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Abstract

Corrosion place a high cost on the society and selecting the wrong materials in certain
environments may have catastrophic consequences. When selecting materials there is also the
different manufacturing methods to consider and there might be a difference in corrosion
resistance depending on the way the material is manufactured. Also even high grade stainless

steels like super duplex may suffer from corrosion in a specific environment.

The scope of the thesis compares the manufacturing methods solution annealing and cold
straining on a super duplex stainless steel, and the potential effect on stress corrosion cracking
and pitting resistance. Earlier research indicates that there might be some uncertainties regarding
this, and the amount of research in this field was lacking compared to studies on austenitic
stainless steels.

The objective of this thesis was to develop a test setup using modified versions of the ASTM
G36 and G44 standards testing on as received super duplex stainless steel bolts (UNS S32760) of
both solution annealed and cold strained quality.

Tensile testing was performed to determine the elongation at yield, and hence being able to
determine the percentage of yield for the experiments. The results of the testing were surprising,
as the Young’s modulus was around 50 % less than what was expected, due to testing with a
threaded bar instead of a smooth. All of the experiments were performed with the bolts stressed
to 100 % of offset yield.

For the alternate immersion testing, a test jig was designed and used during the whole
experiment which was executed over a time period of 936 hours. This setup used magnesium
chloride instead of sodium chloride which was specified in the standard to examine if this would
accelerate stress corrosion cracking or pitting corrosion. The results from this experiment
showed that the solution annealed bolts seemed to exhibit a higher pitting resistance than the
cold strained bolts. Also this experiment indicates that this type of experiment may take too long
time to be effective. Four 316L bolts were also tested in the alternate immersion testing and

exhibited obvious pitting as expected.

The results however must be considered with caution as only two solution annealed bolts and
two cold strained bolts were tested. It is therefore not possible to conclude on this matter. In
regards to stress corrosion cracking, no cracks were discovered at 10X magnification, but further

metallographic testing should be performed to verify that no cracks are present.



The heated immersion testing in magnesium chloride was performed at 90°C instead of 155°C as
specified in the standard. An initial test performed for 316 hours produced fracture in the two
solution annealed and two cold strained bolts that were tested. No pitting was observed at 10X
magnification.

A second heated immersion test was performed for 156 hours and this test may indicate that
there is higher stress corrosion cracking resistance in the solution annealed bolts compared to the
cold strained. There was however only two bolts of each type tested in this experiment as well,
so it is not possible to conclude without further experiments. No pitting was observed with 10X

magnification on any of the bolts.

The final results indicate that solution annealed bolts exhibits a higher resistance in regards to
both stress corrosion cracking and pitting corrosion. Further testing needs to be performed

however to verify this as there a low number of specimens tested.
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1 Introduction

1.1 Background

For new constructions today there is a lot of discussion on what materials to use on the bolts for
example in subsea or topside environments where the materials are exposed to chlorides. Risk of
corrosion makes the initial choice of materials crucial in order to avoid having to replace the
bolts before the expected lifetime or failure. Regarding corrosion there is many different
parameters that need to be evaluated as corrosion is very environment specific. A material may
be ideal for one specific environment while in another one it may fail after a very short time. The
potential cost of choosing the wrong material is huge and the decisions should therefore be

evaluated with focus on results from research and experience.

As well as having different materials to select from, there is also the possible effect of different
manufacturing methods affecting the stress corrosion and pitting resistance. The motivation for
this thesis is to evaluate if there is a difference in stress corrosion resistance and pitting
resistance between cold strained and solution annealed bolts in super duplex stainless steels
based on the manufacturing method. Also testing the bolts in as received condition might give
valuable information in regards to the standard test specimens that are usually used for testing.

1.2 Scope of work

The focus of this thesis is to compare the stress corrosion resistance and the pitting resistance of
super duplex stainless steel (SDSS) bolts that have different manufacturing methods. One type of
bolts have been solution annealed (SA) while the other are cold strained (CS). There has also
been performed testing on an austenitic stainless steel to compare the results and to verify the

test setup.

Also to be able to determine that the bolts are in yield when tested, tensile testing were

performed.
The layout of this thesis is therefore the following.

e An overview of super duplex stainless steels (SDSS)

e A summary of the corrosion mechanism that are relevant

e Review earlier studies and theory on the subject

e Evaluate and choose parameters to perform experiments according to
o Procure / design / construct equipment for the experiments

e Perform experiments

o Tensile testing of the bolts



o Torqueing of bolts
o Create test jig
o Immersed testing with heating

o Alternate immersion testing

1.3 Limitations of the thesis

Some simplifications are done in this thesis including use of commercial grade chemicals as
opposed to laboratory grade chemicals, and also the use of tap water instead of laboratory grade
distilled water.

The experiments are performed according to modified standards as it was not easily available
laboratory equipment to reach all the requirements defined in the standards with the given
dimensions of the specimens used in the testing. Also the experiments are performed directly on
the bolts in as received condition instead of producing test specimens according to the standards.

The time schedule was also limited as when all the parameters were determined and the test

setup was ready, it was only around 2 months left available for testing.

It was evaluated to perform hydrogen induced stress corrosion (HISC) testing, but this was not
possible in the short timeframe of the experiments.

1.4 Method

A standard outline of the project was created to obtain an outline to help during the pre-study.

This highlighted the important aspects and defined the main chapters and subchapters.

To keep track of the progress a Gantt diagram was used, and this was updated regularly to
identify the progress. Some tasks were also defined in a work breakdown structure (WBS) to
further aid with the planning.

The experimental part of this thesis required a lot of planning. A pre-study was performed on

what parameters and the amount of testing required.

Materials and other equipment needed to be purchased or procured for the test setup, and
machining of the required components had to take place afterwards.

There was also the building and programming of the test jig for the alternate immersion tests

which needed to be constructed.



2 Theory

2.1 Duplex Stainless Steels

Stainless steels is the name of a family of steels consisting of minimum 10,5 % chromium. There
are several different grades of stainless steels and the five basic families are [1]:

e ferritic

e martensitic
e austenitic
e duplex

e precipitation hardened

Sorting into families by microstructure is due to the similarities of the mechanical and physical
properties of each type of microstructure. The precipitation hardened family is based on the type

of heat treatment performed [1].

The modern DSS can be divided into groups according to their corrosion resistance as shown in
Table 1. The corrosion resistance is measured according to the empirical relationship between
the additions of chromium, molybdenum and nitrogen. This number is defined as the pitting
resistance equivalent number (PREN) and larger numbers indicate better corrosion resistance [2].
The equation for calculation the PREN is given in (1). The effect of the different alloy materials
regarding the corrosion resistance is discussed in more detail in subchapter 2.2.

PREN = %Cr + 3.3 X %Mo + 16 x %N (1)

Table 1: Overview over the different duplex steels [3]

Description Weight % Cr  Weight % Mo PREN
Lean duplex 19-245 0,1-0,8 2128
Molybdenum - containing lean duplex 19-25 0,3-2,0 27— 34
Standard duplex 24 - 27 0,8-35 33-38
Super duplex 24 - 30 15-50 38 -43
Hyper duplex 26 — 33 3,0-5,0 49 - 53

The first generation of stainless steel was developed almost hundred years ago [4]. While the
first grades were ferritic and austenitic steels, it was discovered that introduction of ferrite into
austenitic steels resulted in better castability, and also increased the mechanical properties. This

combination of the ferritic and austenitic microstructure became known as duplex (double or



twofold) steels due to the steels consisting mainly of two phases. In effect they combine the
toughness and weldability of the austenitic steels, with the strength and corrosion resistance of
the ferritic steels [5].

DSS’s were developed to increase the resistance to chloride stress corrosion cracking (SCC) that
the austenitic stainless steels in the 300 series were susceptible for. Also by reducing the level of
nickel as well as obtaining higher strength, the material costs were reduced [6]. One alloy that
was specifically designed for increased chloride stress corrosion resistance was the 3RE60 (UNS
S31500) developed by Sandvik in the 1950s [4]. The forerunner to the modern 25 Cr DSS, and
later the super duplex stainless steels (SDSS) was Ferralium. This was deliberately added
nitrogen, which reduced the problems with cracking during casting and welding by producing
more ductile welds [4].

There has been a great interest in DSS due to the attractive service properties and the excellent
cost versus properties ratios in the oil and gas, chemical industry, pulp and paper industry and
other industries. In the early 1980s the DSS had established itself as a common engineering
material [7]. Even if the production of DSS is only about 1 % compared to the carbon steel
production as seen in Figure 1, these materials have been getting a lot of interest [8]. SDSS
represents about 10 % of the total DSS production [8].

Carbon steel

1\1’/;

Figure 1: Stainless steel worldwide production compared to flat carbon steel [8]

AlSI 304

The SDSS are usually defined as having a PREN above 40. They were developed for the
Norwegian sector of the North Sea to meet alloy compositions [2]. As these materials contain a
high amount of chromium, molybdenum and nitrogen, they offer high pitting and crevice

corrosion resistance.



2.2 The role of alloying elements in SDSS

Understanding the effect of the different alloying elements is crucial when SDSS are
manufactured. The role each element has in the total composition is important for the
microstructure and again the corrosion resistance and the mechanical properties. Also the
interactions between the major alloying elements are complex. Obtaining the correct levels of
each alloying element is crucial to achieve a stable duplex structure that responds well to
fabrication and processing [3]. The main alloying elements and their properties are discussed
next.

2.2.1 Chromium

Stainless steels are dependent on a passive surface film of chromium oxide to resist corrosion.
The minimum level of chromium required is 11 % and there also need to be oxygen present to
form this layer [5]. This is due to the fact that the passive range is extended which furthers

reduces the general corrosion as can be seen in Figure 2.
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Figure 2: Effect of alloying elements on the anodic polarization curve [7]

This film is self-healing in air at room temperature and it is crucial that this passive film is
maintained for the steel to maintain the corrosion resistance. Also the corrosion resistance
increases with increasing chromium content. As chromium is a ferrite former, this means that
adding chromium promotes the body-centered cubic (BCC) structure of iron. The higher the
chromium contents are, the more nickel is necessary to form an austenitic or duplex structure [3].
There is however a limit to how much chromium that can be added, as the beneficial effects of

very high levels is negated by the enhanced precipitation of intermetallic phases such as the



sigma phase [7]. As seen from equation (2) and (3), equations have been derived to quantify the

elemental effects.

Creq = %Cr + %Mo + 0,7 X %Nb (2)
Nigqg = %Ni+ 35X %Cr + 20 X %N + 0,25 X %Cu 3)
These equations need to be balanced to obtain the wanted percentage of ferrite / austenite
balance [7].
2.2.2 Carbon

Carbon is an important alloy element to consider for stainless steels. DSS are limited to

0,02 - 0,03 % carbon content. If the carbon content is higher than 0,03 %, carbide precipitation
in the form of chromium carbide may occur [5]. When chromium carbide is formed it depletes
areas of chromium from the matrix below the critical amount, and in effect stops the chromium
oxide forming. The depleted zones will then act as anodes and the rest of the oxide coated
material as cathodes [5]. Quenching the material from 1000 °C will negate the carbide
precipitation. However if the material is reheated by for example welding, carbide precipitation
may occur on the grain boundaries. The material is then said to be sensitized which is dangerous
in regards to corrosion as the chromium content is lowered. This makes the material susceptible
to intergranular corrosion if not corrective measures as reheating is taken [5]. Several issues have
occurred with austenitic stainless steels due to sensitization. Today however both AISI 316 and
AISI 304 austenitic steels can be acquired with carbon content below 0,03 % and are assigned as
AISI 316L and AISI 304L.

2.2.3 Molybdenum

Molybdenum is a ferrite former and increases the resistance against pitting corrosion. If there is
18 % or more chromium added, adding molybdenum becomes three times as efficient as
chromium additions in regards to pitting and crevice corrosion. This also is evident in the PREN
equation where molybdenum has a coefficient of 3.3 [3]. Also according to Trethewey and
Chamberlain [5] it has been shown that highly alloyed steels containing molybdenum are more
resistant to SCC. The reason molybdenum increases the pitting and crevice corrosion resistance
is that it suppresses active sites via formation of an oxy-hydroxide or molybdate ion [7]. As with
chromium, there is an upper limit where adding more molybdenum enhances the sigma
formation. According to Gunn [7] this is around 4 %, while a minimum limit is set at 3 % to

avoid crevice corrosion.



2.2.4 Nitrogen

Nitrogen increases the pitting and crevice corrosion resistance and also increases the strength of
the material. As chromium and molybdenum, nitrogen increases the passive potential and it has
also been suggested that molybdenum and nitrogen has a synergistic influence on pitting
characteristics [7]. Nitrogen is a very cheap alloying material and a strong austenite former, and
can be used to replace some of the nickel content in regards to austenite stabilization [3]. This
results in improved toughness in nitrogen-bearing DSS due to the greater austenite content and
less intermetallic content. The reason there are less intermetallic phases is due to the fact that
nitrogen delays the formation of intermetallic phases such as sigma and chi [3]. Nitrogen also
increases the resistance to crevice corrosion, which is due to nitrogen altering the crevice
solution chemistry [7]. According to Gunn [7], both carbon and nitrogen strengthens the ferrite
and austenite by dissolving at interstitial sites in the solid solution. However as carbon increases

the risk of sensitization, nitrogen is preferred.

2.2.5 Nickel

The main role of nickel as an alloy element is to control the phase balance. Nickel is an austenite
stabilizer that promotes a change in the crystal structure of stainless steel from BCC (ferritic) to
face-centered cubic (FCC) (austenitic). It stabilizes austenite according to equation (3). The
amount of nickel is therefore dependent on the chromium content, and in a DSS it is
approximately 7 %. As nitrogen, the nickel delays the formation of detrimental intermetallic
phases, but it is not as effective as nitrogen [3]. As with both chromium and molybdenum, too
high nickel content may enhance the formation of intermetallic phases. It will accelerate the
alpha prime formation, which is an intermetallic phase in ferrite that causes embrittling [7]. In

regards to corrosion it extends the passive range as chromium and molybdenum.

2.2.6 Manganese

According to Gunn [7], the ability of manganese as an austenite stabilizer is debated, especially
at the levels normally found in duplex alloys. Manganese additions increase the abrasion and
wear resistance and also the tensile properties without loss of ductility. Too high content of
manganese may also significantly decrease the critical pitting temperature. This is likely caused
by the manganese sulphide inclusions that may act as initiation sites for pits. But for normal

levels, adding both manganese and nitrogen will increase the pitting resistance [7].



2.2.7 Copper

Copper additions are beneficial in certain environments like boiling HC! by reducing the crevice
corrosion rates. The maximum of copper content is limited to 2 % as higher contents reduce the

hot ductility and can lead to precipitation hardening [7].

2.2.8 Tungsten

Tungsten has been added to duplex alloys up to 2 % to improve the pitting resistance, by
extending the passive potential range. Also tungsten increases crevice corrosion resistance in
heated chloride solutions [7].

2.3 Microstructure of SDSS

The microstructure of the SDSS is controlled by the alloying elements. In the modern raw
material the balance between ferrite and austenite should be 50/50 for the optimum corrosion
resistance, especially SCC resistance [1]. However it is generally accepted that the favourable
properties of SDSS can be achieved with both ferrite or austenite in the 30 — 70 % range [3].
Figure 3 shows three different microstructures; ferritic, duplex and austenitic. By adding nickel
which is an austenit stabilizer it clearly shows the transformation in the microstructure from

ferritic, to duplex and finally to austenitic.

Ferritic structure Duplex structure Austenitic structure

Figure 3: Different microstructures of steel [3]

The microstructure consists of a mix of roughly 50 % FCC austenite islands in 50 % BCC ferrite
grains. This structure is achieved by having control of both the chemical composition and the
annealing temperature.

There are different phase diagrams like Schaeffler diagrams available that show different phases
at different temperatures and nickel and chromium additions [7]. To get an accurate result
however, a computer program called Thermocalc, which calculates the phase equilibria over a

range of temperatures, is used. Figure 4 shows a calculated phase diagram for a SDSS alloy.
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Figure 4: Thermocalc isopleth diagram showing the composition of a SDSS alloy at the dotted line [7]

The sigma and chromium nitride are intermetallic phases which will occur at different
temperatures, depending on temperature, rate of cooling and the weight percent of the different
alloying elements [7]. From these diagrams the temperatures when the different phases are stable

can be determined.

