achieved in the
whole tested series. Due to the less pronounced plastic plateaus, criteria
AB1imin = 120° and AOazimin = 240° were only partially achieved (1 of 5 bolt).
Furthermore, 4 of 5 tested bolts achieved k-class K1 with k-values between 0.14 and
0.19 and coefficient of variation v = 12.60 %. k-class K2 was not accomplished. For
further information and summarized criteria see Table 108. Damages at the first and
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second load-bearing thread turn of the bolts and roughening of the paired threads
could be observed. Minor galling especially in the faying surface washer/nut could be

observed when tightened into the plastic range.

Table 108  Evaluation of test results of Bumax LDX — M20x100 according to EN 14399-3 — Interflon

HT1200 spray

n Fc Foc i max DO, i, | A9y, | k-values k-class K1 k-class K2 Fracture | Galling
[-1| 1544 kN 171.5kN | >2205kN| >120° | >240° [ 0.10<k,<0.16 |0.10<k_<0.23]| v, <0.06
5 100% 100% 0% 20% 20% 0.14-0.19 0.162 0.126 0% | 60%

Wi

Bolt force-angle of rotation curves
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Figure 97 BU_M20_LDX test specimen after tightening — Interflon HT1200 spray
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Figure 98 BU_M20_LDX Bolt force-angle of rotation curves — Interflon HT1200 spray
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Bolt force-tightening torque curves
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Figure 99 BU_M20_LDX Bolt force-tightening torque curves — Interflon HT1200 spray

3.5.2 Bumax LDX — M20x100 — 10.9 — EN ISO 4017 - Interflon HT1200
paste

The Bumax LDX —M20x100 lean duplex stainless steel bolting assemblies in property
class 10.9 and Interflon® HT 1200 paste lubricants, in short form BU_M20_LDX, were
arranged of the following components including nominal mechanical properties based
on Bumax datasheet:
= Bolts: BUFAB Group Bumax LDX — M20x100 A4 according to EN ISO 4017;
stainless steel EN 1.4162; manufact.: 2016-09-09; PRE 26

tensile strength R min (= fub): nominal 1000 N/mm?

yield strength Rpo.2,min (= fyb): nominal 900 N/mm?

elongation, min: nominal 0.3d

= Nuts: BUFAB Group Bumax 88 — M20 M6M A4 according to EN ISO 4032;
stainless steel EN 1.4432, 1.4436, 1.4435; manufact.: 2016-04-08; PRE 27
stress under proof load, min: nominal 800 N/mm?

»  Washers: BUFAB Group Bumax RB A4-HV200 according to EN ISO 7089;
stainless steel EN 1.4432, 1.4436, 1.4435; with dimensions d =21.0 mm,
D =37.0 mm, t = 3.0 mm; manufact.: 2015-09-22; PRE 27
hardness, min: nominal 200 HV

The tightening curves of Bumax LDX — M20x100 bolting assemblies with Interflon®
HT1200 paste are presented in Table 109. Again, the tightening curves (see Figure
101 and Figure 102) are comparable to the already tested bolting assemblies using
DOW Corning Molykote 1000 spray. All tested lean duplex bolting assemblies
reached Fpc*=154.4 kN and Fpc=171.5 kKN. On the contrary, only one bolting
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assembly achieved the criteria of maximum bolt force Fpimax= 0.9 - fup - As = 220.5 kN.
Due to the less pronounced plastic plateaus, criteria A®1imin = 120° and A®2imin = 240°
were only partially achieved (2 of 5 bolt). Furthermore, 5 of 5 tested bolts achieved k-
class K1 with k-values between 0.14 and 0.16 and a coefficient of variation of
v =4.70 %. k-class K2 was accomplished. For further information and summarized
criteria see Table 109. Damages at the first and second load-bearing thread turn of
the bolts and roughening of the paired threads could be observed. Minor galling
especially in the faying surface washer/nut could be observed when tightened into the
plastic range.

Table 109  Evaluation of test results of Bumax LDX — M20x100 according to EN 14399-3 — Interflon
HT1200 paste
n Fc F.c F o max A0, .. | A9, k-values k-class K1 k-class K2 Fracture | Galling
[1| 1544 KkN| 171.5kN | >2205kN| >120° | >240° [ 0.10<k;<0.16 | 0.10 <k, <0.23 [ V, <0.06
5| 100% [ 100% 20% 40% 40% | 0.14-0.16 100% 0.149 0.047 0% [140%

g]‘ﬁﬁ I
h!

iv:
Figure 100 BU_M20_LDX test specimen after tightening — Interflon HT1200 paste
Bolt force-angle of rotation curves
T |
200 -
I Fe=1715kN :
* |
1 Foe=07fu- A, I
150 + :
T |
z g |
== + |
£ |
8 T I
S 100 |
= - |
g8 7 |
|
+ Ay min 2 120°
50 e |
4 |
1 |
1 A®yi pmin 2 240°
a8 I
0 | ; e T s :
-200 0 200 400
angle of rotation (summed - F,c)in®
Figure 101 BU_M20_LDX Bolt force-angle of rotation curves — Interflon HT1200 paste
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Bolt force-tightening torque curves
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Figure 102 BU_M20_LDX Bolt force-tightening torque curves — Interflon HT1200 paste

3.6 Results and Discussion

In the context of WP 5 — Preloading of SS bolts, Task 5.3/5.4, tightening tests of
austenitic, lean duplex, duplex and super duplex stainless steel bolting assemblies
were performed at the Institute for Metal and Lightweight Structures, University of
Duisburg-Essen (UDE-IML). The objective was to investigate the basic preloading
behaviour of stainless steel bolting assemblies and to achieve information regarding
the complex interaction behaviour between the applied torque and the achieved
preload. Bumax stainless steel bolts (acc. EN ISO 4014 and EN ISO 4017), hexagon
nuts (acc. EN ISO 4032) and washers (acc. EN ISO 7089) were used. All bolting
assemblies were tightened according to EN 14399-2 (valid for carbon steel bolts).
Due to the fact that no evaluation criteria exist so far for preloaded stainless steel
bolting assemblies (as they exist for carbon bolting assemblies with EN 14399), the
evaluation of the tightening tests was referred to EN 14399-3 and follows for reasons
of comparability the requirements and criteria of the HR system.

In addition, various lubricants were tested to investigate the influence of lubrication
regarding ductility and galling and to identify a suitable lubrication for preloaded
stainless steel bolting assemblies.

The tests were carried out in three steps:

1. The factory provided standard lubrication gleitmo 1952V from Fuchs Lubritech
GmbH was used in the first step. Tightening tests of austenitic, lean duplex,
duplex and super duplex stainless steel bolting assemblies in bolt dimension
M12, M16, M20 and M24 were performed.

2. The alternative lubricants from DOW Corning (Molykote 1000 spray/paste, D-
321R spray and P-74 paste) were used in the second step to identify suitable,
alternative lubricants and to study the positive effects as extending the plastic
plateau and avoiding galling. Tightening tests of austenitic, lean duplex,
duplex and super duplex stainless steel bolting assemblies in bolt dimensions
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M12, M16 and M20 were performed, covering EN ISO 4014 and EN ISO 4017
bolts and property classes 8.8 and 10.9.

3. Additionally, tightening tests were performed with M20 EN ISO 4017 bolts with
the ceramic-based lubricant Interflon HT1200 spray and paste for austenitic
(property classes 8.8 and 10.9) and lean duplex (property class 10.9) bolting
assemblies.

The austenitic bolts BUMAX 88 and 109 with property classes 8.8 and 10.9, and the
lean duplex, duplex and super duplex bolts in property class 10.9 were provided by
the Swedish bolt manufacturer BUMAX AB. Partially, they were specifically produced
for these tests.

3.6.1 Evaluation of tightening tests — Step 1: gleitmo 1952V

Table 110 shows the summary of the evaluation of the tested series after finishing the
tightening tests with gleitmo® 1952V standard lubrication from Fuchs Lubritech
GmbH. In conclusion, it can be figured out that fracture of bolts did not occur and, with
the exception of Bumax 109 — M20x140, all tested stainless steel bolting assemblies
reached the preload level Fpc* =0.7 - fyp - As and Fpc=0.7 - fuo - As. In contrast,
caused by the fact that the bolt force plateaus in the plastic range were less
pronounced compared to those of EN 14399-carbon steel bolting assembilies, the
criteria of the maximum bolt force Fpimax= 0.9 - fu, - As was only partially achieved. It
can be shown that in total only Bumax 88 — M16x80 series reached Fpimax= 0.9 - fup -
As. Indeed, for the series Bumax 88 — M12x80, Bumax SDX — M12x80 and Bumax 88
— M20x100 (bolts manufactured in 2015) only one bolt failed in each series. On the
contrary, Bumax 88 — M20x100 (2013), Bumax 109 — M20x140, Bumax LDX —
M20x100 and Bumax DX — M20x100 test series failed completely. Furthermore, also
referred to the less pronounced bolt force plateaus in plastic range, the required
angles of nut rotation A®1;min and A®zimin are unequally distributed, which can be seen
in Table 110. The analysis of k-values tends to show two groups:

= a narrow range of k-values like Bumax 88 — M16x80 (0.13 to 0.17), Bumax
109 — M20x140 (0.25 to 0.26) and Bumax LDX — M16x100 (0.11 to 0.15),

= a wide range of k-values like Bumax 88 — M12x80 (0.11 to 0.19), Bumax 88 —
M24x100 (0.10 to 0.22) and other tested series.

Consequently, the classification in k-class K1 is also unequally distributed in all tested
series and confirming a general high dispersion of all tested values, markedly friction.
In addition, all tested stainless steel bolting assemblies did not achieve the criteria for
classification to k-class K2, mainly caused by a higher coefficient of variation vy than
0.06 referring to EN 14399-1. It is noticeable that Bumax 88 — M20x100 (bolts
manufactured in 2013) failed as well as Bumax 109 — M20x140 — in most criteria,
caused by very high coefficients of friction as a possible evidence for insufficient or
ineffective lubrication. In addition, lean duplex and duplex steel grades for bolt
dimension M16 and M20 did not achieve Fpimax= 0.9 - fup - As, and the required angles
of nut rotation A®1imin and A@a2i min were only partially fulfilled. In total, the tested bolting
assemblies showed up light to heavy galling in the nut bearing surfaces, when
tightened into the plastic range. The damage analysis underlines that all tested bolt
assemblies have similar damages at the first (and in some cases second) load-
bearing thread turn of the bolt, roughening of paired threads and minimal necking of
threaded shanks without bolt or nut fracture. With the exception of Bumax 88 —
M20x100 (2013 series) and Bumax 88 — M24x100 series, all tested bolting
assemblies showed damages caused by galling, especially in the faying surface
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between the washer and nut as shown exemplary in Figure 103. There are a variety
of possible reasons for such an occurrence. Considering the use of bolting assemblies
made of stainless steel as high-strength bolting assembly for preloading, the
tightening behaviour had to be investigated by using alternative lubrications to
increase the ductility and to avoid galling.

Galling

Damages mainly at first load-bearing thread

0O

Continuous Lumps/
stripes  protrusions

Figure 103  Galling of the nut bearing surface when tightened into plastic range: bolt (left), nut and
washer (middle), and detailed view of washer (right)

Table 110  Summary of the evaluation of stainless steel tightening tests according to EN 14399-3
(valid for clamp lengths: 2d < >t < 6d)

. n . AByimin | ABzimin k-values k-class K1 k-class K2 |
Tested series 1 Foc Foc Fojmax — — Fracture | Galling
1 >120° | >240 1 0.10 <k;<0.16 [ 0.10 <k, < 0.23 |V, < 0.06

M12

Bumax 88 - M12x80 10| 100% 100% 90% 70% 80% | 0.11-0.19 80% 0.149 0.186 0% 100%
Bumax 109 - M12x80 10| 100% 100% 40% 70% 60% | 0.12-0.24 30% 0.183 0.205 0% 100%
Bumax SDX - M12x80 10| 100% 100% 90% 60% 90% | 0.14-0.21 60% 0.138 0.138 0% 100%
M16

Bumax 88 - M16x80 10| 100% 100% 100% 60% 100% | 0.13-0.17 90% 0.136 0.075 0% 100%
Bumax 109 - M16x100 10| 100% 100% 30% 40% 40% 0.11-0.22 60% 0.151 0.231 0% 100%
Bumax LDX - M16x100 10| 100% 100% 30% 40% 80% | 0.11-0.15 100% 0.123 0.127 0% 100%
Bumax DX - M16x100 10| 100% 100% 20% 20% 30% |[0.12-0.19 70% 0.150 0.169 0% 100%
M20

Bumax 88 - M20x100 (2013) [ 5 [ 100% 100% 0% 0% 0% 0.21-0.33 0% 0.239 0.217 0% 20%
Bumax 88 - M20x100 (2015) | 10 [ 100% 100% 90% 30% 90% | 0.12-0.17 80% 0.145 0.118 0% 100%
Bumax 109 - M20x140 10| 100% 40% 0% 0% 0% 0.25-0.26 0% 0.255 0.023 0% 100%
Bumax LDX - M20x100 10| 100% 100% 0% 0% 30% 0.10-0.15 100% 0.120 0.148 0% 100%
Bumax DX - M20x100 10| 100% 100% 0% 20% 30% |[0.10-0.15 100% 0.121 0.158 0% 100%
M24

Bumax 88 - M24x100 10][100% [ 100% [ 50% [ 10% [ 80% [o0.10-022]0 60% | 0151 | 0235 | 0% | 80%