2.3.1 Secondary phases

There are several undesirable secondary phases that occur in DSS during heat treatment. The
phases may have an effect on both the mechanical properties and corrosion resistance, which
again means they should be evaluated and checked for thoroughly. Usually time-temperature
transformation (TTT) diagrams are used to show the heat treatment versus the rate of cooling [7].
Figure 5 shows a TTT diagram with three different SS solution annealed at 1050°C .The effect of
guenching in regards to avoiding the detrimental secondary phases are obvious. The study of the
secondary phases is performed either via a scanning electron microscope (SEM) or a
transmission electron microscopy (TEM).
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Figure 5: TTT diagram showing three different duplex steel grades 2205 (DSS), 2304 (lean DSS) and 2507 (SDSS) [3]



Modern manufacturing of DSS today have been designed to retard the formation of these phases.
However if they are formed, the only way to remove them is solution annealing followed by

quenching [7].
Sigma Phase

The high chromium content in SDSS means that the sigma phase is very common. The high
amount of molybdenum will also increase the temperature range where the sigma phase is stable
[9]. The sigma phase which is rich in both chromium and molybdenum will affect both hot

ductility and room temperature ductility. In effect it is a hard embrittling precipitate [7].

The precipitation of the sigma phase usually occurs at triple junctions or at ferrite / austenite
phase boundaries at the temperature range of 600 — 1000 °C [7]. Also the presence of sigma
phase will decrease the pitting resistance due to the depletion of chromium and molybdenum

from surrounding areas [3].

Figure 6: Microstructure of a SDSS SAF 2507 (UNS S32750) aged for 10 min at 850 °C. ¢ phase is shown at ferrite /
ferrite phase boundaries and secondary austenite is visible in bright contrast between the primary austenite and ferrite
(SEM) [9]

Secondary austenite

Secondary austenite (y,) can form very quickly as the decomposition of ferrite to austenite can
occur over a wide temperature range [9]. This is due to the fact that the duplex is quenched from
a higher temperature where the equilibrium fraction of ferrite is higher [9]. The secondary
austenite formed at the ferrite / austenite phase boundaries has low chromium content, especially

when Cr, N precipitates are present. This means that these areas are more prone to pitting [9].
Chromium nitride

Chromium nitrides can be found both as CrN and Cr,N. As nitrogen has become more used as
an alloying element these nitrides are important to consider. During solution annealing the
nitrogen solubility in ferrite is high. When quenching however the solubility drops, and

intergranular precipitation of needle shaped Cr, N occurs [7]. When Cr, N is formed at
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austenite/ferrite phase boundaries, it has an impact on the pitting corrosion resistance according
to Nilsson [9].

Alpha prime

The secondary phases that forms at the lowest temperature range (300 — 525°C), is called alpha
prime. These are the cause of the 475°C embrittlement which may occur in ferritic and duplex
SS. According to Gunn [7] there has been some conflicting evidence as to the nature of this
embrittlement, as alpha prime may precipitate together with Cr, N where the needlelike Cr, N is

interspersed within a film of alpha prime.

2.3.2 Summary of secondary phases

Table 2 shows a summary of the secondary phases that can be found. As discussed these phases
have a negative impact on both the corrosion resistance and the mechanical properties in regards

to embrittlement.

Table 2: A summary of properties of some of the secondary phases present in SDSS [7]

Phase Composition (%) Form. range (°C) Lattice type Preferred location
Cr Ni Mo
Sigma 30 4 7 600 - 1000 Tetragonal Inter ferrite/aust.
Secondary Austenite 27,4 8,7 4 650 - 900 FCC Intra-ferrite
Chromium nitrides 72 6 15 700 - 950 Cubic Intra-ferrite
Alpha prime 65 25 13 300 - 525 BCC Intra-ferrite

2.4 Mechanical properties of DSS and SDSS

The mechanical properties of DSS are exceptional, and their room temperature yield strength is
more than double of standard austenitic stainless steels [3]. The ultimate tensile strength is also

very high with an elongation above 25 % [7].
The background for these properties is that several simultaneous mechanisms take place [7].

e Interstitial solid solution hardening (C, N)

e Substitutional solid solution hardening (Cr, Mo, Ni, etc.)

e Strengthening by grain refinement due to the presence of two phases

e Possible hardening due to the formation of secondary austenite (y,)

e Strengthening due to ferrite, since, for a similar composition these phases are harder than

the austenitic structure
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e Strain induced by differential contraction of the two phases on cooling from annealing
temperatures

It is also important to consider the rolling direction of the material. The mechanical properties of
wrought DSS are highly anisotropic. This means that the properties heavily depend on the

orientation of the test sample [3]. As the material is rolled the grains will become elongated. The
strength is therefore higher perpendicular to the rolling direction than in the rolling direction [7].

The anisotropy also increases as the plate thickness decreases [7].

Maximum and minimum hardness is also required in some standards. Normal solution annealed
DSS have no problems being within these (approx. 277 - 321 HBW). Cold straining and / or

intermetallic precipitation however will have an impact on the hardness [7]. This is also shown
in Figure 7.

- ﬂJ -
1000 = -
- -
o -
<
g WO 0.5 CNR | ]
i | .
-4
>
a 600 .
E
a g -
= 475°C embrittiement
400 .
200 FEPEFPFTYY BT e EErErEeTT BRI W ST B AT
01 . 1 10 100 1000 10000

Aging time (h)

Figure 7: Time-temperature-transformation (TTT) diagram for SAF 2507 (UNS S32750 SDSS) with a curve
corresponding to 27J impact toughness indicating rate of embrittlement [9]

The downside with the excellent mechanical properties of DSS is that machining will take more

time and the wear and tear on the machining tools will be higher than with austenitic SS.
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2.5 Corrosion theory

2.5.1 Background

There are several sources for what corrosion costs the society. According to Trethewey and
Chamberlain [5], a number that is frequently used is around 4 % of a country’s gross national
product (GNP). Also Ahmad [10] reports the figures of 3 —5 % of a country’s GNP and that
appropriate corrosion prevention measures could have saved 35 % of this cost. Corrosion has an

impact in a lot of different ways and the six major reasons are listed below [5]:

e Lost production due to failure or shutdown

e High maintenance cost

e Environmental and customer regulations

e Loss of product quality due to contamination from corrosion
e Higher fuel / energy costs due to leaks from corroded piping

e Increased stocks of spare parts
Prevention of corrosion is therefore important and the different forms of corrosion need to be
considered when choosing materials.
2.5.2 Basics of corrosion mechanics

According to Trethewey and Chamberlain [5] a fundamental definition of corrosion is described

as:

Corrosion is the degradation of a metal by an electrochemical reaction with its

environment.
To understand corrosion the basic principles of thermodynamics form the foundation.
The first law of thermodynamics [5]:
Energy cannot be created or destroyed
A variation of the second law of thermodynamics [5]:
Heat will not flow of its own accord from a cold place to a hot place
In a corrosion perspective, this energy comes from the chemical energy of a reaction.

A common way to explain corrosion is via the mixed potential theory proposed by Wagner and
Traud in 1938 [10]. This theory separates the oxidation and reduction reactions in corrosion and

states that the total oxidation rates equal the total reduction rates [2].
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Corrosion occurs when a chemical process is made possible by a net release of free energy that
goes across a metal or electrolyte interface [5].This free energy is defined by Faraday as the
work done in the corrosion process in terms of the potential difference and the charge transported
as shown in equation (4) called Faraday’s Law. This energy difference manifests as an electrical

potential, which against means a tendency for corrosion [5].

AG = (—zF) X E (4)
Where:
AG The work done
VA The number of electrons involved in the corrosion reaction

F The Faraday constant (96494 coloumbs per mole)
E The potential measured in volts
Further work by Nernst defines the potential according to equation (5).

RT  [products]

E=E°— P nm (5)
Where:
E The standard cell potential (\Volt)
E° The cell potential at a given temperature (\Volt)
R Universal gas constant (8.3143 ] mol 1K™ 1)
T Temperature (Kelvin)
z Valence electrons (no unit)

[products] Concentration of product (mol/liter)
[reactants] Concentration of reactants (mol/liter)

The Nernst equation defines the non-equilibrium potential caused by the reaction for a given

temperature and concentrations of the products and reactants [5].

In a corrosion cell four essential components needs to be present; anode, cathode, electrolyte and
connections. All these components can be present by just having one piece of metal in an
electrolyte as individual areas of the metals can act as anodes and cathodes due to differences in
material or the electrolyte [5]. Multiple reactions will occur and if we consider when iron
corrodes in a dilute acid we get the following equations [10]:
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Fe - Fe?t + 2e~ (oxidation at anode)  (6)
2H" +2e~ - H, (reduction at cathode)  (7)
Fe + 2H' - Fe?* + H, (total reaction) (8)

Equation (6) shows the oxidation of iron as it is exposed to the acid, equation (7) the formation

of hydrogen gas and (8) the total equation. Using the Nernst equation at standard conditions
(25 °C) for this chemical process (};—T = 25,693 mV) will give equation (9). By further including

the valence electrons z as two and setting the concentration of [H*] and [H,] as 1 M gives

equation (10). Finally inserting the iron ions concentration at 1 M produces equation (11).

0.05916 ] [products]
- 0

E=E°

B z g [reactants] ©)
0.05916
— 0 _ 2+
E=E > log[Fe“™] (10)
0.05916
E=E°— ——log[1] = E° (11)

This means that the measured potential difference is the electrode potential under standard
conditions, and that it is given by E°. As equation (6) is an oxidation reaction and equation (4) is
larger than zero it indicates a spontaneous reaction. By using the electrochemical series [5], it
will give a standard reduction potential of iron as E° = —0.44V which gives AG > 0. This

agrees with the fact that iron dissolves spontaneously in acid.

2.5.3 Corrosion kinetics

As it is now clear how corrosion is a tendency of a system to corrode, the flow of current also
needs to be considered. When the corrosion reaction is not in equilibrium, current will flow, and
the relationship between the potential and this current flow is important to understand [5].
However, using only current in ampere would not account for the fact that a larger surface would
corrode more than a small one [5]. This is accounted for by using current density as ampere per
area. A positive or negative value of this current density will determine which way the current
flows. Showing a variation of equation (6) in (12) and (13), it indicates this flow of current

where i, is the anodic current and i, is the cathodic current.

Fe - Fe?t + 2e” (12)
la
Fe?t +2e™ - Fe (13)
c
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When equilibrium arises we have that i, = i, and this current cannot be measured as there is no

net current flow.

2.5.4 Passive layer

The corrosion properties of a DSS are defined by the ability to maintain the passive layer in the

given environment it is to operate. This state in which the stainless steel has a very low corrosion

rate is called passivity [2]. Passivity is usually described by a polarization curve which is shown

in Figure 8.
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Figure 8: A polarization curve for a stainless steel in a sulfuric acid solution and also showing the pitting potential
decreasing as the chloride concentration is increasing [2]

Several thresholds are defined, as well as the effect of chlorides on the passive region.

E; Transpassive potential, defines the end of the passive region and where gaseous

oxygen evolves by electrolysis of water. This is the onset of the transpassive

region
E, Pitting potential, defines a sudden increase in current density due to breakdown of
the passive layer in chloride containing environment
Epp Primary passivation potential; defining where the active-passive transition begins
Ecorr Corrosion potential, the compromise potential of the anode and cathode
ipass Passive current density; defining the minimum current to maintain the film in the

passive range. Corrosion rates are usually very low in this region.
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This means that the passive potential is defined between E,,,, and E;,. The passive layer as shown
in Figure 9, shows how it is both repaired and broken down. In the case of (a) and (a’), the metal
ion (M) is captured by the passive layer and it is bridged together with the hydroxyl (OH™)
groups [2]. This means the layer is repaired and the corrosion resistance is maintained. In the
case of (b) and (b”) the environment contains chloride (CI™) ions, which has replaced some of

the water molecules (OH,). The bridging is then not possible which again causes a breakdown of
the film.

These sites with a missing layer will be initiation sites for pitting corrosion [2].
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Figure 9: The passive layer is repaired in a’, while destroyed in b’ [2]
Metallurgical factors also needs to be considered on the metal on which the passive layer forms
or is broken down on, as these are as important as the chemistry of the environment. As
discussed earlier, the metal consists of several different alloying elements, secondary phases,

carbides, nitrides etc. which will influence if the passive layer is able to maintain itself or not [2].
2.6 Corrosion of SDSS

The three most applicable types of corrosion for this thesis in regards to SDSS are pitting,
crevice and SCC.

2.6.1 Pitting corrosion

Pitting is a form of localized corrosive attack that produces pits [2]. Metals with passive films are
more susceptible to this type of corrosion. It is characteristic that these pits only form on small
areas while the bulk of the surface is not affected, meaning the weight loss caused by this type of

corrosion is minimal, but the result of the attack may cause major failures [10].

Conditions for pitting are listed below [10]:

e Breaks in the passive film or defects / injuries / lack of homogeneity in the metal surface
e Presence of halogen ions like Cl~
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e Stagnant conditions, no circulation of the electrolyte will increase the pitting
The mechanism of pitting [2]:
Pitting initiation
Breaks in the passive film are attacked and metal is dissolved as an anode while the rest
of the surface acts as a cathode where oxygen forms into hydroxyl groups.
Pitting propagation

Accumulation of positive metal ions in the pit will cause a self-stimulating and self-
propagating effect known as hydrolysis. The presence of CI~ and H* ions will stop the

metal from repassivating as seen in Figure 10 and the pH will become very low in the pit.
Pitting termination

When the pitting process has been ongoing for a while, the metal is perforated and the

reaction is terminated.

FILM

Figure 10: Hlustration of the pitting mechanism [2]

The condition of the surface is important and heat treatment and cold working may have an
impact here. The degree of cold work and environmental contamination like dust and salt
particles will also have an effect [10]. Also grain size, inclusions and precipitation of secondary

phases has an influence on the surface properties [7].

As discussed earlier, in a SDSS the addition of chromium and molybdenum will increase the

pitting resistance, and the PREN is used to rank the pitting resistance of a given alloy.

To determine the severity of the pits the common weight-loss method is of little use.
Examination of the pits can be performed according to ASTM G46 which is described in chapter
3.1.3.
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2.6.2 Crevice corrosion

Crevice corrosion is a form of localized corrosion that may occur within crevices or at shielded
surfaces where a stagnant solution is present [5]. An important condition in regard to crevice

corrosion is the formation of a differential aeration cell.

Crevice corrosion is highly associated with the geometry of structures such as riveted plates,

gaskets, threaded components or depositions of sand or other particles [5].

The mechanism according to Trethewey and Chamberlain [5] can be described in the following

steps:

e Corrosion initially is uniform over the surface and inside and outside of the crevice

e Consumption of dissolved oxygen results in the diffusion of more oxygen from
electrolyte surfaces which are exposed to the atmosphere. There will be a lack of oxygen
inside the crevice and the generation of hydroxyl ions will diminish.

e Production of excessive positive ions in the gap causes negative ions to diffuse into the
crevice, and it the presence of chloride complex ions will be formed between the metal

and chloride ions with water as shown in Figure 11. This will reduce the pH in the

crevice and cause hydrolysis which again prevents the re-passivation.

Figure 11: The Fontana-Green mechanism of crevice corrosion [5]

For stainless steels the crevice corrosion resistance can be related to pitting corrosion resistance.
The critical crevice temperatures are roughly proportional to the critical pitting temperatures,

however lower [7].
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Testing for this type of corrosion is very difficult as the experimental parameters like surface
condition, the material of the crevice formers like glass or plastic, and crevice width is very hard
to control, which means that this type of corrosion will not be a high focus in this thesis.
According to Gunn [7] it has been shown that SDSS grades are more resistant to crevice
corrosion compared to 6 % superaustenitic alloys according to the fact that SDSS are more

resistant to hydrochloric acid.

2.6.3 Stress corrosion cracking
SCC is when there is a failure due to the combined effect of stress and a chemical attack [10].
Conditions for SCC [10]:

e Susceptible metal
e Specific environment

e Tensile or residual stress

There are also different types of SCC classified according to if the environment contains
chloride, sulfide or is caustic. This thesis will focus on chloride induced SCC. Other factors that
will increase the risk of SCC is elevated temperature with high oxygen contents, high tensile

stress compared to yield and presences of crevices or deposits [7].

An important feature of SCC is that it is much unexpected. Materials may fail in environments
where they should be suited at stress levels below its normal fracture stress with little to no
indication before failure [5]. Other important features that are of interest [5]:

e Alloys are more susceptible than pure metals
e Even if a metal is highly ductile, the SCC cracks will appear brittle.

e Itis usually possible to define a threshold stress where SCC will not occur

DSS steels are all superior to the austenitic SS in regards to SCC, but they may suffer from SCC
given high enough chloride concentration [7]. For austenitic alloys it also depends on the cation
available with Mg > Ca > Na in increasing order of aggressivity. This means that a solution of

MgCl, is more aggressive in regards to SCC compared to a NaCl solution [7].

The mechanism in which SCC works is complex and heavily dependent on environment and the
type of material / alloy. It is generally accepted that there is no single mechanism for SCC [5].

Tables of alloy types in certain environments have been developed, but this is not a complete list
as some combinations are still unknown. However it gives a good indication for a wide range of

alloys [10]. Careful consideration needs to be taken when using these tables. This is due to the
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fact that for example chloride levels due to seawater evaporation are hard to determine, and

evaporated seawater may also deposit the aggressive Mg cations [7].

The cracking will generally occur in surface irregularities, corrosion pits or at the grain
boundaries if these contain impurities. Further cracking is determined by the electrochemistry in
the pit. In the pits the pH is of values as low as 2. This accelerates the dissolution process and
also indicates that hydrogen is an important aspect in SCC [5]. The formation of a pit is therefore
often the initiation phase of cracking. When the cracking begins, common fracture mechanics
come into play. The crack growth will however not be examined in the experiments in this
thesis, so this is not discussed further.

There have been several instances where chloride caused SCC has caused failure in the roof
construction of swimming pools. Two types of mechanisms have been proposed for these
failures. One considers the fact that a low pH chloride rich environment develops, while the
other one considers that even higher chloride levels may be obtained at certain relative
humidities [2]. There have been few studies on cases where solid salt deposits have been built up
at lower relative humidities so it is not known how this affects SCC.

Due to the fact that DSS consist of both ferrite and austenite they have an advantage compared to
austenitic steels. The ferrite will protect the austenite against SCC as ferrite has a lower
corrosion potential in an acified crack solution [7]. Meaning that when a crack in the austenite
reaches ferrite, the mixed potential inside of the crack is depressed and the austenite is protected
[7].

In DSS the cracking preferably occurs in the ferrite phase which is not expected due to the fact
that ferritic steels are known for their increased resistance against this type of corrosion
compared to austenitic steels. However the reason for this is that the ferrite in the duplex steel
contains approximately 3 % nickel, compared to normal ferritic steels which are usually very low
on nickel. The nickel therefore makes the DSS susceptible to SCC [7]. Figure 12 shows typical

cracking in duplex steels in the ferrite and through both phases.
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Figure 12: Examples of crack propagation where a) is showing cracking through the ferrite (500X) and b) is showing
cracking through both phases (400X) [7]

2.7 Manufacturing methods of the materials used for the experiments

There are several methods used in the industry to enhance the properties of metals. In this thesis
the two different processes used to obtain the required properties are solution annealing and cold
straining. The two different manufacturing processes used for the materials in this thesis are
described next.

2.7.1 Solution annealing

Solution annealing is a high temperature heating process performed on steels to avoid
precipitation of intermetallic phases [1]. The purpose of this treatment is to keep the casting at a
given temperature and time, long enough to bring the carbon in the steel into a solid solution. By
guenching the steel in a specified medium, the carbon will be locked in the solid solution. Both
the holding time and temperature depends on the material quality and the thickness of the
casting. For SDSS it is very important to control the parameters to avoid intermetallic phases as

discussed earlier.

2.7.2 Cold straining

Strain hardening is defined as the phenomenon where a ductile metal becomes harder and
stronger as it is plastically deformed [11]. The reason this process is called cold straining or cold
working is due to the fact that most metals strain hardens in room temperature. The change of
mechanical properties is caused by dislocations, meaning linear defects in the lattice of atoms in
a crystal [12]. Dislocations move under the influence of mechanical stress because of the
shearing process that occurs when it is strained. During plastic flow the dislocations multiply and

again their mutual interactions hinder their motions [13].
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As seen in Figure 13, the effect of deforming the material increases the yield strength, but as a

result it has a shorter elongation before fracture after the treatment.
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Figure 13: Stress-strain diagram showing the elastic strain recovery and strain hardening. Initial yield (o) and yield

(oy1) after releasing the load D is shown [11]
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Figure 14: The effect of cold work in regards to UTS for several different SS [7]
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2.8 Corrosion testing on SDSS in regards to SCC and pitting in chloride environments

Several earlier studies on SDSS and DSS in regards to SCC and pitting resistance have been
reviewed to find the most suitable method of testing.

The influence of temperature and chloride concentration on the pitting resistance of a DSS was
researched by Dong et al. [14]. The alloy was 2205 (DSS) and the environment was sodium
chloride and iron chloride. The pitting experiments were performed according to the ASTM G48
[15] standard.

e The pitting resistance decreased when either the temperature or chloride concentration
were increased.
e I, increases linearly with the concentration of NaCl

e Higher temperature and concentrations alter the shapes of the pits

Jin [16] studied the chloride induced SCC for a SDSS with different test methods. The ASTM
G36 [17] standard for boiling magnesium chloride at 155°C was modified and it was decided to
use calcium chloride instead due to the fact that magnesium chloride represents a too severe
environment. As discussed earlier the type of cation highly affects the corrosion mechanism. A
drop evaporation test was also used with droplets of sodium chloride at a concentration of 0,1M
being applied at 6 drops/min. Finally an autoclave test were performed with oxygen content at 8

parts per million (ppm) and a pressure at 100 bar. The conclusions of this work were:

e SDSS steels possess a much higher SCC resistance than the austenitic AISI 304 or AISI
316

e Due to the mild nature of calcium chloride compared to magnesium chloride, calcium
chloride is not deemed practical for lab testing due to the long lead time before fracture
as 500 hours is not enough to time to develop SCC for highly alloyed SS.

Mietz and Isecke [18] discussed different test methods and the method of loading the specimens.

There are three different methods for loading and they are classified as:

¢ Constant total elongation
e Constant load

e Slow strain rate
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When constant load is used, the SCC sensitivity can only be assessed according to the following

criteria:

e Fracture: yes / no
e Cracks: yes/no

e Depth and amount of cracks

Spaehn [19] did extensive work on SCC and corrosion fatigue cracking on several materials
including the DSS UNS 32205. The experiments were performed in boiling magnesium chloride
(35 %) at 125°C . The threshold stress for SCC was examined and compared with an austenitic
SS 18Cr-9Ni. Also the effect of surface treatment in regards to SCC resistance was experimented

on. Conclusions from this research:

e The threshold stress for SCC for an austenitic SS was about one third of the DSS

e A cathodic protection potential is found and this potential is similar for DSS and
austenitic SS. A potential above —0,12V decreased the resistance significantly in regards
to SCC for both materials.

e The sigma phase lowered the resistance against anodic SCC.

e The surface treatment alters the SCC resistance. DSS that was pickled after grinding
exhibited higher resistance than DSS that was only grinded and not treated.

2.9 Earlier studies on the manufacturing methods impact on corrosion resistance

There have been performed earlier experiments which have focused on the fact that the
manufacturing method may affect the corrosion resistance in regards to both pitting and SCC for
DSS. However the main focus has been to assess the difference of pitting corrosion between
solution annealed and cold strained material, and there seem to be little available research on the
difference in regards to SCC resistance. Also there is little research performed on SDDS, whil
the austenitic steels like AISI1 304 or AISI 316 have received a lot of attention. Some of these

earlier studies are discussed in this chapter.

2.9.1 Research on the effect of cold work on pitting corrosion resistance

As mentioned earlier the pitting resistance is measured by the PREN. A study performed by
Rosso, Peter and Suani [1], focuses on the pitting resistance for solution annealed (SA) material
versus cold strained (CS). Testing has been performed on diameters ranging from 14.3 - 47.62
mm. The alloy that was used for the experiments were the UNS S32760 SDSS. Four samples of
both SA and CS material were tested and compared. The results show that both types of
treatments give an acceptable PREN > 40, with the SA PREN being 41.48 and the CS PREN
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being 41.39. There was a difference in the mechanical properties however, but this was most
likely caused by the fact that the parameters for the SA were not optimized. These intermetallic
phases, like sigma, then caused the material to be below the acceptance criteria in regard to the

mechanical properties.

Work performed by Phadnis et al. [20], aimed to compare cold rolled (66 %) and heat treated
AISI 304 in regards to the passive film. By analyzing the potentials and analyzing the film by X-
ray photoelectron spectroscopy the differences was established. The main findings of this study

are listed below.

¢ Rolled material shows a constant open circuit potential of —0.188 V while the heat
treated is oscillating around —0.254 V

e Pitting potential of the rolled material was 0.25 V while it was 0.09 V in the heat treated

e The passive current density was 0.9 x 107° A ¢m? for the rolled material while
1.5 x 1075 A cm? for the heat treated.

e Re-passivation of the pit occurred at 0.085 V in the rolled material while not at all in the
heat treated material.

e The passive film formed on the rolled material is richer in chromium compared to the
heat treated material. This is due to enhanced diffusion through the oriented grains in the

rolled material.

Research on pitting corrosion resistance on CS AISI 316L with varying degree of nitrogen was
performed by Mudali et al. [21]. The results showed that cold working up to 20 % enhanced the
pitting resistance while a sudden decrease in pitting resistance were observed at 30 % and 40 %
cold work. The main results from this study:

e Increased nitrogen content from 0.05 % to 0.22 % significantly decreased the pitting
corrosion resistance of AISI 316L.

e Cold work from 0 — 20% increased the pitting resistance and this was more significant
when the nitrogen content increased as well.

e Cold work from 30 — 40% decreased the pitting resistance and the decrease was higher

with increasing nitrogen content.

A study performed by Peguet, Satpati and Muthe [22], on AISI 304 and AISI 430 also aims to
determine the influence of cold work on the pitting corrosion resistance. According to Peguet et
al. [22], earlier studies in this field are not conclusive if the pitting potential is higher or lower
with CS compared to SA material. This is also true for the re-passivation. The conclusion of this

research is the following:
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e It may not be the strain induced martensite that is the main factor governing the
sensitivity to corrosion.
e The highest pit dissolution is found at 20 % CS.

e The re-passivation ability decreases as the as the CS rate increases.

Renton, Elhoud and Deans [23] performed research on the corrosion behavior of a SDSS in
regards to plastic deformation. As duplex steels contains two phases the cold work affects
duplex steels in another way than the single phase austenitic steels. Work performed by
Johannsson and Oden [24] discuss the load sharing between the austenite and ferrite in DSS.
This shows that comparing the CS studies for austenitic stainless steels may not be applicable for

DSS. The conclusions from Renton et al. [23] were:

e Cold work of 4 — 16 % plastic strain has positive effect on the pitting potential for a
SDSS, and two critical levels of plastic strains at 8 and 16 % were detrimental for the
pitting potential.

e Plastic deformation of austenite and ferrite develops in a nonlinear fashion with
increasing plastic strain.

e The nonlinear relationship between pitting potential and plastic strain is caused by the
changing surface area ratio of the cathodic austenite and the anodic ferrite which affects

the strength of the galvanic couple between them.

Work performed by Elhoud, Renton and Deans [25] focuses on the manufacturing variables such
as cold work, heat treatment and surface condition and their effect on the corrosion resistance.
This work must been seen in context with the study performed by Renton et al. [23] as the
authors are the same. The conclusions from Elhoud et al. [25] support Rentons et al. [23] work.

e Cold work improved the pitting resistance of the polished sample until a certain critical
amount of plastic strain (approx. 15 %).

e The samples that were not polished and maintained their surface defects had increasing
pitting resistance with increasing cold work, but had a critical level at 8 % plastic strain.

The pitting resistance also decreased after 16 % like the polished samples.

It is obvious from these studies that there are many variables affecting the pitting corrosion
resistance and that there still is research to perform. Conflicting results and small sample sizes
also suggest that no definitive conclusion can be taken. The research however seem to agree that
a degree below 15 — 20 % is beneficial for the pitting resistance, but the surface condition of the

material also needs to be considered for this to hold true.
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2.9.2 Research on the effect of cold work on stress corrosion cracking resistance

Research performed by Takizawa et al. [26] looks into different types of DSS’s to determine the
effect of cold work in regards to the SCC resistance. The materials have ferrite contents at 23,
51, 61 and 80 % which is obtained by adjusting the amount of nickel. The experiments were
performed in boiling magnesium chloride and the times to failure were logged at the different
amounts of cold work. The specimens were u shaped and bend to apply stress. The conclusions

from this work are:

e The susceptibility of SCC was lowest for the sample which contained 51 % ferrite
compared to the others.

e Extended time held at the SA temperature made the ferrite and austenite grains coarser
and as a result the material became more susceptible to SCC. Especially the ferrite grain
diameter had an effect in regards to cracking and increasing the size of the grains gave a
remarkable effect on the SCC susceptibility.

e After cold working the SCC susceptibility became higher for the high in ferrite content
materials, while it became lower for the materials high in austenite. The material

containing 51 % ferrite remained pretty stable.

Mietz et al. [18] also performed research on the cold works influence on SCC resistance of a
austenitic stainless steel of the type 1.4529 (UNS N08926/N08367) and a DSS of the grade
1,4462 (UNS S31803/ S32205). The experiments were performed with u-bent specimens with

saturated M gCl, salt spots. The conclusion of these experiments:

e No indication is found in regards to that cold work increases the SCC susceptibility
e Cold straining at both 5 % and 20 % showed no significant difference in SCC

susceptibility compared to SA material

Work performed by Bauernfeind et al. [27] on austenitic SS’s in chloride media uses constant
load and slow strain as well as testing in boiling magnesium chloride solution. Four different

degrees of cold work were used between 14 — 50 %. Conclusions of this work:

e Cold work does not have an effect on the threshold stress for SCC initiation.
e As the cold work highly enhances the mechanical properties the relative relationship
between threshold stress and yield stress however shows a sharp decline with higher

amount of cold work.

In the work of Leonard et al. [28] the effects of severe cold work on the microstructure and SCC

resistance is looked into. Anomalous microstructure was created in the specimens by making a
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groove. The test environment was chloride with Na cations and the stress applied was at yield.
The main findings:

e No SCC was found associated with the damage microstructure except for one instance.

e Chloride induced SCC was observed for the areas with the highest damage to the
microstructure.

e The surface defects are very important to control or repair in order to avoid later SCC

from damaged microstructure due to cold working.

The consensus from the research in this field suggests that the effect of cold work has no effect

on the SCC resistance. There is however very few studies specifically for DSS or SDSS.

2.9.3 Research on the effect of temperature and chloride concentrations on stress corrosion

cracking resistance

A summary of earlier studies on SCC resistance for DSS by Manchet, Fanica and Lojewski [29],
gives a good overview of what to expect from different load setups and chloride concentrations.
Analyzing the results from testing with different concentrations of chloride and loading setups
they compiled the results into a graph shown in Figure 15. The blue line indicates a chloride
concentration of approximately 26 %. It clearly shows the relationship between temperature and
chloride concentration. Also fracture happens at very high chloride concentrations above 40 %.

The constant load and strain tests were performed until fracture or 720 hours .
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Figure 15: Summary of several studies on a SDSS with varying temperature and chloride concentrations [29]

According to Bernhardsson quoted in Gunn [7], the super duplex alloy UNS S32750 is immune

to SCC ina 3 % NaCl solution up to 250 °C . The tests were performed for 1000 hours.

However duplex alloys will suffer from SCC given a high enough chloride concentration [7].
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Johansson and Prosek [30] investigated SCC for a lean DSS according to G36 [17], and all the
specimens failed within 24 hours. The cracks were through the whole thickness and there were
also no signs of pitting attacks.
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3 Testing

3.1 Standards

According to todays practice the only corrosion testing performed on bolts delivered according
to NORSOK M-630 [31] is the ASTM G48 Method A [32].

There are several standards for SCC and a good summary can be found in the ASTM G30
standard [33]. Based on earlier research the ASTM G36 [17] and ASTM G44 [34] standards are
the basis for the experiments in this thesis.

Also to review the results in regards to pitting there are several options. In this thesis the ASTM
G46-94 [35] was used to some extent for the visual inspection. The SCC results were determined

according to the criterion of fracture or no fracture.

The parameters for the experiments are discussed in chapter 3.6.

3.1.1 ASTM G36 Standard practice for evaluating Stress-Corrosion-Cracking Resistance of
Metals and Alloys in a Boiling Magnesium Chloride Solution

The ASTM G36 [17] standard describes SCC testing of metals in a boiling magnesium chloride
solution. It is applicable to SS and alloys of wrought, cast and welded quality and the
susceptibility of the materials to chloride stress corrosion is determined by this standard.

Important aspects of this standard:

1. Careful examination should be performed to differ between pitting and stress corrosion

2. The specimens should be prepared according to ASTM G1 [36] and ASTM G30 [33]

3. Use of glass foundations when submerged to avoid any direct contact between the test
specimens and the heating source.