Because galling occurs frequently, especially when stainless steel surfaces are in
contact with or sliding against each other, the control of lubrication is required. A
detailed view of friction as a dynamic link between the applied torque and the achieved
preload is essential for understanding the basic preloading behaviour of bolting
assemblies. Although gleitmo® 1952V is used as a special lubrication for stainless
steel applications and has promising constant friction coefficients with low spreading,
the test results delivered high ranges in pit, M, and o, the friction coefficients vary
significantly in all tested austenitic and austenitic-ferritic series. Hence, a constant
level of friction was not achieved in the tightening tests of the stainless steel bolting
assemblies. To identify preloading levels for stainless steel bolting assemblies (Task
5.4), itis required to perform additional tightening tests to clarify the use of alternative,
suitable lubrications. The scattering and unequally distribution of friction coefficients
at different preload levels is exemplary presented in Figure 104, showing pt, M and
Mo of Bumax 88 — M12x80 series. The summary of the friction coefficients of the tested
stainless steel series is presented in Table 111.
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Figure 104  BU_M12_88 distribution of friction at selected bolt force levels

Table 111  Summary of the friction coefficients of tested stainless steel series with gleitmo 1952V
standard lubrication

Series Eeot P £

Min-Max | Range | 7[%] | Min-Max [ Range | 7[%] | Min-Max | Range | 7y (%]
M12
Bumax 88 - M12x80 0.079-0.149] 0.070 | 20.65 [0.103-0217] 0.114 | 25.01 [0.059-0.109] 0.050 | 23.62
Bumax 109 - M12x80 0.119-0.191] 0.068 | 21.20 [0.089-0.157| 0068 | 21.20 [0.107-0.261| 0.154 | 20.93
Bumax SDX - M12x80 0.104 -0.165 [ 0.061 1564 [0.125-0.201] 0.076 [ 14.20 [0.070-0.134] o0.064 | 21.15
M16
Bumax 88 - M16x80 0.095-0.126 | 0.031 9.21 [0.140-0.183] 0.043 [ 1052 [0.053-0.111] 0.058 | 26.40
Bumax 109 - M16x100 0.072-0.169 | 0.097 | 27.67 [0.091-0213] 0122 | 2210 [0.048-0.197| 0.149 | 61.38
Bumax LDX - M16x100 0.078-0.118| 0.040 | 1544 [0.109-0.160| 0051 | 13.63 [0.048-0.101| 0053 | 26.91
Bumax DX - M16x100 0.089-0.152| 0.063 | 20.33 [0.098-0.179| 0081 | 1650 [0.051-0.137| 0086 | 35.62
M20
Bumax 88 - M20x100 (2013) [0.166-0.271] 0.105 [ 2341 [0215-0.351] 0.136 [ 19.97 [0.079-0201[ 0.122 | 37.55
Bumax 88 - M20x100 (2015) [0.088-0.128| 0.040 | 13.47 [0.117-0.179] 0.062 | 16.67 |0.059-0.124| 0065 | 2549
Bumax 109 - M20x140 0.199-0214] 0.015 336 [0.176-0.203] 0.027 6.88 |[0218-0.225| 0.007 1.53
Bumax LDX - M20x100 0.085-0.141| 0056 | 17.80 |[0.087-0.168| 0081 | 2079 |0.065-0.118| 0053 | 20.45
Bumax DX - M20x100 0.082-0.135] 0053 | 18.04 [0086-0.152| 0.066 | 18.88 |0.057-0.164| 0066 | 31.95
M24
Bumax 88 - M24x100 [0.074-0.172] 0.098 | 2624 [0.064-0226] 0.162 | 42.55 [0.079-0.128] 0.049 | 16.61

The mechanical behaviour of EN ISO 4014/4017 stainless steel bolting assemblies
using gleitmo® 1952V standard lubrication compared to system HR and system HV
carbon steel bolting assemblies is shown exemplary in Figure 105, Figure 106
(system HR), and Figure 107, Figure 108 (system HV). The tightening curves
visualize a comparison between Bumax 88 — M24x100 stainless steel bolting
assemblies (black curves) and M24x100 HR 8.8 bolting assemblies (yellow curves),
as well as M24x100 HV 10.9 bolting assemblies (yellow curves). Note that these are
simply examples to present main differences because the shape of tightening curves
is multifactorial influenced (e. g. by lubrication used) and may differ. From the
beginning of the tightening test to the defined preload level F,c* and F,c, stainless
steel and carbon steel bolting assemblies show a nearly similar and approximately
linear behaviour in the bolt force-angle of rotation curves, differentiated only by the
slope of the line. Additionally, in this region, the scattering of curves in all tested series
is negligible. The bolt force plateau in the plastic range of SS bolting assemblies are
less pronounced compared to CS bolts, leading to lower angles of rotation A©4; and
AOai. Furthermore, the tightening curves of the tested SS bolting assemblies show a
greater distribution in both axes, meaning scattering of the maximum individual bolt
force Fuimax and scattering of the angles of rotation when the bolt force again drops to
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F,.c again. The bolt force-tightening torque curves of HR and HV bolting assemblies
tend to display a relatively narrow range of tightening torque. On the other hand, SS
bolting assemblies display a wide range of torque. In total, these circumstances create
difficulties in defining predictable, calculable, and securely tightening torques for
bolting assemblies made of stainless steel.

320
| 1
1 Carbon steel: strong pronounced plastic <
o — plateau and high angles of rotation A8,; o
280+ - = 4
o
2401 N
e
z T / \ b4
= Fpc=197.7kN
© 200 2- 200 S &
- | g
2 =z
= 160
g w
4]
120 g
Stainless steel: reduced plastic o
804 plateau with high scattering of bolt I
CS + SS: Similar forces Fy; max @nd angles of rotation £
T increases of preload ()
40 when tightened n
>
i e AN @
0 -

100 200 300 400 500 600 700 800 900 1000 1100
angle of rotation (summed - F p,C)in*°

Figure 105  Comparison of bolt force-angle of rotation-curves between Bumax 88 — M24x100 -
gleitmo 1952V (black) and M24x100 HR 8.8 (yellow)
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Figure 106 = Comparison of bolt force-tightening torque-curves between Bumax 88 — M24x100 -
gleitmo 1952V (black) and M24x100 HR 8.8 (yellow)
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Figure 108 = Comparison of bolt force-tightening torque-curves between Bumax 88 — M24x100 -
gleitmo 1952V (black) and M24x100 HV 10.9 (yellow)

Further tightening tests with alternative lubrications were performed in step 2 and step
3 to investigate their influence on the friction and to optimize the tightening procedure
of stainless steel bolting assemblies with low deviations and constant, calculable
friction coefficients.

3.6.2 Evaluation of tightening tests — Step 2: alternative lubricants

In the context of WP 5 — Preloading levels Task 5.4, tightening tests with various
lubrications were performed to identify suitable, alternative lubrications for stainless
steel bolting assemblies.

The summary of the evaluation of lubrication tests with various alternative lubricants
is shown in Table 112. These lubrication tests identified Molykote® 1000 spray as an
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alternative lubrication for gleitmo® 1952V standard lubrication, and Molykote® D-321R
spray as a promising alternative under difficult friction conditions. As a next step,
additional tightening tests of austenitic, lean duplex, duplex and super duplex
stainless steel bolting assemblies were performed at the Institute for Metal and
Lightweight Structures, University of Duisburg-Essen (UDE-IML). Regarding the
determination of the recommended preloading levels, the objective was again to
investigate the basic preloading behaviour of stainless steel bolting assemblies and
gather information regarding the complex interactions between the applied torque and
the achieved preload. For this purpose, Bumax stainless steel bolts (acc. to EN ISO
4014 and EN ISO 4017), hexagon nuts (acc. to EN ISO 4032) and washers (acc. to
EN ISO 7089) were used. The bolting assemblies were tightened according to EN
14399-2 (valid for carbon steel bolting assemblies). The evaluation of the tightening
tests referred to EN 14399-3 and follows for reasons of comparability the
requirements and criteria of the HR system.

Table 113 shows a summary of the additional tested series (using alternative
lubrication Molykote® 1000 spray and D-321R spray) after finishing the tightening
tests for Task 5.4. In conclusion, bolt fractures occurred in three tested series, but
only at the end of the test procedure when turning off the nut: Bumax SDX — M12x80
series (lubrication: Molykote® 1000 spray), Bumax 88 — M16x100 series (lubrication:
Molykote® 1000 spray) and Bumax 109 — M16x100 (lubrication: Molykote® D-321R
spray). All tested stainless steel bolting assemblies achieved the preload level
Fpc*=0.7 -fyp - As and F,c =0.7 - fuo - As. Regarding the criteria of the individual
maximum bolt force Fpimax= 0.9 - fup - As and sufficient ductility, in particular the
required angles of nut rotation A®1imin and AOaimin, the test results tend to generate
two groups:

= For bolt dimension M16 — austenitic and austenitic-ferritic stainless steel
bolting assemblies, the application of alternative lubrication significantly
improves the preloading behaviour and expands the plastic plateau and
angles of nut rotation A®+;min and AOz;min. Furthermore, the tested series show
a narrow range of k-values including coefficients of variation less than 8% (with
the exception of Bumax 88 — M16x100 Molykote® 1000 series). Consequently,
each series achieved criteria for k-class K1 (with exception of Bumax DX —
M16x100 series, 8 of 10 bolts achieved k-class K1). Additionally, Bumax 109
— M16x100 (used lubrication: Dow Corning Molykote® D-321R spray) and
Bumax DX — M16x100 (used lubrication: Dow Corning Molykote® 1000 spray)
also accomplished k-class K2.

= For bolt dimension M20 — austenitic and austenitic-ferritic stainless steel
bolting assemblies, the positive effects of alternative lubrication are relatively
small compared to those of M16. The effects on ductility are only weakly
defined, especially the criteria of the individual maximum bolt force
Fuimax = 0.9 - fup - Asis not achieved in Bumax 109 — M20x100 and Bumax LDX
— M20x100 series, and only partially achieved (3 of 10 bolts) in Bumax DX —
M20x100 series. The k-values show a range between 0.09 — 0.15, but the
coefficient of variation is larger than 8%.

The damage analysis emphasizes that all tested bolting assemblies have similar
damages at the first (and in some cases second) load-bearing thread turn of the bolt,
roughening of the paired threads, and minimal necking of threaded shanks. All tested
bolting assemblies showed damages caused by strong pronounced galling, especially
in the faying surface between the washer and nut, see Figure 109. In addition,
deformations of the washer occurred when turning off the nut in each tested series,
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as well as heat generation due to the cold-welded stainless steel nut and washer as
well as the paired threads.

Table 112  Task 5.4 — Summary of the evaluation of lubrication tests

n . ABjimin | AOzimin k-values k-class K1 k-class K2

Tested series H Foc Foc Foj,max >120° | >240° a 010<K<0.16 | 010 <k, <0.23| V, <0.06 Fracture | Galling
Bumax 88 - M20x80 EN ISO 4017 bolting assemblies

Gleitmo 1952V 5 [ 100% 100% 100% 20% 100% | 0.12-0.13 100% 0.124 0.043 0% 60%

Molykote 1000 spray 5| 100% 100% 100% 100% 100% | 0.12-0.14 100% 0.130 0.094 0% 100%
Molykote 1000 paste 5| 100% 100% 100% 80% 100% | 0.13-0.15 100% 0.136 0.050 0% 100%
Molykote P-74 paste 5 [ 100% 100% 100% 80% 100% | 0.14-0.17 60% 0.156 0.083 0% 80%

Molykote D-321R spray 5 [ 100% 100% 100% 100% 100% | 0.10-0.11 100% 0.105 0.047 0% 80%

Bumax 109 - M20x140 EN ISO 4014 bolting assemblies

Gleitmo 1952V 10 | 100% 40% 0% 0% 0% 0.25-0.26 0% 0.255 0.032 0% 100%
Molykote 1000 paste 5| 100% 100% 0% 0% 80% | 0.16-0.20 40% 0.178 0.105 0% 100%
Molykote P-74 paste 5| 100% 100% 0% 0% 20% | 0.15-0.25 20% 0.187 0.188 0% 80%

Molykote D-321R spray 5 [ 100% 100% 20% 60% 60% |[0.11-0.13 100% 0.115 0.071 0% 100%

Table 113  Task 5.4 — Summary of the evaluation of additional stainless steel tightening tests
according to EN 14399-3 (used lubrication: Molykote 1000 and Molykote D-321R spray)

n . AOimin | AOzimin k-values k-class K1 k-class K2
Tested series 1 Fec Foc Foimax Fracture | Galling
51 s ’ ’ >120° | >240° [ 0.10 <k;<0.16 [ 010 <k, <023V, < 0.06
M12x80
SDX - Molykote 1000 spray | 10][ 100% | 100% [ 100% [ 100% [ 100% [0.12-0.16 [ 100% 0139 | 0097 [ 70% [ 100%
M16x100
88 - Molykote 1000 spray | 10[100% | 100% | 90% 0% [1190%] [ 0.10-0.16 100% 0.129 0150 [1150% [[70%
109 - Molykote 1000 spray | 10 [[1100%|[100% |- 100% [ "100% [ 100% | 0.11-0.14 100% 0.130 0080 | 0% |[100%
109 - Molykote D-321R spray | 10 [[1100% 1 [7100% |- 100% | 100% 1| 100%1| 0.10 - 0.12 100% 0.112 0053 || 10% |[100%
LDX - Molykote 1000 spray | 10 [[1100%[["100%[[190% 1 [100% [ 100%| 0.12-0.15 100% 0.133 0075 | 0% |[.100%
DX - Molykote 1000 spray |10 100% | 100% | 100% [ 100% [ 100% | 0.14-0.17 80% 0.152 0057 | 0% |[100%
M20x100
109 - Molykote 1000 spray | 10 [[100%[[100% 0% 60% [170% [0.10-0.15 100% 0.132 0128 | 0% [1100%
LDX - Molykote 1000 spray | 10 |[[7100%1|[100% 0% 40% |I070% |0.10-0.13 100% 0.118 0082 | 0% |1100%
DX - Molykote 1000 spray | 10[100% [ 100% [ [30% 70% | 70% [009-0.15 90% 0.124 0128 | 0% [ 100%