4. Reagent grade chemicals and water should be used for preparing the test solution

5. The solution should be changed every 7 days

6. Loss of water by evaporation will lead to a large increase in the boiling point. This may
accelerate the SCC, and it is therefore important to minimize the loss of water through
evaporation by adding water during the testing.

7. Safety precautions need to be taken when heating magnesium chloride. Use gloves and

eye protection when handling magnesium chloride.
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3.1.2 ASTM G44, Standard Practice for Exposure of Metals and Alloys by Alternate

Immersion in Neutral 3,5 % Sodium Chloride Solution

The ASTM G44 [34] standard describes the alternate immersion method which can be used for
different metals and alloys. It can also be used for several different corrosion tests like SCC,

uniform, pitting, intergranular and galvanic corrosion.

The purpose of this method of testing is that the test is specimen immersed for a given period
before drying in air. By having a cycle of 10 minutes submerged and 50 minutes in air drying,
the specimen will accumulate salt in certain areas like crevices or surface defects. After a while
the concentrations of salt will be very high on localized spots, which again can induce SCC or
pitting due to the passive layer being broken down. A typical test period for a 3,5 % sodium
chloride (NacCl) solution is 20-90 days depending on the resistance of the alloy to corrosion in

the test medium.
Important aspects of this standard:

1. Careful examination should be performed to differ between pitting and stress corrosion

2. The time it takes from the test specimen is fully immersed or removed from the solution
shall be maximum two minutes.

3. The mechanism used to immerse and take out the specimen from the solution should not
contain any materials than can contaminate the test solution.

4. Make sure the rate of drying is equal for all the test specimens and that the drainage of

the specimens does not affect each other

If two different materials are tested, use separated test solutions

Refill with water regularly to keep a constant volume of the test solution

The solution should be changed every seven days

© N o O

Relative humidity of the surrounding air should be kept at 45 + 10 % and the

temperature should be maintained at 27 + 1 °C.

3.1.3 ASTM G46 Standard Guide for Examination and Evaluation of Pitting Corrosion

The ASTM G46 [35] describes different methods for examination and evaluation of pitting
corrosion. In short there are several methods, both destructive and nondestructive and their
different applications. For this thesis the simplest visual inspection will be performed. This
requires a magnifying glass, good lightning and a steel brush. Important aspects of this standard

are listed below:
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1. Examine the surface with a magnifying glass before cleaning any of the corrosion
products away. Also take pictures to compare it to the cleaned surface.

2. Clean the surface with a steel brush according to G1 [36] and also look for undercutting
pits.

3. Use a microscope at 20X for a more detailed examination .

4. Determine the size, shape and density of the pits.

5. To more accurately count the pits, a plastic grid with 3 or 6 mm squares can be used.

3.2 Properties of bolted assemblies and necessary considerations

The most common way to determine the preload of a bolt is to specify the torque required. The
typical equation for this is described by Dahlvig, Christensen and Strgamsnes [37] in equation
(14) and (15).

When torqueing a bolt, the friction and pitch in the threads (M,,) needs to be considered, and
when a sufficient load has been achieved, the friction against the surface (M,) will also
counteract the torque. Therefore the sum of equation (14) and (15) will give the total torque for
the desired load in the bolt.

My=F L ((Cog(a))+( - fd2)>) 14
s+dy

Mszﬂ'*F* (15)

The input required for these equations are determined from the type of bolt in question. The
middle diameter (d,), the pitch (P), the angle of the threads («), and the width across the flats
(s) can easily be found for a given bolt. Also the diameter of the hole is determined and should

be readily available.

The required input is then the required force (F) that the bolt should be torqued at, and two

friction coefficients, u for the threads and u’ between the surface and bolt head or nut.

According to Dahlvig et al. [37], the values of these coefficients are:

u=0,18—-0,35 without lubricant
u=0,14—-0,26 with lubricant
u' =0,19 — 0,35 without lubricant
u' =0,08-0,18 with lubricant

As seen in appendix A the variation of friction will have a great impact on the required torque
for a given force. In this thesis lubricant is used, but if one considers max and min values of
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friction with lubricant for a given force of 10 kN on a % inch bolt, the max torque is 295,7 Nm,
while the minimum torque is 130,7 Nm. This shows that relying on friction for the experiments

in this thesis is not reliable and that a different method should be chosen.

In the case of gaskets or in cases where the flange or plate where the bolt is going through is thin,
the deformation of the gasket, plate, washer or flange also needs to be considered.

Using a tensile testing machine to determine the strain at yield is a good method to determine the
elongation at yield which again can be measured when torqueing the bolts. The downside of this
method is that it is a destructive testing method. Also measuring elongation at a high accuracy
may be difficult, meaning it will be beneficial to have the bolts as long as possible.

Another method to determine the torque at yield could be to use a load cell, like for example a
tensile testing machine as hold back while tensioning the bolts to the required force. This could
be achieved by having a plate with a hole in the same material as the flange, as well as having
the same surface properties. Then the required torque for a given force could be determined for
this actual case with the same surface properties and lubricant that are to be used in the
experiment. This would presumably give an accurate torque for the given materials and the
lubricant. However as there was limited time available, and this method would require extra

machining, this method was not chosen.

A fourth method to determine the yield in the bolts is to use strain gauges. Then the strain can be
measured accurately while torqueing the bolts. This will require a clean and smooth surface

when fixing the strain gauges.

The final method that was considered was using a hydraulic tensioning system. This system will
prestress the bolt at the desired force by jacking it up against the surface. Friction between the
surface and in the threads can then be ignored. This is however not easily attainable equipment

and requires competent personnel and hydraulics.

A summary of methods to determine that the bolts are stressed at a certain limit with advantages
and downsides can be found in Table 3.
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Table 3: Summary of methods for determining stress in a bolt

Method

Advantages

Downsides

Use torque from tables

Tensile testing machine

Determine the torque for the

given friction from lubricant
and surface

Strain gauges

Hydraulic tensioning

Easy, fast, nondestructive

Accurate, standard procedure

Accurate

Accurate, nondestructive

Accurate, nondestructive

High uncertainty in regards to
friction

Need to manufacture holders,
time consuming, need access
to tensile testing machine,
destructive

Need machining of
components, not straight
forward, method needs to be
established, destructive

Need high accuracy when
fixing strain gauges, need
smooth surface, access to
strain gauges and other
accessories

Expensive equipment, need
access to hydraulics and
competent personnel

The chosen method will therefore need to consider the following:

e Access to a laboratory / equipment

e Access to workshop for machining

e Amount of specimens available in regards to destructive testing

e The surface geometry of the bolts and the bolt length

An interesting aspect in regards to bolted assemblies is where the fracture will occur. There are

three different cases to consider as shown in Table 4.

Table 4: Fracture modes for bolt and nut [38]

Relationship between bolt and nut strength

Nut stronger than bolt
Bolt stronger than nut

Nut and bolt equal strength

Place of failure

At the root of the bolt threads

At the root of the nut threads

At the pitch line

It is preferred that the fracture will occur in the bolt rather than the nut, as the bolt shaft in many

cases can be inspected, while a fracture in the nut may be unnoticeable. So for the scenarios

where the nut is stronger or of equal strength as the bolt, this can be achieved by enough thread
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engagement. This consideration however needs to account for the fact that the load distribution
in the threads is not uniform. As the first thread will take a higher percentage of the load than the
next, the maximum height of the nut is usually around one diameter for carbon steel [37]. The
equation to calculate the strength of the threads is given in (16) and (17). The threads will fail by

shear and not tension, so this is based on the shear strength (S,,) of the nut and bolt [38].

F =5, XA (16)

Ay =X 71X Ly X Dy X (%) +0.57735 X (Dayin + Enpa) an
When the test materials (see chapter 3.4) arrived, it became obvious that tensile testing was the
most efficient and accurate method to establish the elongation at a given stress. The studbolts
were fully threaded which excluded the use of strain gauges. Also there were enough specimens
to allow for destructive testing. Determining the torque for the given surfaces and lubricant were
deemed to complex compared to the readily available tensile testing machine at Hydro Karmgy
Aluminium R&D. The availability of a hydraulic tensioning system was also investigated, but it
was found that it would not be possible in the given timeframe. Also the flange that was
delivered to serve as a test jig had a thickness of 36 mm which allowed for easy measuring of

elongation while torqueing as the bolts were around 74 mm.

3.3 Tensile testing

The purpose of obtaining the stress-strain curve is to be able to determine the elongation when
the bolts are at a certain stress level. By analyzing the graph produced by the tensile testing
machine, the strain at yield is determined. Then by measuring the length of the bolts when
torqueing, one can easily tighten the bolt to the wanted stress level. As there was a small quantity
of studbolts available for all the experiments, the goal was to use as few bolts as possible for this
destructive testing method. To simulate the scenario of the bolts when mounted on the flange, the
length of the gap between the holders were set at the flange thickness which is 36 mm. This is
shown in Figure 16. To ensure that the bolts would get minimum friction while mounting them
in the holders the lubricant Gleitpaste was used. The MSDS for this lubricant can be found in
Appendix B. This grease contains silver, and from earlier experiences from offshore personnel

this grease works well with SS.
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Figure 16: Sketch of the holder setup with the bolt mounted

The results from the tensile testing are logged as tensile stress versus strain. To be able to

determine the Young’s modulus which is the gradient, the equation for the linear part of the

curve was found by use of Excel. This was offset 0.2 % to be able to find the offset yield and the

corresponding strain. An example of this procedure is shown in Figure 17 for the first test on

316L.
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Figure 17: Linear part of the stress-strain curve

This linear offset yield was plotted in the stress strain curve and the offset yield point was found

together with the strain at this given point as shown in Figure 18. It also shows that the slope for

the start of the curve is not linear, which is caused by the tolerance in the threads of the holders.
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Figure 18: Offset yield stress and strain determined from the curve

An interesting result was discovered when tensile testing the bolts. The Young’s modulus was
significantly lower than what was expected. In the case of SDSS the Young’s modulus was
logged as 85 — 98 GPa which does not agree with the expected 199 GPa [39]. There were no
available literature to explain this, but it was obvious that the threads in some way were

responsible for this.

An ANSYS analysis was performed and while it did not produce the same results as the tensile
testing in regards to elongation it agreed with the fact that the Young’s modulus changed when
the force increased. It did not however produce the same Young’s modulus as the tensile testing.
The setup for the ANSYS analysis is shown in Figure 19.
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Figure 19: ANSY'S setup for verifying the tensile results

38



Figure 20 shows that the deformation is different in the outer part of the threads compared to the
inner part of the thread, and this might explain the lower Young’s modulus experienced in the
tensile testing.

0,00 35,00 70,00 (mm)
I O
17,50 52,50 R

Figure 20: ANSYS result that shows the difference of deformation in the outer and inner parts of the threads

3.3.1 The use of tensile testing test results for the experiments

To account for the fact that the measuring is performed directly on the total bolt length, while
only the middle part of the bolt between the nuts is strained, the elongation Ak (shown in Figure

21) is calculated as shown below in equation (18):

Al Ak
Eyield = 1 = Ko

Ak = Eyield X kO
Ak == gyield X ((ko + Ak) - Ak)

Ak = Syield X (T - Ak)

Eviela X T
Mk = 22— (18)
yield
Where:
Eyield Strain at yield
Al Elongation during the tensile testing
I, Initial length before tensile testing
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Ak Elongation from torqueing the bolt

ko Theoretical initial length before torqueing the bolt during assembly
T Thickness of flange and distance between the holders during tensile testing
K, Initial length of bolt

This means that the total length of the bolt after torqueing is defined as equation (19):

Tensile testing Assembly of bolt and flange
Pre load After load Pre load After load
7 3 7 F3

T
10
10+
KO
T
kO

KO+#k
T
kO + Ak

L/ Z AN % ]Z

Figure 21: Sketch of tensile testing and assembly of bolt and flange

By calculating the strain at yield from the tensile testing results the percent of yield in the bolt

during torqueing can be controlled.

Also this means that the length between the holders in the tensile testing should be equal to the
thickness of the flange (T).

3.4  Test materials

This chapter describes the test materials used for the experiments and their dimensions and
conditions. A summary of the chemical composition and the mechanical properties can be found
in Table 5and Table 6.

3.4.1 SDSS flanges

To avoid any galvanic corrosion in the test jig, it was decided to use flanges of SDSS UNS
S32760 material quality. A total of six flanges were delivered from SFF, but only three were
modified and used for the testing. Having the bolts and flanges in the same material is also

beneficial when heating the materials as the thermal expansion is similar. The flanges material
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certificate is attached as appendix C and they are manufactured and delivered according to
Norsok M-630 MDS 54 [31].

The flanges were received in used condition from SFF AS, and were cleaned with acid in an
ultrasonic cleaner. Before and after pictures can be seen in Figure 22. The flanges had holes of
25,5 mm which did not fit the % inch bolts that were delivered, meaning that machining had to

be performed. Details for this are discussed in chapter (3.6.2).

Figure 22: Before and after picture of flanges after cleaning and machining

3.4.2 Solution annealed (SA) bolts (D60)

The bolts were received in new condition from Ome Metallurgica via Tools Randaberg, and
manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. A total of
16 bolts were delivered in the SA condition. The alloy was a SDSS of the type UNS S32760 and
they were delivered with a 3.1 material certificate (MDS) which can be found in appendix D.
The SA bolts are specified as L0O01 in the MDS

The specification is given as: ANSI B16.5 % x 70 P 13 UNC 2A. This specification indicates a
diameter of %2 inch, a threaded length of 70 mm with 13 threads per inch (TPI) and unified
coarse (UNC) threads of tolerance class 2. The length of the bolts was measured to be

around 74,1 mm.

The heat code is stamped on each SA bolt as 75 and the heat treatment is solution annealing
performed at 1125 °C with quenching in water. The bolts were tested for corrosion with the
ASTM G48 Method A [32] with acceptable results and a weight loss of 0,027 g/m?. Also no

intermetallic or other detrimental phases are observed.
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3.4.3 Cold strained (CS) bolts (D59)

The bolts were received in new condition from Ome Metallurgica via Tools Randaberg, and
manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. The alloy
was a SDSS of the type UNS S32760 and they were delivered with a 3.1 MDS which can be
found in appendix D. A total of 16 bolts were delivered in the CS condition and the CS bolts are
specified as L003 in the MDS

The specification is given as: ANSI B16.5% x 70 P 13 UNC 2A. This specification indicates a
diameter of %2 inch, a threaded length of 70 mm with 13 TPl and UNC threads of tolerance class
2. The length of the bolts was measured to be around 74,0 mm. The heat code is stamped on
each CS bolt as 94 and the heat treatment by solution annealing is performed at 1100 °C with a

heating up time at 4,5 hours and a holding time of 2,5 hours before quenching in water.

According to the cold straining procedure from the Ome Metallurgica, the maximum cold
deformation is set at 10 %. Also, according to the procedure the maximum yield for topside
studbolts is 970 MPa, while studbolts for subsea use should have a maximum yield of 900 MPa
[41]. The supplied bolts have an offset yield of 1004 MPa which means they cannot be used for
either topside or subsea.

The bolts were tested for corrosion with the ASTM G48 Method A [32] with acceptable results
and a weight loss of 0,089 g/m?. Also no intermetallic or other detrimental phases are

observed.

3.4.4 Solution annealed nuts (for both D59 and D60)

The nuts were received in new condition from Ome Metallurgica via Tools Randaberg, and
manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. The alloy
was a SDSS of the type UNS S32760 and they were delivered with a 3.1 MDS which can be
found in appendix D. A total of 32 nuts were delivered and the SA nuts are specified as L002 in
the MDS. Having only a total of 32 nuts and 32 SDSS bolts may force reuse of the nuts if all the
bolts are to be tested.

The specification is given as: ANSI B18.2.2 — Tab.10 % C 22,22 H 12,8 P 13 UNC 2B. This
specification indicates a diameter of ¥ inch, a nut height of 12,8 mm with 13 TPl and UNC

threads of tolerance class 2. It is also stated that the nuts have been pickled and passivated.

The heat code is stamped on each nut as 502 and the heat treatment is solution annealing

performed at 1100 °C for 3643 seconds with quenching in water for 702 seconds.
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The nuts were tested for corrosion with the ASTM G48 Method A [32] with acceptable results

and a weight loss of 0,02 g/m?. Also no intermetallic or other detrimental phases are observed.

3.4.5 B8M Cl 2 bolts (CS)

The bolts were received in new condition and manufactured according to ASTM A320/A320M —
15a [42] in the quality B8M cl. 2, and they were delivered with a 3.1 MDS which can be found
in appendix E. Class 2 means the bolts are cold strained. This material is equivalent to AlSI

316L and is referred as such for the rest of this thesis.