~
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Figure 109  Galling of the nut bearing surface when tightened into plastic range: nut (left), washer
(middle) and detailed view of washer (right)

Although gleitmo® 1952V from Fuchs Lubritech GmbH is used as a special lubrication
for stainless steel applications and has promising constant friction coefficients with
low spreading, the test results of Task 5.3 delivered high ranges in pit, Pin, and o,
significantly vary in all tested austenitic and austenitic-ferritic series. Hence, while
using gleitmo® 1952V a constant level of friction was not achieved in tightening tests
of stainless steel bolting assemblies. For Task 5.4, summaries of the friction
coefficients of lubrication tests and additional tightening tests are presented in Table
114 and Table 115. Here, focus is given to additional tightening tests. The test results
for bolt dimension M16 show reduced coefficients of variation uw and g, compared to
gleitmo® 1952V series (with the exception of the thread friction of Bumax 88 —
M16x100 Molykote® 1000 spray series), though for bolt dimension M20, a generalised
statement is not possible due to inhomogeneous test results.
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Table 114  Task 5.4 — Summary of the friction coefficients of tested stainless steel series for
lubrication tests

Saries Htot (Fp,c) bt (Fp,c) ¥y (Fp.c)
min | max | Vk min I max | Vk min | max I Vk

Lubrication tests: Bumax 88 - M20x80 ISO 4017
Gleitmo 1952V 0.086 0.097 0.053 0.112 0.144 0.118 0.055 0.072 0.104
Molykote 1000 spray 0.086 0.109 0.114 0.084 0.112 0.117 0.079 0.105 0.114
Molykote 1000 paste 0.098 0.112 0.059 0.106 0.124 0.057 0.079 0.101 0.105
Molykote P-74 paste 0.101 0.131 0.097 0.101 0.141 0.126 0.084 0.158 0.238
Molykote D-321R spray 0.071 0.082 0.060 0.060 0.086 0.137 0.060 0.081 0.075
Lubrication tests: Bumax 109 - M20x140 ISO 4014
Gleitmo 1952V 0.199 0.214 0.034 0.176 0.203 0.069 0.218 0.225 0.015
Molykote 1000 paste 0.122 0.159 0.117 0.126 0.191 0.163 0.114 0.152 0.116
Molykote P-74 paste 0.117 0.198 0.208 0.129 0.212 0.184 0.106 0.187 0.251
Molykote D-321R spray 0.078 0.094 0.085 0.078 0.112 0.159 0.073 0.080 0.034
Table 115  Task 5.4 — Summary of the friction coefficients of additional tested stainless steel series

Series Htot (Fp,c) Mt (Fp,c) b (Fp,c)

min | max | Vk min | max | Vk min | max | Vk

Additional tightening tests: M12x80
SDX - Molykote 1000 spray 0085 | 0120 [ 0116 | 0080 | 0138 [ 0476 | 0084 | 0118 | 0.113
Additional tightening tests: M16x100
88 - Molykote 1000 spray 0.072 0.119 0.177 0.068 0.179 0.297 0.064 0.098 0.131
109 - Molykote 1000 spray 0.076 0.105 0.096 0.089 0.123 0.092 0.066 0.103 0.150
109 - Molykote D-321R spray 0.070 0.087 0.065 0.080 0.113 0.118 0.062 0.071 0.039
LDX - Molykote 1000 spray 0.088 0.110 0.089 0.085 0.111 0.103 0.076 0.130 0.177
DX - Molykote 1000 spray 0.104 0.126 0.065 0.094 0.147 0.142 0.101 0.147 0.113
Additional tightening tests: M20x100
109 - Molykote 1000 spray 0.090 0.141 0.151 0.086 0.126 0.115 0.081 0.165 0.243
LDX - Molykote 1000 spray 0.086 0.120 0.098 0.085 0.129 0.145 0.088 0.125 0.130
DX - Molykote 1000 spray 0.079 0.135 0.152 0.070 0.139 0.216 0.075 0.165 0.235

When tightened into the plastic range, galling in form of “spikes” is also visible in
tightening curves and helps in identifying the starting-point of galling, especially in the
bolt force-tightening torque curves. Figure 110 shows an example: galling begins after
the maximum individual bolt force Fyimax is reached. Moreover, Figure 111
demonstrates strong pronounced galling starting at Fuimax. Future investigations will
attempt to determine in detail when galling starts and aspects that influence the galling
behaviour of stainless steel bolting assemblies. So far, it can be noted that galling
always starts after the specified preload level Fyc = 0.7 - fy, - As when tightened into
the plastic range.

200

Fpc*=109.7kN
Fyo=137.2kN
Foymar = 176.4 kN

1000
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o
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Figure 110 BU_M20_88-07 — Example of minor galling in the tightening curves starting at maximum
load
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Figure 111 BU_M20_88-09 — Example of major galling in the tightening curves starting at maximum
load

In addition, a comparison between gleitmo® 1952V standard lubrication and
Molykote® 1000 spray for Bumax LDX — M16x100 ISO 4017 lean duplex stainless
steel bolting assemblies is presented in Figure 112. When using gleitmo® 1952V, the
tightening curves show a typically less pronounced plastic plateau and low angles of
rotation A®+imin and ABOzimin. Fpc* and F,c are achieved, but the criteria of individual
maximum bolt force Fpimax=0.9 - fup - As failed for the most part. However, the
application of Molykote 1000 spray extends significantly the plastic range as well as
the maximum bolt force. “Spikes” in the bolt force-tightening torque curves indicate
strong galling after Fy,imax, €specially when using Molykote 1000 spray.

Bolt force-angle of rotation curves: Bumax LDX M16 Bolt force-tightening torque curves: Bumax LDX M16
160 -

Moly kote® 1000 spray
lubrication signif icantly 140
improv es ductility

120

100 4=

80

bolt force in kN
bolt force in kN

B804

Gleitmo® 1952V o

standard lubrication \ \
with low pronounced \ \ 20
plastic plateau

Significantly im proved ductility for
bolt dim ension M16

I LN A ! e 0 | | ' | ! I |
400 0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
angle of rotation (summed - F p,C)in ° tightening torque in Nm

Figure 112  Comparison of BU_M16_LDX tightening curves between gleitmo 1952V standard
lubrication (black curves) and Molykote 1000 spray (yellow curves)

A comparison between gleitmo® 1952V standard lubrication and Molykote® 1000
spray for Bumax DX — M20x100 ISO 4017 duplex stainless steel bolting assemblies
is presented in Figure 113. Compared to bolt dimension M16, the positive effects of
alternative lubrication on the ductility and the plastic plateau, more specifically the
maximum individual bolt force and angles of rotation A®4imin and A®ymin, are
significantly lower. Again, the tightening curves of tested bolts using gleitmo® 1952V
show less pronounced plastic plateaus and low angles of rotation A®+;min and A®2; min.
Compared to Bumax LDX — M16x100 gleitmo® 1952V series, the bolt force-angle of
rotation curves spread more. F,c* and F,c are achieved, but the criteria of the
individual maximum bolt force Fpimax=0.9 - fu - As failed. The application of
Molykote® 1000 spray slightly improved the plastic range as well as the maximum bolt
force. The bolt force-tightening torque curves show strong pronounced galling with
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the use of Molykote® 1000 spray, starting at Fuimax When tightened into the plastic
range.

Bolt force-angle of rotation curves: Bumax DX M16 Bolt force-tightening torque curves: Bumax DX M20
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Figure 113  Comparison of BU_M20_DX tightening curves between gleitmo® 1952V standard
lubrication (black curves) and Molykote® 1000 spray (yellow curves)

3.6.3 Evaluation of tightening tests — Step 3: ceramic-based lubricants

The summary of the evaluation of tightening tests with ceramic-based lubricants
Interflon® HT 1200 spray and paste are shown in Table 116. Again, all tested bolting
assemblies made of stainless steel achieved specified preload levels F,c* and F,c
without galling, comparable to DOW Corning Molykote® 1000 spray and Molykote® D-
321R spray. In general, the tightening test results are comparable to the tested series
with DOW Corning Molykote® 1000 spray. The criteria of A@1imin and AGzimin are again
unequally distributed, k-class K1 was achieved in all tested series with the exception
of Bumax LDX —M20x100 HT1200 spray (8 of 10 bolting assemblies achieved k-class
K1).

Overall, the use of the ceramic based lubrication Interflon® HT1200 spray and paste
has nearly similar results to DOW Corning Molykote 1000 spray regarding tightening
behaviour and ductility. Further investigations were not performed due to the fact that
the tested ceramic-based lubricants react with differing sensitivity to drying times and
do not create a homogeneous abrasion-resistant layer in all cases which leads to
scattering of friction coefficients piwt, Ui and pp and all related tightening parameters.
Figure 114 shows exemplary Bumax — M20x100 bolting assemblies after tightening
with Interflon® HT1200 spray and Interflon® HT1200 paste.

Table 116  Task 5.4 — Summary of the evaluation of tightening tests with Interflon® HT1200 spray

and paste

n . AOjimin | AOzimin k-values k-class K1 k-class K2
Tested series 1 Foc Foc Eiye S S Fracture | Galling

-1 >120 >240 -1 0.10<k;<0.16 | 0.10 <k, <0.23 | V< 0.06
Bumax 88 - M20x100 EN ISO 4017 bolting assemblies
88 - HT1200 spray 5 [ 100% 100% 100% 60% 100% | 0.12-0.14 100% 0.127 0.065 0% 40%
88 - HT1200 paste 5 [ 100% 100% 100% 60% 100% | 0.13-0.16 100% 0.139 0.084 0% 40%
Bumax 109 - M20x100 EN ISO 4017 bolting assemblies
109 - HT1200 spray 5 [ 100% 100% 0% 20% 100% | 0.12-0.16 100% 0.133 0.148 0% 40%
109 - HT1200 paste 5 [ 100% 100% 0% 40% 100% [ 0.14-0.16 100% 0.147 0.070 0% 60%
Bumax LDX - M20x100 EN ISO 4017 bolting assemblies
LDX - HT1200 spray 5| 100% 100% 0% 20% 20% | 0.14-0.19 80% 0.162 0.126 0% 60%
LDX - HT1200 paste 5 [ 100% 100% 20% 40% 40% | 0.14-0.16 100% 0.149 0.047 0% 40%
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Interflon®

HT1200 Spray

Interflon®
HT1200 Paste

I

n
Figure 114  Bumax — M20x100 bolting assemblies after tightening with Interflon HT1200 spray
(above) and Interflon HT1200 paste (below)

-r' )\ ‘

Again, galling as a form of cold-welding only occurred when tightened into the plastic
range, but starting after the maximum individual bolt force Fuimax is reached. It must
be emphasized that no galling occurs when the paired threads are suitably lubricated
(e.g. DOW Corning Molykote 1000, DOW Corning Molykote D-321R or Interflon
HT1200 spray and paste) and tightened only into the elastic range. This is an
important finding. Figure 115, Figure 116 and Figure 117 show a comparison between
Fuchs Lubritech gleitmo® 1952V standard lubrication, Molykote® 1000 spray and
Interflon® HT1200 paste at preloading levels F, c*, Fp.c and Fyimax focussing on galling
of the washer and nut.

Gleitmo 1952V Molykote 1000 Spray Interflon HT1200 Paste

T

5

No galling occurred atF* No galling occurred atF, .* No galling occurred atF, .*

Figure 115  Inspection of galling of austenitic M20 HV200 washers and M20 Bumax 88 austenitic
nuts in property class 8.8 after tightening at specified preload level Fpc* = 0.7 fyb As
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Gleitmo 1952V Molykote 1000 Spray Interflon HT1200 Paste

Minor gallingatF . No gallingoccurredatF . No gallingoccurredatF .

Figure 116  Inspection of galling of austenitic M20 HV200 washers and M20 Bumax 88 austenitic
nuts in property class 8.8 after tightening at specified preload level Fp,c = 0.7 fun As

Gleitmo 1952V Molykote 1000 Spray Interflon HT1200 Paste

Galling occurred atF; ., Minor galling occurred atF,; ., Mainly no galling occurred
at Fbi,max

Figure 117  Inspection of galling of austenitic M20 HV200 washers and M20 Bumax 88 austenitic
nuts in property class 8.8 after tightening at specified preload level Fpimax = 0.9 fub As

3.7 Preloading levels and design specifications

In principle, the preloading of austenitic and lean duplex, duplex and super duplex
stainless steel bolting assemblies, property classes 8.8 and 10.9 is possible by
choosing a suitable material pairing and lubrication. The higher surface pressures of
the EN ISO 4014/4017 systems, resulting from smaller geometrical dimensions than
the HR/HV systems, are uncritically up to the preload level F, c when structural steel
is used with yield strength larger than or equal to 355 N/mm? [2].
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The presented investigations and findings can only provide an initial insight into the
tightening behaviour of stainless steel bolting assemblies. Further investigations are
necessary in order to finally determine the tightening procedure including all
requirements. It seems, as if a preload level of Fpc* and also Fpc can be reliably
achieved with a suitable lubricant using the torque method. Based on the presented
investigations, the most promising lubricants for stainless steel bolting assemblies are
DOW Corning Molykote® 1000 spray and Molykote® D-321R spray. Also, long term
relaxation effects must be investigated and systematically considered.

Regarding the preloading levels and design specifications, it is important to note that
the tightening procedure and the required preload level are well-matched. For this
reason, the suitability test for preloading according to EN 14399-2 must be carried out
to check if the bolting assemblies made of stainless steel are in principle suitable for
preloading. Subsequently, the boundary conditions regarding the required preload
level and tightening procedure as well as the tightening parameters have to be defined
in each specific case, so that the test of suitability for preloading for the determination
of all functional characteristics and parameters of stainless steel bolting assemblies
can be successfully carried out. In addition, the inspection requirements have to be
defined depending on the required target level of preloading and the individual and
specific boundary conditions.

The process to verify the suitability of the stainless bolting assemblies for preloading
and the determination of tightening method and tightening parameters to achieve the
required target preload is illustrated in the flow chart shown in Figure 118.

Bolt Tightening Qualification Procedure - BTQP

Suitability Test \
acc. to EN 14399-2
Qualification of bolting assemblies for preloading

= Tightening Tests
(= 10 bolting assemblies per batch/configuration)
= bolt preload - tightening torque curves
= bolt preload — angle of rotation curves etc.

= Determination of functional
characteristics:
Foimax AB1i, AByi

P 20SLA

-
AT
" St

e

ot

f——d - eifmcr0

ERT.

1

[
[z
T AT

= Determination of k-factors

d-Foc

Figure 118  Flowchart for suitability test and tightening method qualification of stainless steel bolts
for preloading

Nonetheless, the complete load-bearing behaviour of a bolted connection should be
considered, and for property class 10.9, the unique qualities and benefits of HR and
HV bolting assemblies still destine them for use in preloaded applications, which lead
to the idea to create a new type of stainless steel bolting assemblies approaching the
geometrical dimensions of carbon steel HV/HR bolting assemblies taking into account
the specifics of stainless steel bolting assembilies.
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One important finding is that the problem of galling on the bolt head and nut bearing
surfaces as well as on the paired threads can be for sure avoided by secure tightening
with limitations in the elastic range using a suitable lubricant. With proper lubrication,
galling only occurs when the stainless steel bolting assemblies are tightened into the
plastic range close to the maximum bolt force Fuimax, Which must be avoided in all
cases.
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4 Experimental investigations — Relaxation tests
4.1 General

Preloading of bolted connections is necessary either for ultimate limit reasons when
the preload is used in the design process to achieve a specific design resistance
(category B, C and E connections according to EN 1993-1-8) or for serviceability
reasons “only” to limit slip and deformation in the connections themselves (category
A and D connections according to EN 1993-1-8). Whereas in the latter case, the
specific amount of preloading does not have to be met absolutely, in the first case it
has to be proven that the preload level is at least met and will remain over the whole
service life of the structural detail with the value applied in the design process.

Whereas preloading of bolted connections is commonly used for carbon steel
connections, it is seldom applied for stainless steel connections. The execution
standard for steel structures EN 1090-2 does not allow preloaded stainless steel
bolting assemblies, unless otherwise specified. Furthermore, the design standard for
stainless structures in the frame to the Eurocode 3-family, EN 1993-1-4, requires that
the acceptability in a particular application has to be demonstrated from test results.
This restriction is mainly caused by three facts: firstly, it is feared that due to the
viscoplastic deformation behaviour of stainless steel, severe preload losses might be
expected, secondly, neither stainless steel bolting assemblies for preloading nor
tightening procedures exist on which could have been relied and thirdly, galling and
seizure of stainless steel bolting assemblies lead to problems on site. The results
regarding the preloading procedure of stainless steel bolting assemblies and galling
have already been presented in this deliverable, see also [31], [32] and [2]. The
present chapter gives an initial insight into the viscoplastic deformation behaviour of
stainless steel bolting assemblies which were achieved in SIROCO which shows that
preloaded bolted stainless steel connections can be treated similar to those made of
carbon steel.

4.2 Relaxation behaviour of bolted connections

The preload level in a bolted connection is not a constant level and it can be defined
as a function of time. In general, a reduction in the preload level is referred as bolt
relaxation. Many researches have been carried out in order to investigate the
relaxation behaviour of bolted connections theoretically and experimentally, see also
[33], [34], [35], [36] and [37].

Preloaded stainless steel bolting assemblies mainly relax due to different parameters,
like embedment/plastic deformation of the clamped component surfaces, so called
setting effect and the viscoplastic deformation behaviour of the stainless steels. The
viscoplastic deformation behaviour in preloaded bolting assemblies are assumed to
be divided into viscoplastic deformation under constant load condition for the plates
(i.e. creep deformation) and viscoplastic deformation under constant strain condition
for the bolts (i.e. stress relaxation). These two-related phenomena have to be
considered not only in the preloading procedure to achieve a precise preload level for
the bolting assemblies but also for the already mentioned serviceability and ultimate
limit reasons. Therefore, it is important to estimate the amount of the preload losses
from the combined creep and stress relaxation in the bolted assembly. Herewith, the
clarification of the influence of the mentioned parameters on the relaxation behaviour
of stainless steel bolted connections is an important issue.
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4.3 Experimental investigations

4.3.1 General

Preloaded stainless steel (SS) bolting assemblies relax due to the setting effect of the
clamped components surfaces and creep and relaxation of stainless steel material as
a result of the applied pretension. As a result of additional relaxing and creeping of
the stainless steel bolts and the clamped parts compared to carbon steel, there might
be preload losses in the bolts which must be taken into account when defining suitable
tightening parameters. Otherwise, it would not be possible to achieve a precise
preloading level of bolting assemblies made of stainless steel for connections which
are preloaded for load-bearing safety reasons.

4.3.2 Different methods for measuring the preload in stainless steel
bolts

An important question to be answered is the amount of preload losses to be expected
from relaxation and creep of the preloaded bolt and creep of the associated clamped
parts.

The first step to investigate the relaxation behaviour of the SS bolting assemblies is
to find the most reliable method to measure the preload inside the bolt. For this
reason, additional creep tests on stainless steel bolts were carried out to investigate
the influence of the creeping of the bolt material on the measured preload level. For
this purpose, three different types of strain gauge were selected (BTM-6C, BTM-1C
and BTMC-3). For each test specimen the bolts were instrumented with a strain gauge
embedded in a 2 mm hole along the bolt shank, see Figure 119.

(L

Figure 119 Exemplary production phases of instrumented stainless steel bolts

Each instrumented bolt was calibrated under stepwise tensile loading and the
calibration factors were evaluated. Those bolts, which showed a linear load-strain-
behaviour, were selected for application within the creep tests, see Figure 120.

The creep tests were performed in a universal testing machine (with a maximum load
capacity of £200 kN), applying a constant tensile load to the bolts. The preload in the
bolts was measured constantly and compared to the constant tensile load (the load
level that actually existed in the bolts). All bolts were loaded to the Fy¢c level in the
universal testing machine.
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Figure 120 Calibration of instrumented M12 super duplex bolt

In total ten tests were performed: one test on a carbon steel bolt and nine tests on
stainless steel bolts, see Table 117. For each type of stainless steel bolts, one creep
test was repeated to proof the reusability of the stainless steel bolts.

Table 117 Creep test program

i Durati 1 2)
Series Material Grade Dimension Standard Level of load on A'Eax EB
ID [%] [%]
[days]
Strain gauge type: BTM-6C
cs Carbon HV109 _ M20x110 _EN 143994 _F,=172kN___14 =0__~0
A-1 /?‘;szg'é')c Bumax 109 M20x100  1SO4017  F,c=172kN 5 =14 =50
A-1R A(‘ﬁjfg'é')c Bumax 109 M20x100  ISO4017  F,c=172kN 14 =06 =60
A A(\ﬁiglets')c Bumax 109  M20x100  ISO4017  Foc=172kN 8 =4 -
SDX-1 S“F(’ﬂ‘i‘;‘)"ex Bumax 109  M12x80  I1SO4017  F,c=50kN 14 ~4 =20
Strain gauge type: BTM-1C
SDX-2 S“F(’ﬂj‘f)"ex Bumax 109  M12x80  1SO4017  F,c=59 kN 14 ~6 =5
Sox- S“F(’ﬁ’_r‘&‘f)"ex Bumax 109  M12x80  ISO4017  Fpo=59kN 29 =1 =15
Strain gauge type: BTMC-3
A3 A(‘;Sjigg')c Bumax88  M20x80  ISO4017  F,c=140kN 4 =16 =50
A4 /?ﬁzg'é')c Bumax 109 M16x100  ISO4017  Foc=110kN 8 ~4 .
A5 /’(‘ﬁzgg')c Bumax88  M16x80  1SO4017  F,c=88kN 11 =65 =7

" maximum difference between measured preload and constant tensile load
2 elastic recovery of the bolt when the specimen is unloaded
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Table 117 shows that both repeated tests (A-1R and SDX-2R) show more accurate
results in comparison to the first creep test. This phenomenon can be explained by
the plastic creep in the stainless bolts during the first creep test. For this reason, a
very small amount of creep was occurred in the second creep test, see an example
in Figure 121.
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(b) repeated creep test (SDX-2R)
Figure 121 Creep test M12 super duplex bolt

Machine's load level = 0 kN

Table 117 shows that the accuracy of the instrumented bolts with implanted strain
gauges for measuring the preload inside the bolts is acceptable but it has also to be
pointed out that already during the preloading process of the stainless steel, creep
occurs. These changes in the strain were measured by strain gauges and caused
different values in comparison to the real preload level, see Figure 121. This
phenomenon cannot be observed in carbon steel bolts since they do not creep. For
this reason, it was decided to prepare some small load cells to measure the preload
level. The advantage of using load cells is that creep has no influence on the
measured preload level. For this purpose, different load cells were prepared by UDE,
see Figure 122. All load cells were calibrated under stepwise tensile loading in a
similar way as carried out for instrumented bolts with strain gauges. The combination
of the instrumented bolt and load cell was also tested in the tightening testing machine
in order to confirm the accuracy of both methods, see Figure 123.
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(a) some production phases of load cells (LC) at the (b) calibration phases
University of Duisburg-Essen

Figure 122 Production calibration phases of load cells and test setup of relaxation test

Z,“I/ g ? ‘ ; o

Figure 123 Testing of the bolts with SG and LC in the tightening testing machine of
the Institute for Metal and Lightweight Structures of University of Duisburg-
Essen

4.3.2.1 Preliminary relaxation tests

The additional relaxation tests were carried out in two different groups. In the first
group, the preload was measured by instrumented bolts with a clamping length range
of >t/ d =2 in order to take account of the fact that shorter clamping lengths lead to
greater preload losses, see Table 118. In the second group, the preload measured
with two different methods (instrumented bolts (SG) + load cell (LC)). Using LCs leads
to a relatively larger clamping length in comparison to the first group.

In the first phase all tests were carried out using 75 mm x 75 mm plates with
thicknesses of 8 mm (ferritic ss), 16 mm (ferritic ss) and 20 mm (carbon steel), see
Figure 124.
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Table 118 Relaxation test program — First group (Instrumented bolts)

Loss of preload

. Surface  determined with strain
1) Material and
. st'/d Preload Bolt roughness gages
Specimen ID ) geometry of the
[-1 level material clamped plates (Rz)  measured after 50 years
pedp [um] after 68 d (extrapolated)
[%] [%]
M20 — HV-bolts
CS_M20_06 £ 2 5.4 8.1
CS_M20_14 PO pvpor  oronstee 8.9 11.0
CS M20 15 2.4 0.9 4 57.2% 5.6 7.4
CS_M20_25 o Ly Class 109 75m X 76 mm 37 5.0
CS_M20_30 p.C 5.9 7.4
M20 — 1ISO 4017-Bolts made of Austenitic stainless steel
_SS-A M20 2 Austenitic  Ferritic 1.4003, 34 5.0 (7.0))
2 % 5
- F 1.4436 ) 7)
SS-A_M20_3 1.9 p.C o 75 mm x 75 mm 57.4 3,3 4.7 (7.7)
SS-A_M20 4 Class 10.9 x 16 mm 2,0 3.0 (5.0))
M12 — ISO 4017- Bolts made of Super Duplex stainless steel
SS-SD_ M12 2 09F * Super Ferritic 1.4003, 2.9 4.4 (6.4))
SS-SD_M12_3 175 p.C Duplex 2 x 6) 3.7 5.5 (7.5)"
SS-SD M12 4 - 14410 75 mmx75mmx 244 43 5.6 (7.6))
SS-SD_M12_6 PC  Class’ 10.9 8 mm 69 9.4 (11.4))

" Clamping length | ? Foo=07f, %A | Y Focr=07xf xAl |4)Property class | *Blasted (glass

particle — 300 um) | 6)1 D surface| 7)Increase of loss of preload by 2% after 50 years for the
eliminating the preload increase measured by strain gauge due to creep

- mCS_M20_06 (Fp,C) M20 HV-bolts/ carbon steel

(
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Figure Preload losses after 50 years in preload losses-log (time) diagrams exemplary for M20 HV-

124 bolts in a clamping package made of carbon steel as well as austenitic M20-ISO 4017 bolts
and super duplex M20 ISO 4017 bolts, each in clamping packages made of ferritic stainless
steel; presentation of the test samples

Two different preload levels Fpc and 0.9 F, c* were selected. For each test specimen
the bolts M20 were instrumented with a strain gauge to measure the preload
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continuously by measuring the strain at a specific point in the shank. Herewith, it was
possible to achieve the exact level of preload while the fastener is tightened.