The specification is given as: STUDBOLT B8M CL.2 %" L75 mm. This specification indicates a
diameter of % inch, a threaded length of 75 mm with 13 TPl and UNC threads of tolerance class

2. The length of the bolts was measured to be around 79,7 mm.

The heat code is stamped on each bolt as 6D and the heat treatment is carbide solution annealing

before strain hardening.

No information is given in regards to microstructure, degree of cold straining or ASTM G48
testing in the MDS.

3.4.6 B8M nuts

The bolts were received in new condition and manufactured according to ASTM A194/A194M —
16 [43] in the quality Gr. B8M, and they were delivered with a 3.1 MDS which can be found in
appendix E

The specification is given as: HEX NUT %" Gr. 8M. This specification indicates a diameter of

% inch and the height of the nut is measured to be 12,2 mm.

The heat code is stamped on each bolt as S and the heat treatment is carbide solution annealing.
No information is given in regards to intermetallic phases or ASTM G48 testing in the MDS.

Also there is no information in regards to yield. Only that the proof load is given as 11350 pound
force in the material certificate. However the minimum offset yield (R, ) according to ASTM
A194 [43] is 80ksi or 551,6 MPa.
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3.5 Summary of test materials

The chemical composition of the test materials is listed in Table 5, and the mechanical properties

can be found in Table 6.

Table 5: Chemical composition of the different test materials in weight %

Part Cr Mo Ni N Cu Mn C W PREN
SDSS Flanges 25,19 3,77 6,76 0,26 0,56 0,68 0,016 063 41,79
SDSS SA bolts 25,55 347 750 0,26 0,56 0,58 0,023 0,54 41,16
SDSS SA nuts 25,36 3,62 7,03 0,23 0,56 053 0,019 054 41,00
SDSS CS bolts 25,60 3,50 7,20 0,26 0,58 0,60 0,024 0,54 41,23
316L bolts 16,60 2,00 10,00 0,03 0 1,72 0,027 O 23,74
316L nuts 16,85 2,02 10,10 0,03 0 1,81 0,023 O 24,06
Table 6: Mechanical properties of the different test materials

Part Rpo2 R, Elong. ROA  HBW? Fer.cnt.  Heat

(MPa)  (MPa) (%) (%) ) ~ Co

SDSS Flanges 638 827 31,4 57,5 254 52 32
SDSS SA bolts 662 877 42,0 84,0 278 55 75
SDSS SA nuts 581 814 45,1 87,5 266 55 502
SDSS CS bolts ° 588 830 47,0 80,0 254 52
SDSS CS bolts 1004 1075 23,4 77,1 N/A 52 94
316L bolts 655 775 32,5 68,4 277 N/A 6D
316L nuts 552° N/A N/A N/A 281 N/A S

a
Maximum hardness listed

b -
Before cold straining

¢ Minimum value from ASTM A194
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3.6 Testsetup

The parameters for the tensile testing and the torqueing are discussed as well as the building and
design of the test jig. Also the parameters for the corrosion aspect of the experiments which were
based on the G36 [17] and G44 [34] standards will be determined. It was decided to perform
experiments in two different setups. One test setup is based on G36 [17] with heated magnesium
chloride and the other one based on G44 [34] with alternate immersion. However some
parameters from these standards have been altered due to the equipment that was available, and
to try and accelerate the testing due to limited time available. Also to verify the alternate

immersion setup four 316L bolts were tested.

3.6.1 Tensile testing setup

The tensile testing was performed at Hydro Aluminium Karmgy R&D with a tensile testing
machine of the model Zwick 1475 that had a capacity of 10 tonnes. One initial test was
performed at the laboratory at UIS with a tensile testing machine capable of 250 kN to verify the

test setup.

To ensure that the tensile testing was performed in a safe way it was important that the holders
for the bolts were able to take the load when the bolts fractured. The easiest way of ensuring this

was to find a material with higher or equal UTS as the nuts.

Calculations were performed to ensure that the SA nuts and holders would be able to withstand
the load from the CS bolts when tensioned to UTS. Equation (16) was used with the shear
strength taken as 0,6 of the UTS according to Von Mises. Calculations are attached in appendix
F. The length of the thread engagement would be longer in the case of the holder. Also the outer
diameter of the holders was important so that they would fit in the tensile testing machine. The
thickness of the flange where the bolts are to be mounted is 36 mm so the gap between the

holders is also set at 36 mm.
The design parameters for the holders were therefore:

e Cylinder shaped

e Maximum outer diameter 30 mm and maximum length of cylinder to be 100 mm
e Hole with % inch UNC threads with 13 tpi

e Minimum thread engagement in the holder to be 20 mm

e Material with UTS higher than the SA nut which is 814 MPa

The material chosen for the holders was S165M, which had UTS of 985 MPa. The MDS is
attached as appendix G. Olufsen Skipsservice manufactured them at no cost according to the
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fabrication drawing that can be found in appendix H. The finished manufactured holders

assembled with a bolt in the tensile testing machine are shown in Figure 23.

Figure 23: Holders with a bolt mounted in the tensile testing machine
As the extensometer is not suited to be placed on the threads, as they are sloped, they are placed
on each holder as shown in Figure 23. However in test 4 in which the threads were machined, the

extensometer was placed directly on the bolt shaft.

According to Table 6, the offset yield point for the materials is known. This means that the

theoretical strain at yield is possible to calculate.

From Hooke’s law we have that:

£=— (20)
o

Where E is the Young’s modulus, € is the strain and o is the tensile stress.

The Young’s modulus is not specified in the MDS, but sources give them as 199 GPa for UNS
S$32760 [39], and 193 GPa for 316L [44] at room temperature.

Since the strain at the offset yield point is 0, 2 % this needs to be added to the strain found from
equation (20). Detailed calculations are attached as appendix I. The theoretical elongation at
yield is listed in Table 7 for the length of 36 mm.
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Table 7: Theoretical strain and elongation

Material Offset yield point Offset yield strain Theoretical el. at

(MPa) offset yield (mm)
316L 655 0,0054 0,194
SA SDSS 662 0,0053 0,192
CS SDSS 1004 0,0071 0,254

3.6.2 Torqueing of bolts

It was decided to perform the experiments on the as received condition of the bolts. As the bolts
received were Y2 inch diameter, they would not fit in the holes already in the flanges. Machining
was performed to be able to use them. It was decided to have four holes drilled in each flange
with a diameter of 13,5 mm. The hole should be as wide as possible to allow for the fluid to
surround the bolt, but too big of a hole would not be practical when tightening the nut, so 13,5

mm was decided as ideal.

Vision of the bolts after they had been torqued was also important, meaning a slit was cut on the
edge of the flange. The width of this slit was set at 6 mm so that it gave enough vision without
removing too much material under the nut. However in retrospect, the slit could have been wider
if it had not gone all the way from top to bottom, and left enough material underneath the nut.
Also the edges of the slit were chamfered and grinded to avoid a sharp edge underneath the nut
that could increase the friction. The machining was performed by Mecan, at short notice and at
no cost, according to the fabrication drawing found in appendix J. Three flanges were machined

and available for the experiments. Figure 22 shows the flanges after machining.

As discussed earlier, the amount of stress applied to the bolts is directly affecting the time it
takes to initiate SCC. Therefore it was decided to torque the bolts to 100 % of yield. The
calculations performed earlier showed that the SA nuts would be able to take the load even from
the CS Dbolts in yield.

To determine the elongation at yield, the equation (19) was used. The strain values used in this
equation were from the results from the tensile testing. As the elongation was very small a
micrometer was used to measure the length, and as the torque were performed in short

increments, measuring was done between each torqueing.

It was also decided that the lubricant would be the same as for the tensile testing, e.g. Gleitpaste.
Even though the Gleitpaste contains silver, the potential of SDSS and silver is so close that
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galvanic corrosion is not found problematic. The silver will also be encapsulated in the grease,

and all excess grease is cleaned with an electro cleaner.

3.6.3 Preparation of magnesium chloride test solutions

As the test solution was chosen to be magnesium chloride some parameters regarding
concentration and mixing needed to be determined. Magnesium chloride was chosen for both the
immersed heating and the alternate immersion as the Mg cation is more aggressive as discussed

earlier.

Since there was no laboratory grade magnesium chloride available, the magnesium chloride used
for the testing was acquired from Felleskjapet in the form of magnesium chloride hexahydrate.

This means that for each magnesium chloride molecule there are six water molecules. The MDS
can be found in appendix K. The added water is tap water and not lab grade water as specified in

the standard.
There are two temperatures that will be applied for these experiments:

e Room temperature at 23 — 27 °C

e Heated solution of a temperature of 90 °C
The solubility for magnesium chloride is [45]:

e 54,3 g per 100 ml water at 20 °C
e 72,6 g per 100 ml water at 100 °C

Since the temperature is slightly above 20 °C , extra magnesium chloride hexahydrate needs to be
added until it precipitates to verify that the solution is saturated. This also means the
concentration in reality will be slightly higher than calculated. Detailed calculations for the

concentrations can be found in appendix L. Table 8 shows the details of the test solutions used.

Table 8: Test solutions with magnesium chloride

Added quantity Concentration
MgCl, - (H,0)q Water Total volume MgCl, Cl™
20 °C 116 gm 38,35 gm 119 mL 35 wt. % 26 wt. %
100 °C 155 gm 18,00 gm 120,3 mL 42 wt. % 31 wt. %

From this table the test solutions were mixed. It was obvious through trial and error that mixing
smaller batches was the easiest as the magnesium chloride hexahydrate consisted of big crystals
that needed a lot of stirring to fully dissolve. Also for the heated solution it was found easiest to
incrementally add magnesium chloride hexahydrate as the temperature increased.
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3.6.4 Setup for immersed test with heating (G36)

It was obvious that performing experiments with boiling magnesium chloride was difficult with
the given circumstances, especially since the bolts are tested in as received condition instead of
preparing test specimens according to G1 [35] and G30 [33]. A modified version of G36 [17]

will be applied in this thesis. The experiments were performed in an empty office at DeepOcean.
The design criteria for this setup were:

e Room enough to handle the flange assembly with dimensions being 80mm x #160mm
while being fully immersed in magnesium chloride solution

e Obtain as high temperature as possible

e No metal must come in contact with the test solution and flange assembly

e Safe during use over a period of approx. 1 month

e Being able to remove the assembly for inspection

Several different ways of doing this were evaluated. However when it came to obtain at
temperature of 155°C, all of the available methods came short. As it was not possible to just use
a metal container and heat it up due to galvanic corrosion and pollution of the test solution,
something else was needed. Also most normal water heaters like heating coils and similar were
made of metal, and also not safe to leave in the test solution for longer periods of time. Available
aquarium heaters for use in for example a glass or plastic container were only able to maintain at

temperature of maximum 36 °C.

The best solution to reach a high temperature was to use a slow cooker. This can maintain a
temperature of 90 °C, as well as deemed safe to operate for longer periods of time. However, as
no suitable place for it was found to have the slowcooker operating at night time, it was decided
to use alternating heating. In effect that means the assembly will be heated for 16 hours to a
steady temperature of 90 degrees and kept at room temperature for the remaining 8 hours. As
the inner container is of ceramics, there is no risk of pollution or galvanic corrosion. It also

comes with a lid, which stops most of the evaporation.

To avoid direct contact between the ceramic container and the flange assembly in regards to heat
exchange, a glass plate was placed on the bottom of the container. Also when the flange
assembly was in the container, roughly 2 liters of solution was required to keep the assembly
fully submerged. Ropes were attached to the assembly to allow for removing the assembly for

inspection. See Figure 24 for the setup.
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Figure 24: Setup for immersed testing with the left showing the solution at room temperature and the right one showing
the temperature at 90 °C

As seen from Figure 24, the solution solidifies at room temperature due to the lower solubility.

The failure criterion is fracture in regards to SCC, and for the pitting resistance a visual

inspection will be performed.

3.6.5 Setup for alternate immersion testing (G44)

To try to accelerate the SCC a modified version of the G44 [34] is applied. The bolts are tested

in as received condition and on the same bolt assembly as described earlier.

The design criteria are given from the G44 [34] for most of the parameters. However to be able
to accelerate the SCC a test solution of magnesium chloride is used instead of the recommended
3,5 % sodium chloride solution. Due to the fact that the alternate immersion runs on an interval
of 10 minutes in the solution and 50 minutes in air, an automatic test jig needed to be designed
and constructed. To be able to verify the test setup, bolts of 316L were also tested in this jig. As
the test solution should not contain more than one alloy, there needs to be two containers of test
solution. In the case of 316L the flange was still SDSS so there might be a risk of galvanic
corrosion. The experiments were performed in an empty office at DeepOcean.

Design criteria for jig and environment:

e Automatic and reliable setup

e Be able to run for a long period of time, approx. 2 months.
e Maximum time to fully immerse specimens 2 minutes

e Run parallel tests

e Maintain a relative humidity of approximately 35 — 55 %
e Maintain a temperature of 27 °C

e Take the load of the flange assembly which is 6 kg
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Several methods were evaluated to obtain the necessary requirements. However it became
obvious early on that programming of some sort was required to have the test jig be fully
automatic. In regards to the environmental conditions the humidity and temperature needed to be
controlled. As the weight of the bolt assembly was 6 kg it also limited the options regarding the
test setups. This meant that something more heavy duty was required. The following test setup

was there for decided on.

By acquiring a second hand electrical linear actuator shown in Figure 25 that could maintain the
weight and was fast enough to fully submerge the test specimens within two minutes, allowed
for constructing the test jig. The actuator came with a remote control which had in and out
direction controls. Also the specification on the actuator gave the pull load as 300 kg and the
push load as 700 kg. The easiest way would then be to mount the actuator in the vertical position
which meant that it would be lowering the bolt assembly when going in the out direction and

lifting the assembly when going in the in direction.

The remote control functions by pushing the in or out button for 29 seconds to fully extend or
retract the shaft. Also the shaft of the actuator can extend for 31 cm so this needs to be taken into
account in regards to the height of the jig when building the frame on which the actuator will be

mounted.

Figure 25: Electrical linear actuator with specifications

As the lifting device was settled, it needed to be programmed to automatically lower and lift the

bolt assembly at the given interval of 10 minutes in the test solution versus 50 minutes in air.

To be able to control the in and out directions on the remote control separately, one relay for
each function as well as a programmable card was required. The card chosen was Arduino, due
to its simplicity in regards to programming. The Arduino card was then connected via USB to
upload the code and to a 12 V power supply.
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A part list for the setup:

Electrical linear actuator of the model CAFM 1074-1
Relay card of the model Songle Relay

Arduino UNO 3 rev 3

Power supply of the model Mascot 12-30 V DC

The sketch program for Arduino was used and the following parameters were coded:

Turn on relay 1 for 29 seconds, which makes the actuator fully extend
Turn off relay 1 and delay for 10 minutes

Turn on relay 2 for 29 seconds, which makes the actuator retract
Turn off relay 2 and delay for 50 minutes

Loop this indefinitely

As the Arduino code had problems with delays longer than 300.000 milliseconds, the delay was

divided in to smaller portions of delay. There was some inaccuracy during testing of the setup,

but it was only 30 seconds off the total sync in seven days, so this was not an issue in regards to

the testing. The full code can be found in appendix M.

Figure 26: Overview of Arduino setup

Figure 26 shows the main setup. The power supply provides 12 V to the Arduino card. The

micro USB is for uploading the code to the Arduino, and the remote control is connected to the

relays. Relay 1 controls the out direction, while relay 2 controls the in direction.
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Figure 27: Close up of wiring

Figure 27 shows the connections between the Arduino and the relays. The wiring is setup in the

following way:

e Blue wire Supplies 5 V from the Arduino to the relays
e Brown wire Ground between the Arduino and the relays
e Green wire Pin 6 on the Arduino to relay 1
e White wire Pin 7 on the Arduino to relay 2

After the programming and initial testing was performed, the jig for this was constructed. A
frame work of four 36 mm X 68 mm was connected by a 50,8 mm X 152,4 mm. It was
bolted together to be able to easier move it. The jig was covered by plastic to increase the
relative humidity in the air within. Also it was setup for parallel testing where one flange
assembly consisted of four 316L bolts while the other assembly has 2 CS and 2 SA SDSS bolts.
This is show in Figure 28 and the test solution for each bolt assembly is therefore separated. The
black container was also filled with water to increase the humidity. The two plastic containers
held approximately four liters each of test solution. Securing the bolted assemblies with rope

ensured that no contamination by any metal would occur in the test solution.
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Figure 28: Framework with actuator and bolt assemblies

The failure criterion is fracture in regards to SCC, and for the pitting corrosion a visual

inspection will be performed.