Figure 124 shows the test specimens as well as the preload losses after 50 years in
preload loss-log (time) diagrams exemplary for M20 HV-bolts in a clamping package
made of carbon steel as well as austenitic M20-1SO 4017 bolts and super duplex M20
ISO 4017 bolts, each in clamping packages made of ferritic stainless steel.

In the second phase all tests were performed using 75 mm x 75 mm plates with
thicknesses of 8 mm and 16 mm (ferritic ss), see Figure 125. Two different bolt
property classes 8.8 and 10.9 were selected. All bolts were preloaded to Fy ¢ preload
level, see Table 119. For each test specimen, the preload level was measured with
two different methods to investigate the difference between these two measurements
(strain gauge and load cell).

Figure Relaxation test samples (combination of
125 strain gauge and load cell)

Table 119 Relaxation test program — Second group (Instrumented bolts + Load cells)

Loss of preload

Geometry of Surface

1) Bolt Number measured after 50 years
Specimen ID tid oo 3) the I:It?a r:ri)e d rou(g;;)ess after 15d (extrapolated)
] class” plates P (SG9/LCP)  (SG9/LCH)
[mm] (um]

(%] [%]

ISO 4017-Bolts made of Austenitic stainless steel
SS-A_M20-S+L 3.0 40 8.8 1 75 x75 % 16 57_47’ 45/3.5 54/4.38

SS-A M16-S+L 1 46 55 10.9 45/3.3 48/5.2
SS-A_M16-S+L 2 10.9 5.6 /3.9 6.2/5.8
SS-A M16-S+L 3 .. ,, 88 2  75x75x8 449"  23/35 3.4/52
SS-A M16-S+L 4 8.8 22/26 3.2/4.0
SS-A_M16-S+L 5 8.8 -13.1 -/4.3

") Clamping length| 2 Length of the load cell| 3')Property class |4)Material: Ferritic 1.4003 |

5)measured by strain gauge| 6)measured by load ceII| 7)Blasted (glass particle - 300 um)
e Preload in all the tests were selected as Fp c=0.7f, %A

® All bolts were instrumented with BTMC-3 strain gauges

The relaxation experiments show that the loss of preload due to relaxation and creep
between HV bolts and stainless steel bolts are comparable. The results show that a
higher preload level causes higher losses of preload. The test results in this
investigation have shown that the highest loss of preload was observed for HV-bolts
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by about 11 % for Fpc and 7.4 % for the preload level 0.9 F,c*. For the austenitic
stainless steel bolts, the maximum preload losses were approx. 7.7 % for Fy c and for
super duplex bolts approx. 11.4 % for F,c and approx. 7.5 % for 0.9 F,c*.

It can be seen from Table 119 that the results of instrumented bolts and the load cell
are comparable, see Figure 126. Even though, the load cells provide more reliable
test results in the long term relaxation tests. In the second group of tests, the strain
gauges show a deep increase in measuring the loss of preload. It seems that it can
be neglected due to measuring errors. Further investigations have to be carried out
to investigate this phenomenon.

9 9
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Figure Preload losses after 50 years in preload losses-log (time) diagrams for M20 and M16
126 Austenitic-bolts

The first efforts show that the high concern about the loss of preload due to relaxation
and creep seems to be unreasonable and stainless steel connections can be treated
similar to those made of carbon steel.

4.3.3 Relaxation tests according to the Technical annex

To complete the investigations into the creep and relaxation behaviour of stainless
steel bolted connections, various sets of bolted plates were tested in order to achieve
results for the whole clamped and preloaded connection detail.

Within SIROCO, austenitic (1.4404), ferritic (1.4003), duplex (1.4462), and lean
duplex (1.4162) stainless steel plates and austenitic (1.4432), duplex (1.4462) and
lean duplex (1.4162) stainless steel bolting assemblies according to EN I1ISO 4017
were used for experimental testing of the loss of preload of stainless steel bolted
connections. All stainless steel plates were used in the “as delivered” 1D surface
condition without any further surface treatment, see Figure 127 (a) and (b).

Additionally, further test series were conducted with S355 carbon steel plates (in the
“as received” surface condition, see Figure 127 (c) and (d)) in combination with
stainless steel bolts (M16 and M20 austenitic bolts (Bumax 88)) and carbon steel bolts
(M16 and M20 HV 10.9 bolts) according to EN 14399-4 and stainless steel plate.
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These additional tests were carried out in order to be able to separate the creep effect
from the stainless steel plates and bolts.

il

(a) Eight-bolts duplex specimens in 1D surface condition (b) One-bolt austenitic specimens in
1D surface condition

(c) Eight-bolts carbon steel specimens in 1D surface (d) One-bolt carbon steel
condition specimens in 1D surface condition
Figure 127 Exemplary photos for stainless steel and carbon steel test specimens

Furthermore, some test series were conducted with carbon steel HV bolts and S355
carbon steel plates in order to be able to compare the preload losses in stainless steel
and carbon steel bolting assemblies. The carbon steel plates were only shot blasted
to clean the surfaces from rust. The test matrix of all investigated combinations is
given in Table 120.

'1I"§1(l))le Different test combinations
Bolt material type PCZ)[_] Plate material type Surface condition
Austenitic EN 1.4404
Ferritic EN 1.4003 1D
Austenitic EN 1.4436 8.8/10.9 Duplex EN 1.4462
Lean Duplex EN 1.4162
S355 as received
Austenitic EN 1.4404
Ferritic EN 1.4003 1D
Duplex EN 1.4462 10.9 Duplex EN 1.4462
Lean Duplex EN 1.4162
S355 as received
Austenitic EN 1.4404
Ferritic EN 1.4003
Lean Duplex EN 1.4162 10.9 Duplex EN 1.4462 1D
Lean Duplex EN 1.4162
S355 as received
Austenitic EN 1.4404 1D
Carbon steel HV 10.9 Duplex EN 1.4462
S355* as received
* the results from Task 3.3
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(c) M24 test specimen

Figure Clamping length of the stainless steel bolting assemblies for the relaxation

128 test tests
The investigations were carried out at the Institute for Metal and Lightweight
Structures of the University of Duisburg-Essen. The bolts used were austenitic
stainless steel bolts M16 and M20 of grade Bumax 88 and 109 which relate to property
classes 8.8 and 10.9 according to EN ISO 898-1 comparable to those of carbon steel
bolts, as well as duplex (M16 and M20) and lean duplex (M16) stainless steel bolts
with property class 10.9 bolts. All bolts used were full threaded bolts acc. to EN ISO
4017. All stainless steel bolts were supplied by BUAMX AB, which produces stainless
steel bolting assemblies of these property classes deviating from EN ISO 3506-1 and

EN 1SO 3506-2 [9].
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relaxation test tests in two different clamping lengths for each bolt

dimension
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Figure 130 Test specimen geometry for the relaxation tests of the bolted connections
(test specimens for M16 and M20 bolts)

One of the most accurate method to measure preloads in bolts is to use instrumented
bolts with implanted strain gauges, see Figure 119. Using load cells is also very
accurate, but has the rather big disadvantage of an artificial increased clamping
length, which is of importance when the change of the preload in the bolt shall be
measured: as already mentioned before, with increasing clamping length the loss of
preload decreases. For this reason, in carbon steel bolts, implanted strain gauges
should be used in order to avoid additional adjustments to cover the influence of a
high clamping length. Unfortunately, using instrumented bolts is not possible for
stainless steel bolts as viscoplastic deformation already occurs during the preloading
process of the stainless steel bolt and the rate of this change decreases when time
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elapses. This means that this change of the strain would be measured by the strain
gauges as well which would lead to deviating\unreal values of the measured preload
in comparison to the real preload level in the bolt, see further explanations in chapter
2.3.2. As it is mentioned there, using the load cell will be the more accurate method
compared to instrumented bolts for measuring the preload level in stainless steel
bolting assemblies. For this reason, special small load cells for stainless steel bolts
were developed, produced and calibrated at the Institute for Metal and Lightweight
Structures of the University of Duisburg-Essen, see Figure 122 and Figure 131. In
order to compare the influence of different types of stainless steel and bolt sizes, the
same preload level of Fpc = 0.7 fu As was considered for all tests. Herewith, the
preload level for M16 Bumax 109 and Bumax 88 yielded to about 110 kN and 88 kN
respectively. Both M20 Bumax 88 and HV-bolts were preloaded to 137 and 172 kN
respectively.

(a) performing relaxation test wit load (b) performing relaxation test Wit
cells instrumented bolts
Figure 131 Test setup

Of great importance is the definition of the starting point for the evaluation of the
preload measurement as in the first seconds after tightening of the bolts, a
considerable drop in the measured preload level can be observed. The main amount
of this instance drop can be explained by turning back of the nut and elastic recovery
of the bolt threads when the wrench is removed. This phenomenon it is not entirely
related to the relaxation behaviour of the bolting assemblies and it has to be extracted
and must not be considered in the calculation of the loss of preload. For this reason,
the first three seconds of the measurements should not be taken into account. By
removing the first three seconds and by considering the linear behaviour of the loss
of preload in a logarithmic scale, it is possible to derive the exact starting point of the
relaxation test. Figure 132 and Figure 133 show exemplary the preload losses-log
(time) diagrams for the austenitic stainless steel SS16 test series with M20 lean
Duplex bolts with property class 10.9. Table 121 presents the results of all test series
extrapolated to 50 years. Further preload losses-log (time) diagrams other tests series
are given in Annex A.

149 30.03.2018



Project No.: 410410007-20003 | Report No.: 2018-08

UNIVERSITAT

DUISBURG RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4)
S Preloading behaviour and preloading levels for stainless steel bolt
Open-Minded assemblies including relaxation with detailed specifications for

recommended preloading levels

16 16
Bumax LDX — M20x100—F, ¢ = 172kN — St/d = 3.75 Bumax LDX — M20x100— Fjc = 172kN — St/d = 3.75
14 Austenitic EN 1.4404 300x150x16 mm plates IER  Austenitic EN 1.4404 300x150x16 mm plates
I 121% .
§ 12 ] SS16_A_LDB109_B01 > 80,/;) § 12 | SS16_A_LDB109_B05 10.6%
= SS16_A_LDB109_B02 = « SS16_A_LDB109_B06 10.3%
8 10 |.s516_A_LDB109_B03 g 10| +SS16_A_LDB109_BO7
2 g PRPEPaY T g | - SS16_A LDB109 B0 9.4%
5 o 5. & ¢ @
2 ® © 0 @ ?
2 4| 2,/ & & @
2 2
0 -+ T T T 0 T
1E-09  0,0000001 000001 0,001 0,1 10 50 1E-09 0,0000001 0,00001 0,001 0,1 10 50
Log (time) [year] Log (time) [year]
(a) preload losses-log (time) diagrams for eight-  (b) preload losses-log (time) diagrams for eight-
bolts specimens - first row bolts specimens - second row
16 " '“"“"““
Bumax LDX — M20x100—-Fc = 172kN — 3t/d = 3.75 . )
14 Austenitic EN 1.4404 75x75x16 mm plates i |
1o | - SS16_A_LDB109_B09
= - SS16_A_LDB109_B10 10.2%
© 10 | . sS16_A_LDB109_B11 ggj/o
o X 0
g 8 | + SS16 A LDB109 B12 85 9%
°6|® ‘ ® ‘
g ° ==
“40 @ ,
) T Loss of preload min / mean / max [%]
0 . T T measured after 14 days L L
1E-09 0,0000001 000001 0,001 01 10 50 (extrapolated)
Log (time) [year] 52/661/7.9 8.2/10.2/12.1
(c) preload losses-log (time) diagrams for one- (d) loss preload measured/extrapolated after
bolt specimens 14 days/ 50 years
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Figure 133 Preload losses for SS22
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Table 121 Loss of preload for the relaxation tests of M20 stainless steel bolting assemblies
) Clamped package Loss of preload
Ser. ) No. of st/ 2) measured after after 50 years
D Typeofspecimen ' . [ Bolt Plate  Frc  days-min/mean/ (extrapolated) min
[kN / mean / max [%]

max [%]

Bumax 88 Austenitic bolts (M20x100)

6o _FIstlow 4 3.75 137  14-3.7/4.6/6.0 6.0/68/7.2
SS01 Sec.row 4  3.75 Austenitic 137  14-4.3/4.6/4.8 70/71/72
1 bolt - 4 375 137  14-42/45/52 6.7/72/83
6ot _Fistlow 4 3.75 137  14—-40/4.4/47 6.4/6.7/71
$S02 Sec.row 4  3.75 Feritc 137  14—3.4/3.7/4.1 54/59/6.4
1 bolt - 4 375 137 14-35/4.1/46 55/64/7.3
gbot _FIStlow 4 375 Bumax 137 14-3.4/4.0/4.4 54/6.2/7.0
SS03 Sec.row 4  3.75 88 Duplex 137 14-4.0/41/4.4 6.2/65/7.2
1 bolt - 4 375 137  14-36/4.1/46 55/6.3/7.0
6ot _Fistlow 3 3.75 § 137  14—-40/4.8/6.0 6.0/7.3/9.0
SS04 Sec.row 4  3.75 Duesgx 137  14-44/46/50 6.8/7.0/7.5
1 bolt - 4 375 137  14—-40/4.4/45 6.4/68/7.0
Firstrow 4  3.75 137  20-29/3.7/47 46/58/71
CS05  8bolt —  ~ow 2 3.75 S385 37 20-3.0/3.0/30 46/47/47
Bumax 109 Austenitic bolts (M20x100)
Firstrow 3 3.75 172 14-50/53/56 7.8/82/86
SS06  Bbolt —o ow 3 3.75 Austenitic — 2 1 5 6/58/59 86/88/89
SS07 1 bolt . 3375 Ferriic 172 25 -4.4/4.6/4.8 6.4/6.7/7.0
SS09  8boft _FiStow 2 375 ﬁg";x Lean 172 20 -44/46/48 6.9/7.0/71
Sec.row 4  3.75 Duplex 172 20-42/48/53 6.8/75/82
Firstrow 3 3.75 172 20-3.9/4.0/4.0 5.8/5.9/6.0
CS10 8bolt —¢ w3 375 S38 7 20-43/45/47 6.5/6.7/7.0
Bumax DX Duplex bolts (M20x100)
Firstrow 4  3.75 172 14-35/43/52 55 /66 /7.9
SS1 Bbolt — w3 3.75 Austenitic — 4 "4 1/42/45 6.4/65/68
Firstrow 4  3.75 ) 172 20-3.9/4.7/52 57/7.2180
SS12 8bolt —o ow 4 375  Bumax Fermitic  — o 20-47/52/57 72/78/86
SS13 1 bolt - 3 3.75 DX Duplex 172 20-49/5.1/5.2 75/7.8/8.0
SS14 1 bolt - 3 375 Lean 172 10-4.3/4.715.0 7.3/7.9/84
Duplex
CS15 1 bolt - 3 375 S355 172 20-4.7/4.8/4.9 72174176
Bumax LDX Lean Duplex bolts (M20x100)
g boit _FIrstlow 3 3.75 172 14-71/75/79 109/11.6/121
$516 Sec.row 4 3.75 Austeniic 172 14-62/6.7/6.9  94/101/10.6
1 bolt . 4 375 172 14-52/6.0/67  82/92/102
sbot _FIStlow 3 375 o 172  14-51/52/53 7.9/8.0/82
$517 Sec.row 3 3.75 DX Feritc 172 14-53/54/56 8.0/82/86
1 bolt . 3 375 172 14—-41/46/51 6.8/7.3/8.0
SS18 1 bolt - 4 375 Duplex 172 14-52/56/59 8.3/89/95
SS19 1 bolt - 3 375 Lean 172 14-50/54/54 7.9/82/8.4
Duplex
1)clamping length ratio (£t = clamping length and d = bolt dimension)| 2 preload level
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Table 122 Loss of preload for the relaxation tests of M16 stainless steel bolting assemblies

Clamped package

Loss of preload

Ser. Type of specimen No. of Zt/d“ 2) measured after after 50 years
ID tests [] Bolt Plate Foc days - min/ mean/ (extrapolated) min
kN max [%] / mean / max [%]
Bumax 88 Austenitic bolts (M16x100)
8 bolt First row 4 3.7 88 14-47/5.0/5.5 73/7.71/85
S821 Sec. row 4 3.7 Austenitic 88 14-45/48/5.1 6.8/73/7.7
1 bolt - 4 3.7 88 14-3.9/45/5.0 6.1/6.8/7.8
8 bolt First row 4 3.7 88 14-39/45/5.0 6.1/6.9/7.6
SS22 Sec. row 4 3.7 Ferritic 88 14-36/45/5.0 56/7.0/7.7
1 bolt - 4 3.7 88 14-3.7/4.2/4.5 59/6.6/7.3
8 bolt First row 4 3.7 Bumax 88 14-45/52/5.8 6.7/7.8/8.7
SS23 Sec. row 4 3.7 88 Duplex 88 14-46/4.8/4.9 71/73/7.6
1 bolt - 4 3.7 88 14-39/4.8/5.8 6.1/7.3/8.9
8 bolt First row 4 3.7 Lean 88 30-4.2/5.2/6.0 6.2/75/8.6
SS24 Sec. row 4 3.7 Duplex 88 30-4.7/51/5.8 6.7/74/84
1 bolt - 4 3.7 88 14-47/51/5.5 7.3/7.8/8.5
8 bolt First row 1 3.7 88 30-4.8 7.0
CS25 Sec. row 4 3.7 S355 88 30—-4.1/45/4.7 5.8/6.4/6.7
1 bolt - 3 3.7 88 30-4.3/46/5.0 6.2/6.6/7.2
Bumax 109 Austenitic bolts (M16x100)
8 bolt First row 4 3.7 110 14-56/5.7/5.9 8.6/8.9/9.2
SS26 Sec. row 4 3.7 Austenitic 110 14-58/6.0/6.3 9.0/9.3/9.6
1 bolt - 3 3.7 110 25-51/52/5.3 73/76/7.8
8 bolt First row 3 3.7 110 40-6.2/6.3/6.4 9.0/9.1/9.3
SS27 Sec. row 4 3.7 Ferritic 110 40-6.1/6.3/6.6 8.9/9.0/9.2
1 bolt - 3 3.7 110 40-54/5.8/6.3 7.7/83/9.2
8 bolt First row 4 3.7 Bumax 110 55-4.6/5.0/54 6.4/71/7.7
SS28 Sec. row 4 3.7 109 Duplex 110 55-4.9/5.4/6.1 7.0/76/85
1 bolt - 4 3.7 110 55-5.0/5.3/5.7 71/7.718.2
8 bolt First row 4 3.7 Lean 110 14-56/5.7/5.9 8.6/9.0/9.4
SS29 Sec. row 4 3.7 Duplex 110 14-58/6.0/6.3 9.1/9.3/9.6
1 bolt - 4 3.7 110 14-48/5.2/5.7 74/8.0/8.9
First row 4 3.7 110 20-3.8/4.4/4.7 6.0/6.8/7.2
CS30 8 bolt Sec. row 4 3.7 $355 110 20-46/4.7/4.8 71173175
Bumax DX Duplex bolts (M16x100)
8 bolt First row 4 3.7 110 20-6.2/6.6/6.8 9.5/9.9/10.3
SS31 Sec. row 4 3.7 Austenitic 110 20-69/72/7.4 9.4/10.4/10.9
1 bolt - 3 3.7 110 12-55/5.8/6.1 8.9/9.4/9.8
SS32 1 bolt - 4 3.7 Bumax Ferritic 110 14-54/58/6.6 8.3/9.0/10.3
SS33 1 bolt - 3 3.7 DX Duplex 110 14-52/58/6.4 8.2/9.0/9.9
SS34 1 bolt - 4 37 Lean 449 9-43/47/50 6.9/7.6/8.1
Duplex
CS35 1 bolt - 4 3.7 S355 110 14-47/5.0/5.5 72/7.7/8.2
Bumax LDX Lean Duplex bolts (M16x100)
8 bolt First row 2 3.7 110 20-52/6.1/7.0 7.9/9.3/10.7
SS36 Sec. row 4 3.7 Austenitic 110 20-44/46/5.0 69/72/76
1 bolt - 3 3.7 110 14-6.1/6.3/6.4 9.3/9.7/10.0
8 bolt First row 4 3.7 110 55-5.0/5.3/5.6 71/75/8.0
SS37 Sec. row 4 3.7 Ferritic 110 55-5.0/5.3/55 71/75/7.9
1 bolt - 3 37 BI‘_JB”;X 110 55-4.9/53/56 70/74178
SS38 1 bolt - 4 3.7 Duplex 110 14-49/55/6.3 7.4/8.2/9.2
8 bolt First row 4 3.7 Lean 110 20—4.1/44/4.6 6.3/6.7/7.0
SS39 Sec. row 4 3.7 Duplex 110 20-5.7/6.1/6.4 8.8/9.3/9.9
1 bolt - 3 3.7 110 20-5.3/5.7/6.0 7.9/85/9.1
CS40 1 bolt - 3 3.7 S355 110 55-5.0/5.6/6.1 7.0/79/8.6

1) 2
clamping length ratio (£t = clamping length and d = bolt dimension)| preload level
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Table 123 Loss of preload for the relaxation tests of M24 stainless steel bolting assemblies

Clamped package

Loss of preload

Ser. Type of specimen No. of Zt/d“ . 2) measu'red after after 50 years
ID tests [] Bolt Plate p.C days - min/ mean/ (extrapolated) min
kN max [%] / mean / max [%]
Bumax 88 Austenitic bolts (M24x100)
ot ovon EH 3 37 B e 1 1-SUSTIOZ 52155109
ss43 8 bot First row 4 3.2 Bugrgax Austenitic 198 25-26/28/3.6 3.9/43/54
Sec. row 4 3.2 (re-used) (re-used) 198 25-27/28/3.0 41/4.2/45

1) 2
clamping length ratio (£t = clamping length and d = bolt dimension)| preload level

Table 124 Loss of preload for the relaxation tests of M20 and M16 HV bolting assemblies

Clamped package

Loss of preload

Ser. Type of specimen No. of Zt/d” 2) measured after after 50 years
ID Y tests [] Bolt Plate Foc days - min/ mean/  (extrapolated) min
kN max [%] / mean / max [%]

HV bolts M20
Firstrow 4 25 HV 172 14-3.0/43/52 47/6.7/8.0

SS45 8 bolt M20x75/ Duplex
Sec. row 4 4.5 M20x115 172 14-29/35/44 46/55/6.8
» 8 bolt First row 4 HV 172 14-40/51/6.5 6.0/7.7/9.7

DTIO5 Sec. row - 2.4 M20 x 75 172 - -

1 bolt - 4 S35 172 35-9.4/10.1/108  55/6.2/7.1
8 boit _Firstrow 4 v 172 14-3.6/4.0/5.0 53/6.1/7.6
DTI06” Sec.row 4 44 \ooliiae 172 14-29/43/54 _ 44/64/80
1 bolt - 3 172 40-4.7/5.0/55 6.6/7.1/7.7

HV bolts M16
Firstrow 2 2.75 110 20-1.8/24/3.3 28/36/4.8
SS46  Bbolt ~5 w4 46 M1'(‘3'¥65/ Austenitic — 50 -13/16/2.0 20/24/30
Firstrow 4 275 110 14-26/2.8/3.0 40/44/46

M16x95

SS47 Bbolt ~g w4 46 Duplex 0 44-20/23/26 3.0/35/39
8 boit _Firstrow 4 110 14-36/44/55 5.7/6.7/82
pTI1” Sectow 4 25 iV 10 14-41/52/79  64/79/119
1 bolt - 3 S355 110 40-6.2/65/6.7 9.0/94/98
g boft _FirStrow 4 oy 110 12-5.2/54/57 8.2/8.4/88
DTI123) Sec. row 4 4.5 M16 x 95 110 12-39/41/4.3 6.5/6.7/7.0
1 bolt - 2 110  40-5.0/5.0/5.1 7.0/7.0/71

1 2) 3)
clamping length ratio (£t = clamping length and d = bolt dimension)| preload |eve|| test results from Task 3.3

4.3.3.1 Results and discussions

After tightening of the bolts, the loss of preload starts immediately and continues
gradually over time. Figure 132 shows that the rate of loss of preload decreases as
time elapses. The highest rate can be observed at the beginning of testing.

The results show that the highest loss of preload was observed for austenitic lean-
duplex M20 and M16 duplex bolted assemblies in combination with austenitic plates
by about 10 %, see Figure 135. It can also be seen that the amount of loss of preload
between M16, M20 and M24 stainless steel bolting assemblies are comparable for
different types of stainless steel with the same clamping length ratio and preload level.

The asymptotic stress relaxation of the cold drawn bar was found to be 8.6 % for initial
stress comparable to the preload for Bumax 88 and 10.1 % for the initial stress
comparable to the preload for Bumax 109 whereby the 0.2 proof stress Rpo2 of the
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cold drawn bar was 823 MPa. Ry of the actual bolts was 869 MPa for the Bumax 88
(M16)-bolts, 973 MPa for the Bumax 88 (M20)-bolts and 1060 MPa for the Bumax
109 (M16)-bolts. Herewith, it can be assumed that the asymptotic stress relaxation
for the actual bolt material lies under the curve of the Hart's model as shown in Figure
136 which is in agreement with the extrapolated loss of preload in Table 124.
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Figure 134  Exemplary rate of loss of preload for SS16 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, >t/d = 3.75)
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Figure 135 Comparing the loss of preload after 50 years (extrapolated) for different test
series

In order to investigate the influence of the creep in the plate material on the loss of
preload of stainless steel bolted connections, two series of tests were conducted with
carbon steel plates (S355) in the as received condition with M20 austenitic, duplex
and M16 austenitic, duplex and lean duplex bolting assemblies. As the amount of
creep in the carbon steel material is negligible, the loss of preload is mainly caused
by the initial setting effects and creep and stress relaxation of the stainless steel
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bolting assemblies. From Figure 135 it can be seen that there is a tendency towards
a slightly lower loss of preload after 50 years. The results of the combination of
stainless steel bolting assemblies with carbon steel and stainless steel clamped plates
are - with some exceptions but in general - comparable.