3.6.6 Processing of results

According to G46 [35], a visual inspection of the bolts after testing will be performed. However
as there was not a microscope easily available an inspection jig was created to be able to magnify
and photograph the results. This homemade microscope was created by turning the lens of a web
camera (PS3 eye) upside down as seen in Figure 29. When this wide angle lens is switched the
other way it will work as a powerful magnifying glass with the benefit that it can save and store
pictures and videos of the results. The light arrangement was made out of LED strips to get as
bright light as possible when taking pictures. According to the scaling of pictures taken, the
magnification is approximately 10X. The fact that most of the pitting occurred in the thread roots
also made it hard to obtain a larger magnification without machining the threads away with the
current setup. This will of course not give a detailed view of the very small pits, but the ones
around 0,5 mm were easily identifiable. Counting the pit density and depth was difficult and not
included due to the crude nature of the microscope as well as the thread geometry made it
difficult to get a detailed inspection of the side of the threads.
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Figure 29: Inspection jig for visual inspection of bolts
3.7 Experimental
Several experiments are performed in this thesis:

e Tensile testing of AISI 316L, SDSS SA and SDSS CS bolts
e Torqueing of AISI 316L, SDSS SA and SDSS CS bolts
e Alternate immersion on four AISI 316L, two SDSS SA and two SDSS CS bolts

e Immersed heating testing
o Test 1: two SDSS SA and two SDSS CS bholts
o Test 2: two SDSS SA and two SDSS CS bholts

The actual testing took place from 15™ of April till 6™ of June. Details regarding the different

experiments are described in the next subchapters.

3.7.1 Tensile testing

The testing was performed at Hydro Aluminium Karmgy R & D center with assistance from
competent personnel. Also one initial test was performed in University of Stavanger’s workshop.

The tensile testing machine measured the stress versus the elongation and the output was a text
file that could be imported in Excel for post processing. As there were some uncertainties in
regards to how the studbolts would react to tensile testing, the initial tests were performed on the

cheaper 316L bolts to verify the setup.
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A tensile testing machine of the model Zwick 1475 with a capacity of 10 kN was used for the
experiments at Hydro, and a tensile testing machine with 25 kN of the model Instron 5900 series
was used at UIS. The holders that were manufactured were able to fit in both tensile testing

machines.
The following test procedure was prepared and used during testing:

1. Grease the section of the bolts going into the holder with Gleitpaste lubricant

2. Assemble the holders and the bolts together with a gap of 36 mm and make sure that the
bolt has entered an equal length in each holder

Safely secure the assembly in the tensile testing machine

Place extensometer on each holder

Input on diameter is set at 10,823 mm based on tensile area 0,92 cm? [37]

Monitor the stress-strain curve to fracture

Save the results

Test another bolt of the same type

© © N o 0o &~ W

Compare the results of the two tests

a. If small variation stop testing

b. If high variation test another bolt of the same type
10. Compare the results and take the average of the test values
11. Determine the strain from the curve at yield

12. Calculate the elongation required for yield

A total of four 316L bolts, two SA SDSS bolts and two CS SDSS bholts were tested. One of the
316L bolts had the threads machined off to check for the effect of threads versus no threads. In

this case the extensometer was placed directly on the bolt shaft instead of on the holders.

3.7.2 Torqueing of bolts

The torqueing of the bolts was performed at the DeepOcean offshore base at Killingay with

assistance from DeepOcean personnel. The flanges are prepared and ID accordingly.
e Flange 1: 316L:1, 316L:2, 316L:3, 316L:4
e Flange 2: SA:1, SA:2, CS:1, CS:2
e Flange 3: SA:3, SA:4, CS:3,CS:4
e Flange 4: SA5, SA:6, CS:5, CS:6
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The torqueing of the bolts were performed in a work bench where the flange was locked in place.
The equipment required to tighten the bolts were a torque wrench (max. 300Nm), wrench,

micrometer and grease.

To avoid any excess friction in the threads and between the nut and the flange, the grease used
was Gleitpaste as in the tensile testing. All excess grease was cleaned off with an electro cleaner

spray and pressured air when the torqueing was finished.

The length after torqueing was determined from the tensile testing results. As each bolt had a
different initial length, the bolts were torqued to different final lengths as well. In Table 9 the
different test numbers and their specifications are listed. The final length column contains the
final length the bolts should theoretically have after torqueing with the given elongation at yield

obtained in the tensile testing.

Table 9: Identification and specification on the bolts

Material ~ Testno. Initial length (mm) Elongation at yield (mm)  Final length (mm)

316L 316L:1 79,19 0,35 79,54
316L:2 79,11 0,35 79,46
316L:3 79,14 0,35 79,49
316L:4 79,09 0,35 79,44
SDSS SA:1 74,10 0,33 74,43
SA:2 74,39 0,33 74,72
SA:3 73,96 0,33 74,29
SA4 74,16 0,33 74,49
SA5 74,10 0,33 74,43
SA:6 74,05 0,33 74,38
SDSS Cs:1 74,08 0,39 74,48
CS:2 74,15 0,40 74,55
CS:3 74,12 0,40 74,52
CS:4 74,22 0,40 74,62
CS:5 74,21 0,40 74,61
CS:6 74,20 0,40 74,60
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The following test procedure was used for the torqueing:

N o g &~ W

10.

3.7.3

Secure the flange in the work bench so it is not able to move during torqueing

Grease the bolt and the surface of the nut that are laying against the flange with
Gleitpaste lubricant

Assemble the bolt and nuts on the flange

Mark and log the position and material of the bolt in question

Measure the initial length of the bolt with a micrometer

Find the final length of the bolt from Table 9

Start torqueing with a low initial value as the friction in both the threads and between the
nut and the flange is uncertain

Measure and increase the torque as required

a. Increase the torque gradually (2 - 5 Nm), with smaller and smaller increments
when close to the final length.
When the final theoretical length has been achieved proceed to the next bolt
a. The next bolt of the same material can however be torqued with an initial higher
torgue as the torque at yield is determined on the first test. However it should still
be started minimum 20 Nm below this torque due to uncertainty regarding friction
on each bolt
Clean the surface with electro cleaner and pressured air to remove all excess grease on

the threads and surfaces

Immersed test in heated magnesium chloride

The immersion testing was performed at an empty office at DeepOcean. A slowcooker of the

model Coline was used, and this was able to maintain 90 °C on average.

The following test procedure was used:

1.

N o g &~ w

Prepare the test solution according to appendix L for 100 °C

Place a glass plate on the bottom of the slow cooker to isolate between the bolt assembly
and the ceramic pot

Add a rope to the bolt assembly to allow for lifting

Place the bolt assembly in the ceramic pot

Pour the test solution into the pot

Turn on the device

The device is turned on for ideally 16 hours and off for 8 hours each day
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8. Inspect visually four times every day by lifting the bolt assembly out of the solution and
gently torque the nut with a wrench

9. Add water if evaporation occurs

10. Change the test solution if corrosion products develop, or once a week

11. Change test solution between each test

The criterion for success or failure was fracture or no fracture in regards to SCC. Pitting will be

evaluated by visual inspection.

3.7.4 Alternate immersion

The alternate immersion testing was executed using the test jig designed and constructed for this
thesis. The main goal of this thesis is to compare the SDDS CS and SA bolts, however for the

alternate immersion a bolts assembly with four 316L bolts were also tested to verify the setup.

The testing was performed in an empty office at DeepOcean and the temperature was kept
constant at 27 degrees. Also the relative humidity was originally only 10 — 15 % in the office.

Wrapping the jig in plastic increased this to a relative humidity at 25 — 27 %.
The following test procedure was used:

Prepare the test solution according to appendix L for 20 degrees

Add extra magnesium chloride hexahydrate until precipitation

Pour the test solution into two separate containers

Prepare the bolt assemblies for testing by attaching a rope to each one

Secure the bolt assemblies to the horizontal spreader beam attached to the actuator
Turn on the device

The device is running uninterrupted for the whole duration of the experiment

Inspect every day by visual examination and try to unscrew the bolts by hand

© 0 N o g bk~ w NP

Add water regularly if evaporation occurs

10. Change the test solution if corrosion products develop, or once a week

The time available for the immersed testing was 39 days or until fracture. The criterion for
success or failure was fracture or no fracture in regards to SCC. Pitting will be evaluated by

visual inspection.
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3.8 Results

3.8.1 Tensile testing

The tensile testing results were surprising as the Young’s modulus was logged as below half of
what was expected of the given material quality. This also causes the elongation to be longer
than what was expected. This effect was encountered in the tensile testing machine at both UIS
and Hydro Aluminium Karmgy R&D. A total of eight bolts were tested in the tensile testing
machine, and the average of the tests were used when torqueing the bolts. It should be noted that
it was not possible to stress the SDSS CS bolts to fracture due to the max capacity of the tensile
testing machine only being 10 tonnes. To establish the effect of the threads, one specimen (Test
4) was machined down to 5,7 mm in diameter and the extensometer was placed directly on the
shaft instead of the holders. A summary of the results is presented in Table 10, and the average
values and input for torqueing is listed in Table 11.

Table 10: Summary of tensile testing results

Test ID Material ~ Elongation (%) 0,2 Yield (MPa) E modulus (GPa)
Pre-test UIS 316L N/A N/A 71,4
Test 1 316L 1,016 702,5 86,1
Test 2 316L 0,973 680,5 88,0
Test 3 316L 0,619 395,0 93,1
Test 4° 316L 0,704 760,5 150,8
Test 5 SA SDSS 0,943 699,7 94,2
Test 6 SA SDSS 0,934 717,0 97,7
Test 7 CS SDSS 1,240 885,3 85,1
Test 8 CS SDSS 1,002 703,7 87,7

a . . .
Test 4 is machined to a diameter of 5,7 mm
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Table 11: Average values from tensile testing

Material Elongation (%) 0,2 Yield (MPa) 0,2 Yield (MPa) Elongation at 0.2 Yield to

from MDS be used for testing °(mm)
316L° 0,994 691,5 655 0,3545
SDSS SA 0,938 708,4 662 0,3347
SDSS CS 1,121 7945 1004 0,3991

% Only test 1 and 2 were used for the average for 316L

Elongation is based on a length of 36 mm according to equation (19)
By comparing the elongation of the theoretical elongation using the yield from the MDS, it is
clear that the elongation is higher in the experiments. This is caused by the fact that the tolerance
in the threads will cause a delay before the linear part of the gradient occurs. And as the Young’s
modulus is lower than expected this affects the slope of the stress-strain curve, which again
means the elongation will be higher. The testing is performed by torqueing the bolts with a nut
on each side of a flange, meaning the delay caused by the threads will also occur during
torqueing of the bolts. Also the theoretical values use the Young’s modulus from available
literature, while the testing produced significantly lower Young’s modulus. A comparison of the

theoretical and experimental values is listed in Table 12.

Table 12: Comparing theoretical elongation versus elongation from experiments

Material Theoretical el. at Elongation from Deviation (%)
offset yield (mm) experiments (mm)
316L 0,194 0,3545 95 %
SA SDSS 0,192 0,3347 57 %
CS SDSS 0,254 0,3991 64 %

Figure 30 shows the test specimens after testing and the stress-strain curves for each test can be

found in appendix N.
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Test 1 Test 2 Test 3 Test 4

Figure 30: Bolts after tensile testing

3.8.2 Torqueing of bolts

The results from torqueing the bolts were as expected and there were no problems in regards to

tearing of the threads. Of course there might be some small errors when measuring, as the bolts

did not have machined ends and it was difficult to measure on the exact same spot after each
torque increment. There were also a few occurrences of where increasing the torque gradually

produced very little elongation, before the final torqueing pulled it too far.

Five bolt assemblies were prepared for testing and referred to as:

Flange 1: 316L:1, 316L:2, 316L:3, 316L:4
Flange 2: SA:1, SA:2, CS:1, CS:2
Flange 3: SA:3, SA:4, CS:3,CS:4
Flange 4: SA:5, SA:6, CS:5, CS:6

The results from the tensile testing were used and the final lengths and the required torque values

can be found in Table 13.
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Table 13: Measured values during testing

Material Testno. Initial length  Final length  Final measured length  Torque required
(mm) (mm) (mm) (Nm)
316L 316L:1 79,19 79,54 79,53 142
316L:2 79,11 79,46 79,47 130
316L:3 79,14 79,49 79,50 135
316L:4 79,09 79,44 79,47 142
SDSS SAl 74,10 74,43 79,44 150
SA:2 74,39 74,72 74,72 172
SA:3 73,96 74,29 74,31 155
SA4 74,16 74,49 74,51 150
SA5 74,10 74,43 74,67 140
SA6 74,05 74,38 74,40 145
SDSS CS:11 74,08 74,48 74,50 215
CS:2 74,15 74,55 74,56 210
CS:3 74,12 74,52 74,51 215
CS:4 74,22 74,62 74,61 210
CS:5 74,21 74,61 74,66 215
CS:6 74,20 74,60 74,62 210

3.8.3 Immersed test in heated magnesium chloride

The results from the immersed testing setup were a success in terms of provoking SCC. The first

experiment, test 1, however had some issued. The visual inspection that was performed two

times a day meant that the assembly was lifted out of the magnesium chloride and checked

visually. This could only be done when the solution had been heated for around 4 — 6 hours, as

the solution solidified when cooled. Also the grease between the nut and the flange functioned as

an adhesive that secured the nut to the flange. The magnesium chloride did also not fully

dissolve in some cases, due to the alternate heating, so this worked as an adhesive as well. When

the flange was lifted out of the solution the magnesium chloride cooled off in the air and formed

a film on the whole surface. It was when the whole assembly was retracted from the solution and

cleaned in tap water, meaning the magnesium chloride and grease loosened up, that the fractures
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were discovered in test 1. This means that the exact moment of fracture is impossible to

determine for test 1, and the results only show that all the bolts experienced failure in this test.

When test 2 was initiated, a better inspection system was developed to determine the time of
fracture. This was performed by torqueing each nut with a wrench gently by hand four times a
day when the solution had liquefied. This also prevented the same degree of salt buildup that

occurred in test 1.

In regards to alternate heating, it was not possible to maintain the 16 hours on, 8 hours off
interval. However the heating cycles were documented for each test. It also needs to be taken
into account that when turning the slowcooker off, the ceramic bowl preserved the heat for some
time after. Meaning that when it was only turned off for 8 hours it was still lukewarm in the
morning when turned on again. This means the average temperature for the whole test period is

somewhere between 23 — 90 °C .
Test 1 results

The heating cycle was logged and is presented in Table 14.

Table 14: Details on heating and cooling for heated experiment test 1

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total

Heating(h) 6 12 0 16 16 15 16 24 16 12 10 11 8 4 166
Cooling(h)y 18 12 24 8 8 9 8 0 8 12 14 13 16 150
316

Pitting was not observed on any bolts by visual inspection at 10 X.

The results from test 1 showed fracture in both CS bolts and in one of the SA bolts. The other SA
bolt had a crack in both nuts however and the largest crack went all the way through to the inside
of the nut. The fractures appear as brittle as expected from SCC. Also all the fractures are at
approximately 45 degree angles. The surface of the fractures is of a dull grey color. Pictures with
details are shown in Figure 31, Figure 32 and Figure 33.
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CS:1

SA

1 SA:2 Nuts SA:1

Figure 31: Details of SA bolts from test 1 of immersed testing at 90 °C

CS:2 CS:1 CS:2

Figure 32: Details of CS bolts from test 1 of immersed testing at 90 °C
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Figure 33: Details of the fractures. a) showing the surface of the fracture (10X), b) showing the crack in the nut for SA:1
(10X), c) the surface of the fracture for SA:2 and d) showing the surface of the fracture for CS:2

Test 2 results

For test 2, the amount of heating and cooling is logged before fracture and shown in Table 15

Table 15: Results from immersed heating test 2

Bolt ID Heating (h) Cooling (h) Total _time in Eracture
solution (h)
SA:5 33 15 48 YES
SA:6 100 56 156 NO
CS:5 29 8 31 YES
CS:6 44 15 59 ES

Pitting was not observed on any bolts by visual inspection at 10 X.

Both of the CS bolts and one SA bolt fractured after a short time in the solution. However the SA
bolt (SA:5) that fractured was torqued to 120 % of yield according to the calculations as too
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much torque was applied. The other SA bolt (SA:6) did not show any signs of cracking after 156
hours in the test solution.

The resulting fractures are shown in Figure 34. The deformation in SA:5 occurred when trying to

torque the bolt with a wrench and it suddenly gave in at a small amount of force.