800

750 4 i
'
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*° [
© 500 =6 :
450 § 4 | ] B Measurements, 12 h
= gy 1
200 & ! Hart's model
M Measurements 2 ' =-=-=--Fp,C - Bumax 88
350 ; L= ~Fp,C-Bumax 109
300 0 .
400 500 600 700 800 900 0 200 400 600 800 1000 1200
Initial stress, MPa Initial stress, MPa
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Figure 136 Stress relaxation results fitted to the Hart's model for 1.4436 cold drawn
bar material, see[1]/29] and [29]

As it was seen in the creep tests on stainless steel bolts, a very small creep will
happen if the stainless steel bolts are preloaded for the second time, see Figure 121.
This phenomenon can also be confirmed in the relaxation test. For M24 Bumax 88
bolted assemblies the relaxation test was repeated with the same bolt and clamp
components and the results show about 50 % lower preload losses extrapolated after
50 years. This phenomenon can be explained by remaining viscopelastic deformation
in the stainless bolts during the first relaxation test. For this reason, in the second test
a very small amount of viscopelastic deformation appeared in the components.

As it can also be seen in Table 124, the smaller clamping length leads to a higher loss
of preload in the preloaded bolted assemblies. This phenomenon can be confirmed
for both bolt dimensions (M20 and M16).

Herewith, the conclusion can be drawn that the loss of preload in the preloaded
connections investigated in this work was mainly attributed to the embedment/plastic
deformation of the clamped component surfaces while the creep in the plates was
negligible. Table 121, Table 122, Table 123 and Table 124 also show that the
estimated preload losses over 50 years for different grades of stainless steel bolting
assemblies (austenitic, duplex and lean-duplex) are similar (between 6% to 10 %). It
is clear that the creep and stress relaxation in the bolt material is detectable but the
influence of these parameters on the amount of preload losses are insignificant.

The present relaxation experiments are compared with the results of carbon steel
bolted connections from Task 3.3 with approximately the same clamping length ratio
and without any DTls (series names: DTI05, DTI06, DTI11 and DTI12). The results
show that the loss of preload in preloaded carbon steel bolted connections and
preloaded stainless steel bolted connections are comparable, see Table 1 and Figure
135, as the preload loss for the carbon steel bolted connections yield to approximately
the same value of between 7% to 8 % which is comparable to the values achieved
over all stainless steel test samples.
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5 Conclusions

The application of preloaded stainless steel bolting assemblies is currently not
permitted in the execution standard for steel structures EN 1090-2 — unless otherwise
specified. If they have to be used, they have to be treated as special fasteners and
procedure tests are mandatory. Because no product system neither product standard
exist especially for stainless steel bolting assemblies for preloading, the lubrication
must be adjusted in a procedure test in such a way that the demanded preload is
adequately introduced with the chosen tightening procedure, overstressing is
excluded, galling is avoided as much as possible, and losses of preloading caused by
relaxation and creep effects (designated as viscoplastic deformation) are considered
to be on the safe side.

Preloaded stainless steel bolting assemblies mainly relax due to different parameters,
like embedment/plastic deformation of the clamped component surfaces, so called
setting effect and the viscoplastic deformation behaviour of the stainless steels, which
have already been observed at room temperature. The viscoplastic deformation
behaviour in preloaded bolting assemblies are assumed to be divided into viscoplastic
deformation under constant load condition for the plates (i.e. creep deformation) and
viscoplastic deformation under constant strain condition for the bolts (i.e. stress
relaxation). Therefore, it is important to estimate the amount of the preload losses
from the combined creep and stress relaxation in the bolted assembly.

Due to the fact that the viscoplastic deformation behaviour was unknown for
preloaded stainless steel bolting assemblies, it was feared, that it might cause higher
amount of preload losses in this kind of preloaded bolted connections than in carbon
steel bolted connections. For this reason, a comprehensive investigation has been
conducted to investigate not only the creep behaviour of different stainless steel
plates and stress relaxation behaviour of austenitic stainless steel bars but also the
relaxation behaviour of different combinations of preloaded bolted connections made
of stainless steel.

Investigating the basic preloading behaviour of stainless steel bolting assemblies
implies in the first step to carry out tightening tests of stainless steel bolting
assemblies to achieve information regarding the interaction behaviour between the
applied torque and the achieved preload depending on the lubrication, the friction
between the threads of the bolt and the nuts as well as the friction under the head of
the bolt. For this reason, tightening tests according to EN ISO 16047 resp. EN 14399-
2 have to be performed.

Finally, it can be summarized that preloading of austenitic and lean duplex, duplex
and super duplex stainless steel bolting assembilies in property classes 8.8 and 10.9
to specified preload levels F,c* and Fpc is in principle possible by choosing a suitable
material pairing and lubrication. It seems, as if a preload level of Fyc* can be reliably
achieved with a suitable lubricant using the torque method. Although the torque
method is not the best tightening method in form of reliability, it is the most applied
tightening procedure in the daily practice of erection steel structures. Taking this for
the practitioners very important circumstance into account, in future work, the
parameters for secure tightening of stainless steel bolting assemblies using bolts acc.
to EN ISO 4014/4017 shall be determined for all bolt dimensions.

The presented investigations and findings can only provide an initial insight into the
tightening behaviour of stainless steel bolting assemblies. Based on the presented
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investigations, the most promising lubricants for stainless steel bolting assemblies are
DOW Corning Molykote® 1000 spray and DOW Corning Molykote® D-321R-spray.

As a result of these investigations, it can be summarized that the loss of preload is
mainly due to the embedment/plastic deformation of the clamped component surfaces
and stress relaxation of the bolts. The influence of creep and stress relaxation in the
plate material on the loss of preload seems to be negligible. The overall loss of preload
extrapolated to 50 years in bolted connections is in agreement with the asymptotic
stress relaxation by the Hart's model found from stress relaxation testing of cold
drawn bar.

The loss of preload in preloaded stainless steel bolted connections with different
grades of bolts and plates is similar to preloaded carbon steel bolted connections.
This shows that the high concern about the loss of preload due to relaxation and creep
seems to be unreasonable.

Essen, 30.03.2018

—

Univ.-Prof. Dr.-Ing.-habil. Natalie Stranghdner Christoph Abraham B.Sc.

tf Loz %é/ VYA

e
Nariman Afzali M.Sc.

)

Dominil¢Jungbluth M.Sc.
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7 Annex A: Loss of preload
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Figure 146 Preload losses for SS11
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Figure 147 Preload losses for SS12
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Figure 148 Preload losses for SS13
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Figure 149 Preload losses for SS14
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Figure 150 Preload losses for CS15
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Figure 151 Preload losses for SS16
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Figure 152 Preload losses for SS17
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Figure 153 Preload losses for SS18
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Figure 154 Preload losses for SS19
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Figure 155 Preload losses for SS21
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Figure 156 Preload losses for SS22
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Figure 157 Preload losses for SS23
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Figure 158 Preload losses for SS24
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Figure 159 Preload losses for CS25
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Figure 160 Preload losses for SS26
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Figure 161 Preload losses for SS27
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Figure 162 Preload losses for SS28
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Figure 163 Preload losses for SS29
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Figure 164 Preload losses for CS30
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Figure 165 Preload losses for SS31
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Figure 166 Preload losses for SS32
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Figure 167 Preload losses for SS33
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Figure 168 Preload losses for SS34
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Figure 169 Preload losses for CS35
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Figure 170 Preload losses for SS36
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Figure 171 Preload losses for SS37
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Figure 172 Preload losses for SS38
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Figure 173 Preload losses for SS39
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Figure 174 Preload losses for CS40
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Figure 175 Preload losses for SS41
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Figure 176 Preload losses for SS42
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Figure 177 Preload losses for SS45
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Figure 178 Preload losses for SS46
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Figure 180 Rate of loss of preload for SS01 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)

181 30.03.2018



UNIVERSITAT

DEUs | SSEBNU RG

Open-Minded

30.03.2018

Project No.: 410410007-20003 | Report No.: 2018-08

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4)
Preloading behaviour and preloading levels for stainless steel bolt

assemblies including relaxation with detailed specifications for

Bumax 88 —M20x100—F,c = 137kN —3t/d = 3.75

Ferritic EN 1.4003 300x150x16 mm plates

+ SS02_F_AB88_B01
SS02_F_AB88_B02

+ SS02_F_AB88_B03

©
o

~N
o o

rate of preload change [kN/min]
()]
o

50 | - SS02_F_AB88_B04
40 I XX
30 {
20| L1l LK
10 - g
0 Pt AV L
1 10 100 1000 10000 100000 1000000

Log (time) [s]
(a) log (rate of loss of preload) — time diagrams
for eight-bolts specimens - first row

Bumax 88 —M20x100—Fjc = 137kN —3t/d = 3.75
Ferritic EN 1.4003 300x150x16 mm plates

+ SS02_F_AB88_B05
= SS02_F_AB88_B06
4+ SS02_F_AB88_B07

60

rate of preload change [kN/min]

50 SS02_F_AB88_B08
40 ® ¢ 0O
30
20 ® & 0 O
10 P :
b2
0 oL g LR S 1 o A AR 1
1 10 100 1000 10000 100000 1000000

Log (time) [s]
(c) log (rate of loss of preload) — time diagrams
for eight-bolts specimens - second row

-
o
=]

Bumax 88 — M20x100—F,c = 137kN — 3t/d = 3.75
Ferritic EN 1.4003 75x75x16 mm plates

- SS02_F_AB88_B09
= SS02_F_AB88_B10

©
o

~N @
o o

=

£

=z

£

[}

(=)

c

§ 60 . SS02_F_AB88_B11
§ 50 + SS02_F_AB88_B12
3 40 | ‘
o | oo
2 30 ¢ ‘—
€ 10 P

ol S Sag, AT A
1 10 100 1000 10000 100000 1000000

Log (time) [s]

(e) log (rate of loss of preload) — time diagrams
for one-bolt specimens

Figure 181

log (rate of preload change)

log (rate of preload change)

recommended preloading levels

100 1 Bumax 88 — M20x100—F, ¢ = 137 kN
10 | ! Ferritic EN 1.4003 300x150x16 mm plates
i AN - SS02_F_AB88_BO1
1 =y SS02_F_AB88_B02
€ o4 T . 8S02_F_AB88_B03
2 LU L | - SS02_F_AB88_B04
=3 o .
0,01 L iz
il Py
0,001 | S
0,0001 *e o iz
’ 1 ool olo bbbl
® © 0 0 Sl
0,00001 ‘ . ‘
1 10 100 1000 10000 100000 1000000

Log (time) [s]

(b) log (rate of loss of preload) — log (time)
diagrams for eight-bolts specimens - first row

100 1 Bumax 88 — M20x100 - F,, ¢ = 137 kN
] Ferritic EN 1.4003 300x150x16 mm plates
10 koo .
et ||| + SS02_F_AB88_B05
1 a3 « SS02_F_AB88_B06
Y s + $S02_F_AB88_B07
= N A A
2 1es . | SS02_F_AB88_B08
= 001 Ty
il
0,001 | LU
® ¢ 00 s ——
0,0001 L
‘ . . . i . un
0,00001 ‘ ' ‘ ‘
1 10 100 1000 10000 100000 1000000

Log (time) [s]
(d) log (rate of loss of preload) — log (time)

diagrams for eight-bolts specimens - second row

log (rate of preload change)

100 Bumax 88 — M20x100— F, = 137kN
10 iaeqpe | erritic EN 1.4003 75x75x16 mm plates
eicXIn - SS02_F_AB88_B09
1 <am * $S02_F_AB88_B10
= ETALE
£ o1l il 4 SS02_F_AB88_B11
z W' T Lihdese |+ SS02_F_ABS8_B12
X Aa
— 001 :‘.?; 1
the.
0,001 fai,
¢ e o e
0,0001 = f;my
® o Wi
0,00001 ‘ ; ‘
1 10 100 1000 10000 100000 1000000

Log (time) [s]

(f) log (rate of loss of preload) — log (time)
diagrams for one-bolt specimens

Rate of loss of preload for SS02 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)

182



Project No.: 410410007-20003 | Report No.: 2018-08

UNIVERSITAT

RFCS-Project “SIROCO” — Deliverable report D5.4 (Task 5.3/ 5.4) DUISBURG
Preloading behaviour and preloading levels for stainless steel bolt ZeelEl
assemblies including rfelaxation with detailed specifications for Open-Minded
recommended preloading levels