CS5 CSé6 SA5 SA 5 detail
Figure 34: Details of CS bolts from the immersed testing at 90 °C

Figure 35 shows the SA:6 bolt which did not fracture in test 2.
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Figure 35: Progress pictures of the SA:6 bolt with hours in the test solution

The SA:6 bolt was examined with a visual inspection with 10X magnification and no cracks or
pits were observed.
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3.8.4 Alternate immersion testing

The results from the alternate immersion were as expected with obvious pitting on the 316L bolts

while there was significantly less pitting observed on the SDSS bolts.

In regards to SCC, none of the tested bolts in 316L or SDSS quality experienced fracture in the
alternate immersion testing. One of the 316L bolts had a crack from the top of the thread going
towards the root. If this is due to SCC or if it was already there before the corrosion testing is not
possible to determine without further detailed examination. Determining micro cracks by use of
for example metallographic was not possible in the short time frame after the testing was

finished as there was limited access to a laboratory.

The alternate immersion experiment was terminated after 936 hours, which again means that the
bolt assemblies have been dipped in test solution 936 times. The test jig worked exceptionally

well and had no issues running for the whole experiment.
316L results

For the 316L bolts the pitting gradually increased and Figure 36 shows the progress over time.
The last picture in Figure 36 shows the bolt after it had been removed from the flange and
cleaned in tap water.

—
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0 hours 312 hours 384 hours 672 hours 936 hours

Figure 36: Progress pictures of the 316L bolts alternate immersion experiment for 936 hours

As seen from Figure 37, where the corrosion products have been cleaned away with a plastic
brush and water, the pits are clearly visible. As the 316L bolts were mainly used to verify the
setup, a more detailed investigation of the pits in regards to density etc. was not performed.

Pictures of the pits at 10X are shown in Figure 38.
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Figure 38: a), b), c) and d) showing pits at the root of the threads at approx. 10X. Picture €) shows a crack going from the
top of the thread towards the root and f) shows the root before the experiment.
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SDSS SA and CS results

Only minor corrosion products were observed during the testing as shown in Figure 39. However
after around 500 hours, there were a few pits that started producing corrosion products in the CS

bolts. The worst case of pitting is shown in the last picture in Figure 39 at the top of the shaft of

CS:4.

0 hours 312 hours 456 hours 744 hours 816 hours 936 hours
Figure 39: Progress pictures of the SDSS CS:4 bolt in the alternate immersion experiment for 936 hours

The CS bolts had obvious pitting with corresponding corrosion products. Visual inspection of the
SA bolts did show any pitting on the surface at all. The pits are either too small for the 10X

magnification to pick up or non-existing.

AR B AR AR R R AR

SA:3 SA:4 CS:3 CS:4
Figure 40: The SDSS bolts after alternate immersion testing for 936 hours
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Figure 40 shows the SDSS bolts after the testing and before cleaning. The two major pits were
found, one at the middle of the shaft of CS:3 as indicated with the red box, and one on the top of
the shaft at CS:4 shown in the last picture of Figure 39. A detailed view of the two major pits on

the CS bolts are shown in Figure 41.

Figure 41: Details of the pitting on the CS bolts. a) shows the pit on the top of the bolt (CS:3) on the side of the thread and
b) shows the pit in the center of the bolt (CS:4) at the root of the thread
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4  Discussion

4.1 Tensile testing and torqueing of bolts

During the tensile testing it became obvious that this method might have some inaccuracies.The
offset yield was however determined and they were above the minimum values in the MDS in
regards to the 316L and the SA SDSS bolts. However the results from the CS SDSS bolts did not
match the MDS and were significantly lower than expected. This might be caused by the limited
capacity of the tensile testing machine as it had only 10 Te capacity so the CS bolts were not
pulled to fracture. This lack of capacity might have caused the yield to be appear lower and
thereby also causing the elongation at yield to be less. In effect this means that there is a
possibility that the elongation used in the corrosion testing might be lower than it should be for

the CS bolts. And hence the percentage of yield might be less than 100 %.

It was also obvious that the holders had some spring effect, meaning that some elongation is
caused due to the tolerance in the threads. By looking at the stress-strain curves this effect
occurred in all the tests at varying degree, but for test 4 where the bolt was machined down to a
smaller diameter and the extensometer was placed directly on the bolt shaft, this effect was

eliminated also indicating that the threads affect the Young’s modulus.

Also for test 4 an expected Young’s modulus was registered at 151 MPa. The Young’s modules
for the other tests were all below half of what literature states it should be. As this happened at
two different tensile testing machines something with the setup or some unexpected effect causes
this. Nothing was found in the literature to explain this phenomenon. An ANSY'S analysis was
performed to try and replicate the effect using frictionless constraints. This agreed with the fact
that the Young’s modulus was altered when threads were present when increasing load was

applied.

However when assembling the bolts on the flange they are in the same setup as for the tensile
testing, with the holders being replaced with nuts. There is of course more thread engagement in
the holders, but as discussed earlier there is limited value of having a very long thread
engagement as the first threads take most of the load. There might be some inaccuracy in regards
to the elongation at yield caused by these effects, but it was decided that these values were
accurate enough to use for torqueing the bolts for the corrosion experiments. Also the strain from
the testing was higher than the theoretical strain, meaning the bolts in theory should be torqued
to yield or higher, at least for the SA bolts, which needs to be considered when analyzing the

results from the SCC testing.

73



The torqueing of the bolts had no issues but seeing as the length of the stressed part of the bolts
was only 36 mm, there is a higher risk of inaccuracy. It would have been ideal to have bolts
delivered with a higher length causing the elongation to be higher and again it would be easier to
measure. Also measuring with a micrometer, on a surface that is not machined will have caused
some inaccuracy as it is hard to hit the exact spot when measuring between the torqueing

intervals.

In retrospect tensile testing with measuring the resulting elongation may not be as accurate as
expected. This is due to the uncertainties in regards to both the Young’s modulus and the risk of
error when measuring the elongation, especially when the lengths of the bolts are as short as for
the ones used in these experiments. If possible, acquiring only partly threaded bolts and using
strain gauges on the smooth part of the shaft may be a better solution to exactly measure the

strain when torqueing.

4.2 Immersed test with heating

This experiment had some issues in regards to not having the ability to be switched on for the
whole test. As the method of alternating heating between approximately 23 — 90 °C was used,
the magnesium chloride solidified when cooled as it was supersaturated at room temperature.
The next heating cycle therefore had a thick crust above the magnesium chloride solution for the

first hours of the next heating cycle which prevented inspection.

The improved inspection regime for test 2 was very successful. There is of course impossible for
this method to exactly determine the time of fracture, but it was determined it would be good

enough in regards to not disturbing the test solution too much.

In regards to the difference of the SCC resistance for SA compared to CS, one of the SA bolts
(SA:6) seemed to show a very high resistance to SCC compared to the two CS bolts and the
other SA (SA:5) bolt tested. It was discovered that the SA:5 bolt had been torqued at a stress
level approximately 120 % of yield, which is probably the reason for this bolt fracturing earlier
than SA: 5 which was torqued to 100% of yield. This shows that torqueing while measuring
elongation is difficult, when a small increase in torque can suddenly produce a lot of elongation
due to a sudden decrease in friction. However as there are a limited amount of bolts tested, as
well as the testing has been performed on as received materials instead of test specimens

according to a standard, there are a lot of variables that may affect the results.

As discussed earlier the torqueing of the bolts may not have been as accurate as expected. And in
the case of the CS bolts where the offset yield is 1004 MPa and the UTS is 1075 MPa, a small
error in the torqueing may be crucial. This makes the CS bolts a lot more sensitive to errors in
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torqueing compared to the SA bolts which has a difference of 215 MPa between offset yield and
UTS.

The surface properties and the micro structure is very important in regards to SCC resistance,
and there might be some minor difference in each test specimen The environment in the testing
is also very severe and adjusting either the temperature or chloride concentration could have
been beneficial when comparing SA against CS to extend the time of testing. With such an
aggressive environment it was hard to determine the exact time of fracture without inspecting the
specimens at a very high frequency, which again would disturb the test solution and potential

pitting and SCC initiation.

It is also important to acknowledge the fact that the material cost of testing directly on the as

received bolts is very high compared to making small test specimens from for example a plate.
To better determine the exact time of fracture some modifications can be implemented:

e Varying the three main variables one by one or together
o Temperature
o Chloride concentration
o Stress levels
e Abuiltin load cell in the flange that would register the exact moment when the load is

relieved and fracture occurs

4.3 Alternate immersion testing

The test setup worked as intended and was very reliable. The humidity was increased after some
modifications to the jig. The required relative humidity requirement of minimum 35 % was not
possible with the current setup, and it was kept steady around 24 — 26 %. This might have had
an effect as the relative humidity is important to develop a corrosive environment. Also at the
start of the experiment there were some issued with supersaturated test solutions. This caused a
thin film of magnesium chloride to form on the surface of the solution. Every time the specimens
were dipped a new layer of salt was formed on the whole flange. After a few days long stalactites
were formed as seen in Figure 42. This was handled by adding a small amount of water while

stirring.
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Figure 42: Supersaturated test solutions produced stalactites

The pitting on the 316L bolts were as expected with serious pitting and corrosion products. No
fractures occurred meaning all the 316L bolts passed the alternate immersion test criterion in
regards to SCC. One crack however was found in one of the 316L bolts, but as the bolts were not
visually inspected at 10X before the testing it is not possible to conclude that this came from the
testing. It was not possible to determine if there are any other cracks with 10X magnification,
meaning that metallographic testing needs to be performed to further investigate the degree of

cracking.

In the case of comparing SDSS SA against CS bolts, the CS bolts had obvious pitting with
corrosion products compared to the SA bolts which did not have any pits that visual inspection at
10X magnification could discover. Both the SA and CS bolts exhibited high resistance against
pitting compared to the 316L bolts after 936 hours which was as expected.

This test exchanged the recommended sodium chloride described in G44 [34] with magnesium
chloride for the test solution, but it is difficult to determine the significance of this without

further examination of the bolts in regards to cracks.

In regards to SCC, this method does not seem very applicable for lab testing as the time aspect

might be an issue.

There are several things that could accelerate the experiments. Increase the magnesium chloride
concentration by heating the test solution would provide a more severe environment. Also
increasing the relative humidity by using an air humidifier could be a possible enhancement for
the testing. In regards to the stress levels, the bolts were torqued to 100% of the offset yield.
There is of course the option to stress the bolts to above yield, but this would not be

recommended unless there is a very accurate method used.
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As the number of bolts tested were so few it is possible that minor differences in the test
specimens used will skew the results in one or the other direction, meaning that it is impossible
to conclude that the pitting resistance is higher for SA compared to CS bolts. The magnification
used to visually inspect the pits was only 10X. This means that in theory the CS bolts may have
produced a few larger pits while the SA bolts may have produced a lot of smaller ones that can
only be detected with metallographic testing or with a SEM / TEM. This however seems

unlikely.

This test however showed an indication of higher resistance to pitting in the SA bolts compared
to the CS bolts.

4.4  Further work

As there was not enough time to performing experiments on a high number of bolts, further work
should continue testing too see if the results can be recreated. Especially the immersed testing is
easy to setup and works well for a lab environment in regards to the time aspect. With better
equipment and more specimens, the indications of a higher pitting and SCC resistance of the SA

bolts compared to the CS bolts could be confirmed or not.

It would also be interesting to test regular standard specimens in the same environment that has
been used in this thesis to compare the difference on testing directly on a bolt compared to a

standard specimen.
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5 Conclusion

This thesis has been performed using modified standards, which again can make it hard to
compare the results directly to earlier research. Also the testing was performed directly on the
bolts in as received condition compared to earlier research that use standard test specimens.
However the setups of the test equipment and the actual experiments have been documented so it
should be possible to recreate the results or use the information gained from this thesis to do
further research on the subject. To provide a definite conclusion on the experiments is not
possible due to the amount of specimens tested and the extra variable coming from not
performing the experiments in a laboratory with the proper equipment for logging, lab grade
chemicals and using the parameters set in the standards. However some recommendations for

further research are provided as well as the experience gained from this thesis.

The tensile testing of the bolts provided an unexpected result for the Young’s modulus, and this
should be investigated with more testing if the method of measuring elongation to determine the

stress level is to be used again.

The alternate immersion testing setup worked flawlessly and using an Arduino card to control
the system was relatively easy to set up in regards to the coding. Also the alternate immersion
experiment provided some expected results with the 316L bolts exhibiting a high degree of
pitting. The SDSS SA and CS bolts did exhibit a difference in pitting resistance. The CS bolts
had clearly visible pits while the SA did not show any signs of pitting. This should be
investigated further as only two of each type of bolts was tested and this is not enough to provide
a definite conclusion. Also earlier research shows that there is not any difference between pitting
resistance for SA or CS material, so the results from the experiments performed in this thesis
might be an anomaly.

Only one crack in the 316L bolt was found by visual inspection at 10X of the bolts from the
alternate immersion testing. However this does not mean that micro cracks are not present
meaning further examination of the bolts needs to be performed to assess the effect on SCC from

the alternate immersion testing.

The immersed heating experiment was successful in regards to provoking SCC. In test 1 all of
the specimens experienced fractures. In test 2 which was more closely supervised, it showed an
indication that the SA bolts have a higher resistance in regards to SCC compared to the CS bolts.
But as with the alternate immersion testing, too few specimens were tested to conclude on this

and further testing needs to be performed.

79



In regards to pitting, there were no pits on either the SA or CS bolts in the immersed heating

tests that could be discovered with 10X magnification.
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Appendix A: Torque calculations

Torque calculations on bolt and nut

Jorgue on threads

Axial force:

Pitch of threads

Middle diameter:

Middle radius of thread:
Frictioncoefficient in threads
Angle of threads UNC
Friction angle

Angle of pitch

Torque with friction 0,1

Torque with friction 0,2

Jorgue between nut and surface

Axial force:

Friction between nut and surface

Diameter of hole

Width across flats

Radius of friction area
Torque with friction 0,1
Torque with friction 0,2

Total torque with friction 0,1:

Total torque with friction 0,2:

F=989 kN
P:=1.9538 mm

ty:=11.43 mm
d

Tm::_‘g: 5.715 mumn
=001 = 0.2
=30 deg
._fl::a,i;zmIIf a ﬁl' ,.ra'z::a,t{mIlr Ha ‘Ii
Lcus(a}J l[:DS{Ct}J
. P
l:?_}::
Tr"'dz

M =F o1y« tan (g, — @) =34.266 N.m

M, =F 1, «tan {g,— ¢) =98.507 N+m

F:=0989 kN
p':=0.1 'y :=0.2

dp =13 mm

5:=22 mm
s+
[ 1 " —8.75 mm

M =p'-F-v',=86538 N-m
M, =p'yFor' =173.075 N.m
Mtﬁt ::M,_,]_ +M31 =120.803 N.m

Myp=M 5 +M,=271.582 N.m
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Appendix B: MSDS Gleitpaste

|HATERIAL SAFETY DATA SHEET 91/155/EEC, §14 GefStoffV, TRGS 220

Date of issue: 10.03.2003 Version 01 of 01.12.2002 Revison 0

EMB-Gleitpaste Special White Grease Paste Seite 1/4

1. SUBSTANCE-/PREPARATION AND COMPNY IDENTIFICTION

1.1 CHEMICAL MATURE /JAPPLICATION/CHARACTER: White lubricating grease paste for industrial use
12 ADRESS OF PROCUCER/SUPPLIER: EMB Eifeler Maschinenbau GmbH
Kolumbussiralfie 54

D-53881 Euskirchen
p. COMPOSITION / INFORMATION OF INGREDIANTS

2.1 MATERIAL:

2.2 CAS-Nr.:

2.3 FORMUALATION: X

2.4 CHEMICAL CHARACTER: Lubricating gr\e-as'r= based on severe freat mineral oil synthefic oil.solid ubricants, thickener and
addifives

2.5 DANGEROUS INGREDIANT This procuct is not hazardous to health as defined by the EC Dangerous

Substance/PreparationsDirectives.

3 HAZARDS IDENTIFICATION

This heakh hazard assessment is based on a consideration of the composition of this product. This product is not hazardouws to health.
Mevertheless, normal hygiene rules by working with chemical products should be considered.

4 FIRST AID MEASURES

4. 1_CONTACT WITH SKIN Remaowve contaminated clothing. Wash skin with scap and water. If sympioms develop, obtain medical
attention. Use a skin creme for receiving the natural skin film.

4.2 CONTACT WITH EYE If substance has gone into the eyes, immediately wash out with plenty of water untl medical assistance is
provided. Retract eyelds often. Contact a doctor.