'§‘1gg Bumax 88 —M20x100—F,c = 137kN — 3t/d = 3.75 % 100 1 Bumax 88 — M20x100— F, ¢ = 137 kN
£ 1 Duplex EN 1.4462 300x150x16 mm plates 2 10 . Duplex EN 1.4462 300x150x16 mm plates
é 80 - SS03_D_AB88_B01 % .‘:.}:I“ « SS03_D_AB88_B01
g 70 SS03_D_AB88_B02 s 1 = = SS03_D_AB88_B02
§ 60 1 SS03_D_AB88_B03 SE o1 =L . $503_D_AB88_B03
o 50 - SS03_D_AB88_B04 a2 ' 34, . |-SS03_D_AB88_B04
S 40 5= 001 = Tre
$ : ¢ 000 o e
530 | £ o001 | S 1
50 | 000 R L Mg
Baof s T e e e e o
i
0 0¥ - 0,00001 ‘ ‘ , 1
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(a) log (rate of loss of preload) — time diagrams (b) log (rate of loss of preload) — log (time)
for eight-bolts specimens - first row diagrams for eight-bolts specimens - first row
100 100 -
= Bumax 88 —M20x100—Fjc = 137kN — 3t/d = 3.75 —_ : Bumax 88 —M20x100—Fj,c = 137kN
E 9 Duplex EN 1.4462 300x150x16 mm plates & 10 BEURPINGE] Dup'ex EN 1.4462 300x150x16mm plates
Z 80 - SS03_D_AB88_B05 g MR N + SS03_D_AB88_B05
© 70 = $503_D_AB88_B06 - _ ! ==- = SS03_D_AB88_B06
60 1+ SS03_D_AB88_B07 %g o4 i L +SS03_D_AB88_BO7
g 50 SS03_D_AB88_B08 ‘ag ' ¢ as SS03_D_AB88_B08
S 5= 001 | =,
$40 T ® o ¢ 0 ) . By
5% e o0 0 < oo il
g 20 . L | l_g’ ® © ¢ O .A.:’.. 4 A
< ‘L 0,0001 : il
2 10 i o ® © © ¢ Rt
0 DRl LR e e : 0,00001 + : : : e
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(c) log (rate of loss of preload) — time diagrams (d) log (rate of loss of preload) — log (time)
for eight-bolts specimens - second row diagrams for eight-bolts specimens - second row
100 + 100
= %0 Bumax 88 —M20x100—Fp,c = 137kN —3t/d = 3.75 > = Bumax 88 — M20x100 - Fy,c = 137 kN
£ Duplex EN 1.4462 75x75x16 mm plates 2 10 '«y.. Duplex EN 1.4462 75x75x16 mm plates
£80 - $S03_D_AB88_B09 £ Wt - SS03_D_AB88_B09
g 70 = $S03_D_AB88_B10 5. 1 = i_’:'io_,‘ = SS03_D_AB88_B10
§ 60 + SS03_D_AB88_B11 o E 01 il PyRS 4 SS03_D_AB88_B11
S 50 - $S03_D_AB88_B12 a2 1 5!; . |+SS03_D_AB88_B12
S 40 5= 001 L“:*:
g oje g s
S 30 £ 0,001 iy
S 5 ° o . o e Hgn.
€ 10 el 0,0001 i -ty A
b ® @ A‘;.
0 —-M‘“ 0,00001 T T T
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(e) log (rate of loss of preload) — time diagrams (f) log (rate of loss of preload) — log (time)
for one-bolt specimens diagrams for one-bolt specimens
Figure 182 Rate of loss of preload for SS03 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 184 Rate of loss of preload for CS05 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 185 Rate of loss of preload for SS06 test series
(M20 bolting assembilies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 186 Rate of loss of preload for SS07 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, >'t/d = 3.75)
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Figure 187 Rate of loss of preload for SS09 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 188 Rate of loss of preload for CS10 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 189 Rate of loss of preload for SS11 test series

(M20 bolting assembilies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 190 Rate of loss of preload for SS12 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, >'t/d = 3.75)
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Figure 191 Rate of loss of preload for SS13 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 192 Rate of loss of preload for SS14 test series

(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 193 Rate of loss of preload for CS15 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, >'t/d = 3.75)
'E1 00 Bumax LDX — M20x100—F, c = 172kN — 3t/d = 3.75 e 100 s « S$S16_A_LDB109_B01
E 9 Austenitic EN 1.4404 300x150x16 mm plates ) 10 SEiL SS16_A_LDB109_B02
é 80 + SS16_A_LDB109_B01 g Fode @‘_" . SS16_A_LDB109_B03
g 70 SS16_A_LDB109_B02 o 14 — "n::‘ =
S 60 + SS16_A_LDB109_B03 3 £ it ey
£ o E 0,1 Suliii 1
g 50 ¢ee e o A st ]l
S 40 + A Ll 5
S so o e B oo
s .\ S 00119 @ @ @ O
o 20 - 9 = AAA‘
T 10 I RUCEER  Bumax LDX — M20x100— F, ¢ = 172kN
oL ‘:‘""‘;gm A1 A A1 000001 | Austenitic EN 1.4404 300x150x16mm plates [ b
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(a) log (rate of loss of preload) — time diagrams (b) log (rate of loss of preload) — log (time)
for eight-bolts specimens - first row diagrams for eight-bolts specimens - first row
100 - 100
= Bumax LDX — M20x100—F, = 172kN — 3t/d = 3.75 —_ .':_ « $S16_A_LDB109_B05
E Austenitic EN 1.4404 300x150x16mm plates S 0| Thiy * $S16_A_LDB109_B06
g 80 - SS16_A_LDB109_B05 g 3 iy +SS16_A_LDB109_B07
g 70 = $S16_A_LDB109_B06 .g . 1 L 'f‘,_.;; = SS16_A_LDB109_B08
§ 60 . +SS16_A_LDB109_B07 SE o4 T
SR ’ v,
.3 50 SS16_A_LDB109_B08 EE PRRIhA
® o 5= iy
S 40 EEE e Wieeee <y
3 30 1 € 00014 LRI
5 | ® © © © ‘é, ’ ® © 00 T
o A e I L — O
T 10 . i WM Bumax LDX — M20x100—F, ¢ = 172kN
o : ’;%‘m’ 1 1 A 0,00001 Austeniti EN 1.4404 300x150x16 mm Iates
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(c) log (rate of loss of preload) — time diagrams (d) log (rate of loss of preload) — log (time)
for eight-bolts specimens - second row diagrams for eight-bolts specimens - second row
100 100
= Bumax LDX — M20x100— F,c = 172kN — St/d = 3.75 — = * $S16_A_LDB109_B09
£ 90 Austenitic EN 1.4404 75x75x16 mm plates dg)) 10 n"‘:}“ = SS16_A_LDB109_B10
Z 80 . SS16_A_LDB109_B09 g i {H&\ +SS16_A_LDB109_B11
g, 70 1 + $S16_A_LDB109_B10 5. 1 = "‘! + SS16_A_LDB109_B12
S 60 +$S16_A_LDB109_B11 SE o1 ool
S 50 | +SS16_A_LDB109_B12 52 ' ’ Yineg,
® 5= | S
S 40 | ¢ @ ; 001 “ ® TR
S 30 : ' £ o001 |
k] e e @ o ! ® o Aala Dagaadtis
© 20 . o 'iv A
2 L, = 00001 = -l
g 10 EEilicA . Bumax LDX — M20x100—F, ¢ = 172kN R
1".‘3 il Austenitic EN 1.4404 75x75x16 mm plates I
0 ¢ 0,00001 = =
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(e) log (rate of loss of preload) — time diagrams (f) log (rate of loss of preload) — log (time)
for one-bolt specimens diagrams for one-bolt specimens
Figure 194 Rate of loss of preload for SS16 test series

(M20 bolting assembilies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 195 Rate of loss of preload for SS17 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, >'t/d = 3.75)
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Figure 196 Rate of loss of preload for SS18 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, Yt/d = 3.75)
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Figure 198 Rate of loss of preload for SS21 test series

(M16 bolting assembilies, preload level: Fp.c 87.9 kN, Yt/d = 3.7)
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Figure 199 Rate of loss of preload for SS22 test series
(M16 bolting assembilies, preload level: Fpc 87.9 kN, Yt/d = 3.7)
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Figure 200 Rate of loss of preload for SS23 test series
(M16 bolting assemblies, preload level: Fpc 87.9 kN, Yt/d = 3.7)
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Figure 201 Rate of loss of preload for SS24 test series

(M16 bolting assembilies, preload level: Fpc 87.9 kN, Yt/d = 3.7)
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Figure 202 Rate of loss of preload for CS25 test series
(M16 bolting assemblies, preload level: Fpc 87.9 kN, Yt/d = 3.7)
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Figure 204 Rate of loss of preload for SS27 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, >t/d = 3.7)
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Figure 206 Rate of loss of preload for SS29 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, >t/d = 3.7)
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Figure 209 Rate of loss of preload for SS32 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Y't/d = 3.7)

100 100

= %0 Bumax DX —M16x100—-F;c = 110kN — 3t/d = 3.7 + e Bumax DX —M16x100—F;c = 110 kN

£ Duplex EN 1.4462 75x75x8 mm plates o 10 & 8 Duplex EN 1.4462 75x75x8 mm plates

Z 80 | - $S33_D_DB109_B09 g SN - $833_D_DB109_B09

g 70 +8833_D_DB109_B11 3o kN 2 T +$533_D_DB109_B11

& = - -

% 60 +$S33_D_DB109_B12 ﬁ E o1 = ";fe: +S$S33_D_DB109_B12

50 oz M

g e & o 5= 001 = A

9 40 | : ® ’ C=5

[ - v ea

830 N E 0,001 | ssopetsinstle talg wofl ol

S 20| g ERCY:

€ 10 12 0,0001 | elele 4 i

0 R AN 0,00001 L | el
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000

Log (time) [s] Log (time) [s]

(a) log (rate of loss of preload) — time diagrams (b) log (rate of loss of preload) — log (time)

for one-bolt specimens diagrams for one-bolt specimens

Figure 210 Rate of loss of preload for SS33 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Y't/d = 3.7)
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Figure 211 Rate of loss of preload for SS34 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Y't/d = 3.7)
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Figure 212 Rate of loss of preload for CS35 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Y't/d = 3.7)
100 100
= Bumax LDX - M16x100—F,c = 110kN — 3t/d = 3.7 - Bumax LDX - M16x100—F;c = 110 kN
g 90 Austenitic EN 1.4404 300x150x8 mm plates 2 10 44 ket Austenitic EN 1.4404 300x150x8 mm plates
g8 .+ SS36_A_LDB109_B03 g ; A% ¢ +$S36_A_LDB109_B03
g 70 . $536_A_LDB109_B04 3= + SS36_A_LDB109_B04
@ 60 = - o=
< [} g 0,1
§5o ® & 00 52 | il
$ 40 ¢ ¢ 0 0 PR S
830 i £ o001 R oL
o 20 g ® e 00 =
T 10 s, 0,0001 | SR
RESER ¢ e 00 it
0 S s 0,00001 T T T
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(a) log (rate of loss of preload) — time diagrams (b) log (rate of loss of preload) — log (time)
for eight-bolts specimens - first row diagrams for eight-bolts specimens - first row
100 100 -
= Bumax LDX - M16x100—F,c = 110kN — 3t/d = 3.7 —_ : Bumax LDX - M16x100—F;c= 110kN
E 90 Austenitic EN 1.4404 300x150x8 mm plates ) OB LRI Austenitic EN 1.4404 300x150x8 mm plates
Z 80 + SS36_A_LDB109_B05 £ . ':“" L] - SS36_A_LDB109_B05
g 70 = SS36_A_LDB109_B06 o _ 1 i ™ 5 = SS36_A_LDB109_B06
5 60 + $S36_A_LDB109_B07 %g 01 i Tty +$S36_A_LDB109_B07
S 50 SS36_A_LDB109_B08 52 ' . T T, + L SS36_A_LDB109_BO08
S 0 5= 001 £ st
s ® & 00 2 T
S 30 £ 0,001 1 N o3 L
S0 & & &0 2 TR botebihy
‘@ 10 .x;“"‘ 0,0001 it
" ¢ 000 e
0 e Al G R e 0,00001 ‘ ' : :
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(c) log (rate of loss of preload) — time diagrams (d) log (rate of loss of preload) — log (time)
for eight-bolts specimens - second row diagrams for eight-bolts specimens - second row
100 + 100
= Bumax LDX - M16x100—F,c=110kN — 3t/d = 3.7 —_ — Bumax LDX —M16x100—F, = 110kN
E 90 Austenitic EN 1.4404 75x75x8 mm plates dg” 10 ““_"’A Austenitic EN 1.4404 75x75x8 mm plates
g 80 = SS36_A_LDB109_B10 % N HA,"" = SS36_A_LDB109_B10
870 ] +$536_A_LDB109_B11 T = + S536_A_LDB109_B11
8 60 + SS36_A_LDB109_B12 SE o1 . gy + SS36_A_LDB109_B12
_g 50 - o = E’E i“'; .
S 40 e o o 5= 001 . e e e
° i 2 iy !
S0 £ o001 .y
1<) N =) S —ag
20 S Lol
£ 10 a = 0,001 5
0 P, s - 0,00001 | ‘ ‘
1 10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Log (time) [s] Log (time) [s]
(e) log (rate of loss of preload) — time diagrams (f) log (rate of loss of preload) — log (time)
for one-bolt specimens diagrams for one-bolt specimens
Figure 213 Rate of loss of preload for SS36 test series

(M16 bolting assemblies, preload level: Fpc 110 kN, Yt/d = 3.7)
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Figure 214 Rate of loss of preload for SS37 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, >t/d = 3.7)
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Figure 215 Rate of loss of preload for SS38 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Yt/d = 3.7)
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Figure 216 Rate of loss of preload for SS39 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, >t/d = 3.7)
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Figure 217 Rate of loss of preload for CS40 test series
(M16 bolting assemblies, preload level: Fpc 110 kN, Yt/d = 3.7)
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Figure 220 Rate of loss of preload for SS45 test series
(M20 bolting assemblies, preload level: Fpc 172 kN, Y't/d = 2.5/4.5)
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Figure 221 Rate of loss of preload for SS46 test series
(M16 bolting assembilies, preload level: Fp.c 110 kN, Yt/d = 2.75/4.6)
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(c) log (rate of loss of preload) — time diagrams
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Figure 222
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(b) log (rate of loss of preload) — log (time)
diagrams for eight-bolts specimens - first row
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(d) log (rate of loss of preload) — log (time)

diagrams for eight-bolts specimens - second row

Rate of loss of preload for SS47 test series

(M16 bolting assemblies, preload level: Fpc 110 kN, Yt/d = 2.75/4.6)
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