4.3 INGESTION Wash out mouth with water. Obtain medical atention immediately.

4.4 INHALATION Mot expectad fo be a problem.

Remove patient from exposure, keep warm and at rest. Obtain medical attention if ill effects occur.

4.5 ADDITIONAL INFORMATION High pressure accidental injection through the skin requires immediate medical attention for possible
incision, irrigation and ! or debridement.

5  FIRE-FIGHTING MEASURES

5.1 SUITABLE EXTINGUISHING MEDIA Mot classed as flammable. If invobeed in a fire, it may emit noxous and toxic furnes.
Foam, COg, dry chemical or water fog

5.2 UNSWITABLE EXTINGUISHING MEDIA Water in beam-form

53 SPECIAL DANGER In case of fire andfor explosion do not breath furnes.

5.4 SPECIAL PROTECTION EQUIPMENT Product may give off toxic furnes in a fire. Firefighters must wear breathing apparaturs.
5.5 FURTHER: INFORMATION W ater may be used to cool closed containers to prevent pressure build up.
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|HATERI.&L SAFETY DATA SHEET 91/155/EEC, §14 GefStoffV, TRGS 220

Date of issue: 10.03.2003 WVersion 01 of 01.12.2002; Revision 0

EMB-Gleitpaste Special White Grease Paste Seite 2/ 4

6  ACCIDNTIAL RELEASE MEASURES

6.1 PERSOMNAL PRECALTIONS Avoid contact with eyes and skin. Awoid breathing vapours.
6.2 ENVIRONMENTAL PRECALITIONS Do not release to the environment
6.3 METHODS OF CLEANING' BESEITIGUNG Absorb spillages in sand, sarth or any suitable absorbent material. Transfer to

a container for disposal In case of bigger quantities inform public authority

6.4 FURTHER INFORMATIONS —

7 HANDLING AND STORAGE

7.1 HINTS FOR HANDLING MNormal security rules for organic products with al flash point higher than 100°C.
Avoid eye and skin contact High pressure injection under the skin may occur due to the rupture of
pressurized lines. Ahways seek medical attention.

7.2 HINTS FOR STORAGE Do not storage in open or unlabbed containers. Store away from strong owxddizing agents or combustible
material.

7.3 REQUIREMENTS TO STORAGE ROOMS-/CONDITIONS sea 7.2

7.4 HINTS FOR COMMECTING-STORAGE sea 7.2

7.5 FURTHER INFORMATION nane

B EXPOSURE CONTROLLS / PERSONAL PROTECTION EQUIPMENT
81 TECHMICAL PROTECTIVE MEASURES Mo special requirements under crdinary conditions of use and with adequate ventilation.

B2 EXPOSURE COMTROL LIMITS

821 MAK-VALUE none
822 COMPANY-INTERNAL LIMITS none
83 _RESPIRATORY PROTECTIONM Mo special requirements under ordinary conditions of use and with adequate ventilation.
8.3.1 SKIN-PROTECTION If prokenged or repeated skin contact is likely, oil imperdous gloves must be worn. Good

personal hygiene practices should always be followed.

832 EYE-PROTECTION General eye contact is unlikely with this type of material If eye contact is likely, safety
glases
with side shields or chemical type of goggles should be worn.

833 INHALATION-PROTECTION General inhalation is unlikely with this type of material
834 WEAR as usual by working with organic chemical products
24 FURTHER INFORMATION none
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‘MATERI#L SAFETY DATA SHEET

91/155/EEC, §14 GefStoffV, TRGS 220

Date of issue: 10.03.2003

Version 01 of 01.12.2002; Revision 0

9.8

8.8 VAPOUR PRESSURE ( 20°C )

DENSITY (20°C; 1bar)

9.10 SOLUBILITY IN WATER ( 20°C )

EMB-Gleitpaste Special White Grease Paste Seite 314
9 PHYSICAL AND CHEMICAL PROPERTIES
9.1 PHYSICAL STATE: greass-paste
82 COLOUR white ! beige-coloured
9.3 ODOUR weak
9.4 CHAMNCE IN PHYSICAL STATE  MELTING POINT not determined
BOILING POINT/RANGE not determined
DROPPING POINT 180 *C
9.5 FLASH POINT »220°C DIM 51376
98 IGMNITION TEMPERATURE not determined
9.7 EXPLOSION LIMITS LOWER not determined
UPFER

not determined
5 3
appr. 1.1 glem

negligible

101

10.2

10.5

THERMAL DECOMPOSITION

10.2 CONDITIONS TO BE AVOIDED

MATERIALS TO BE AVOIDED

10.4 HARFARDOUS DECOMPOSITION PRODUCTS

Stable. Avoid extreme heat.

Extreme heat

Mone known

IN CASE OF FIRE

FURTHER INFORMATIONS

9.11 pH-VALUE (20°C) not determined
10 STABILITY AND REAKTIVITY

Mone known. By normal using no decomposition. In case of decomposition different

decomposition products developed. The composition of these products depends on exact

decomposition coditions.

GRG0, elemental oddes, metal ceddes and ofher undefined decomposition products

mone

11 TOXICOLOGICAL INFORMATIONS
1.1 ORAL TOXICITY LDS0 Practically mon-toede (LD 500 greater than 2000 mgikg; based on testing of similar products)
1.2 SEIN IRRITATION Pracfically non-irritating (Primary Irritation-Index greater than 0,5 but less than 3; based on tesing of
similar products )
1.3 SKIN SENSIBILITY no datas available
1.4 EYE IRRITATION Practically non-irritating (Draize score: greater than 6 but less 15; based on testing of similar
products | Irritating to eye, no datas available
11.5 INHALATION Under ardinary conditions of not aapplicable
11.6 FURTHER INFORMATION none available
12 ECOLOGICAL INFORMATION
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12,1 AKUTE FISH-TOXICITY { LC50/86 h ) # 100 mg/l {base-oil; OECD 203)

12.2 EFFECT-COMCENTRATION (EC50/24 h ) =10 gl (base-oil; DIM 38412, p. 8)

12.3 READY BIODEGRADABILITY no infarmation available

This product is expected to be inherentty biodegradable. There is no evicence to suggest

FURTHER INFORMATIONS
bicaccumulation will occur. It may be harmful o aquatic organisms.

|MATERI#L SAFETY DATA SHEET 91/155/EWG, §14 GefStoffV, TRGS 220

Date of issue: 11.03.2003 Version 01 vom 01.12.2002; Revison 0

EMB-Gleitpasten Special White Grease Paste Seite 414
1 DISPOSAL CONSIDERATIONS
13,1 PRODUCT Dispose in accordance with local and state regulations

13.1.1 WASTE IDENTIFICATION NUMBER 120112 {greases)

122 CONTAIMNER
13.2.1 WASTE IDEMTIFICATION NUMBER 150128 (plastic containers with harmful rests )

14 TRANSPORT INFORMATIONS

14,1 UN-MR: Mot regulated
14.2 GGVSIADR: Mot regulated
14.2 GGVE/RID Mat regulated
144 GEVBInSch/ADMR: Mot regulated
14.5 GGVSEE / IMDG - CODE Mot regulated
146 ICAD [ IATA - DRG Mot regulated
14.7 FLASH-POINT 20°C

4.5 TECHM. NAME STREET TRANSPORT NOT RERSTRICTED

149 ADDITIONAL INFORMATIONS Mot classified as hazardous for ransport EU labeling not required

15 REGULATORY INFORMATIONS

15.1 MARKING TO EEC REGULATIONS No marking required

PRODUCT CONTAINS

15.2 NATIOMAL REGULATIONS

WbF Cl.: not flammable
TA - LUFT:  no informations available

WGEK 1 {in accordance to VCI ). slightly hazard to water

1 FURTHER INFORMATIONS

156.1 EDITOR Marketing department

16.2 VERSION REPLACES WERSION .
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Appendix C: MDS SDSS Flanges

23613 Corbenova (Lactn) CERTIFICATO Di COLLAUDO | N. DATA/DATE  SHEET/PAGE
E}:::’m Voot 11 WORKS CERTIFICATE Taz4as 3nsorsie 141
F.o.box 14 CERTIHICAT DESBAIS
Tal, 0341,88341 ORDINE / ORDER / COE
Fax 0341000406 - 063407 | F/84580/00 FLANGZEIT? STAINLESS LI
rsousbsartig@mutasi it CAEAS DATE e AAWLEY'S LAME, WARRINGTOW
CHESHIBE WRZ B&JB =5
FLANGE E FORGIATI 16/11511 4TELD
DESCRIZIONE f DESCRIPTION / DESIBNATION NOTE
S5I113 037 45 ALEETES 1" W 2500 BRI K5 E0S BLOT
51113 0ag 55 ALEZFES A" x 172" THR 2500 RJ LT E
N MATERIALE /A TERIAL {MATERIEL | HERT /COWMLEE | ACCIAIERLA  STEEL PLANT / ACIERIE | ORISIN. GERT. / CERT, DORISN
21113 ASTM ALB2Z FBS 08a 1 520632 *4 EANDVLE Rafining hethod R.C.D. 1 AS1L-187230
R, RIF. AMALIEH CHINIGA / CHREWICAL ANALYETS / COMPOSTION CHIMIGUE
< Mn i -] P cr K Mo ] W Su FEE
SE1L3 0, Ble| G, 680 0,23 0,000 G023 25,150 B, TaH 3,770 0,260 0,830 0, S&0 41,751
ML R, PROVE MECCANICHE /MECRANICAL TESTE / ESSAIS MECANIGUES
L] S0 g RAYIELE | R.-TEMSILE | A W-ELONSG, |G, S-REDULT, REBILIENZA / MPACT TEST  RESILIENTCE IAROMESE f BURETE
mm. rmmid . LIWITE RUPTURE | ALLONGELL | STRICTION IH'JIIMIEH WG TPD | TEME.
T eE EERC
MER HER 2= lee Jaule
550,00 750, 00 25, 0 45, 00 45 *c max. 32
2107 12,70 126,65 S0, B E38, 00 B2E, 804 31, 4 57,50 91f 101[ 114 L = 4§ 21/23
wRE ] TRATTAMENT] THRMICS / HEAT TREA THENTS ¢ TRATEMENTS THERMIGUES
81113 . SolubdlizzazieneS/Solution Bonealed At 1120"C for min 472 hiineh
guenched water

Steel made by electrlc furnece.

Hatefial acc. to MDS DS54 Rew.3.

Acc, DINS0O4S 3.1BJEN10204 3.1 Surface and dimenalonal check according to relevant standard.

Corresisn test carried out acc. to ASTH G48 methed "A™ at S0°C sxpasure time 24 howrs.
Restlts: he pittipg attack, no weight loss.
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Appendix D: MDS SDSS bolts and nuts

ENCLOS.| CMTR N° SHEET | PAGE
HEAT ANALYSIS CERT.
; COVER SHEET 04 1600307/CS 1 1
OME .
METALLURGICA = AT
ERBESE ISO 10474 EN 10204 26/02/2016
\CERT FIE0) COMPARNY D 3-2
MANUFACTURER'S RAW MATERIAL CERTIFICATES
P.O.
LoT ITEMS
FROM TO CERTIFICATE N°. HEAT NUMBER DATE ISSUED BY MATERIAL
L0017 1 415631 388775 16M2M5 BGH ASTM A276 UNS 532760
(ASTM A1082 UNS S32760)
Looz2 1A 137823/C1 W72502 10/02M5 BOHLER ASTM A276 UNS S32760
EDELSTAHL | (ASTM A1082 UNS S32760)
L003 2 264375 307794 29/08M2 BGH ASTM A276 UNS 332760
(ASTM A10B2 UINS 532760)
1
|
|
|
- RAW MATERIAL COMING FROM M-550 APPROVED SOURCE STEELMAKER PREPARED/AFPPROVED
- RAW MATERIAL STARTING BARS ALREADY IN FINAL HEAT TREATMENT CONDITION
B.2-CMTR-22 18.04.02
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Nat.
ta

APPROVED

i~

Cert, Nr. 4
BGH Eoll% “'IS.BEREXTAL GMaH

by OME S.R.L

S

3¢ BaH

BGH Edelstahl! Freital GmbH

nist. 415631
no.

1/2"

OME Metallurgica Erbese Srl No.da ceriticat
rach OIN EN 10204
wa—-uu-uu-wuuum 3.1
Coriiicat des ossals dos muldebaus sekon DN EN 16204
Via Milano 15 Dio Liokung onlsprichl dan verainbarien Lislerbadinguagen.
?m"‘ oy
22036 Erba (CO) Zuichon des Stempel
Italien Trado mosk brspecin’s samp
Sone
Karcom B . AC 1510431 BONARIESN. 34874801/197456 x BGH
. no. du cient BGH iibroncn p Q408,
Enomgodom  Blanker Stab, rund, geschiltpoliert
Peoduct Round bright bars peeled/polished
Worksiol /Owsly UNS S32760
Ariodaeurgen NS S32760 ASTM A 276-15
fogivomons NS 832760 - F55 ASTM A 182 /A 182M - 15
UNS 832760 NORSOK M 630 Edition 6 10/13
UNS 832760 NORSOK MDS - D 57 Rev. 5 10/13
UNS 832760 NACE MR 0175 1SO15156-3 20094Cir.1:2011
Gelerigt nach QTR_F_E_32760 nach Norsok M-650 Edition 4
Manufaclured acc. fo QTR_F_E_32760 acc. fo Norsak M-650 Edition 4
‘Bosichigung usd CrachmolnegNecikorandlng
Irspecton and dmorsoss Metrgoocesstecsedery wirry Iosnitication beat (speciral-malyss)
Irspocion ol conisbie do Gimension Moda  disbosatisnbabomoe soscttel
ohne Beanstandung E-~ VOD ohne Beanstandung
without objection without objection
Pos. Anzahl Aoenessng Ganichl Seherole-Hr.
tom Quanity Oimonsion Weoight Hoal No.
1 2 Bd. 14,300 RD 1692 kg | 388775
m c si Mn p s Cr Mo Ni Cu N W PRE1
388775 0,023 0,28 0,58 0,023 0,0006 25,55 3,47 7,50 0,56 0,2600 0,540 41,161
PRE2 PRE1: CR+3.3*MO+16*N2
42,052 PRE2: CR+3.3*(MO+(0.5*W))+16*N2
Wawetetandnottwsiand  I5Sungsgegiont
Condiion of heat ireat solution annealed
Tisimonl Formiquo 1125°C 87s Wasser/water - Abkiihlung/cooling < 260°C
[Probe-Nr. |La 5 ) |Rm A4 z Kertsch | Probeniomm Harta
i i ge [Tenp. Rp0 Mm Shape of test ploce [Hardnass
[Test-No. loc. |°C N/ ? N/mmn? i3 3 J Charpy-V C HEW
Sol1/Req. |L >=550 >w 160 >=25 [>=45 P=45 -46
L E <=B95 p=45 ~50 <w290
joosLV1 L 662 ¥ 42 84 [360 1356 321 -46 78
j0081LV] L 331 381 363 -50
Prob-Nr Temp later.Breitung mm Scherbruchant.. %
Test-No °C  later.expansion shear fracture
008LV1 ~46 2,4 2,4 2,1 100 100 100 (léngs/longitudinal)
008LV1 -50 2,2 2,2 2,3 100 100 100 (1&ngs/longitudinal)

Priiffort/test location: mechan. Werte/mechanical test pieces — D/2 / mid thickness

Hirtepriifung/Hardness test — D/4 mid radius

Anlagen

Das Zeugnls wurde maschinell erstellt und Ist auch ohne Urterschrift gOitg.

Fraild dan Abnzhmeboautragior
End. Placo and dale Inspociar repreaeniaive
Annes Lo of datn de rbooplion
Goldgeautnahme/micrograph 15.12.2015

Ellﬂ
e e B T

TRUE

OME s.r.l. ......
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Sato

R 3¢ BaH

BGH Edelstahl Freital GmbH

BGH Echalstahl Freiial Grdé_Am Sahiweds 1 01705 Fraial Zeugnlsdr.
OME Metallurgica Erbese Srl o g cevittat

Eeschalngung Gher WedsiolpGhung nach DIN EN 10204
o URONINIEN 3 ]

415631

brprsyelerrrizs) b
Via Milano 15 Ole Ustaaung v
Lak Sl do Derade:
22036 Erba (CO) —
italien Trade mark Tepecis s -
Mu-::::‘c‘51“3-1 g:-whm. °© 34874801/197466 x
o, o, s chort BGH rbikesncs 5

Zugprobenform/typ tensile specimen

ASTM A 370: Lo = SO mm ; Do = 12,5 mm
Charpy-v 10 x 10 V= 2 mm
Léngsproben/longitudinal test specimen

Proben wurden von der Stabverlidngerung entnommen x 6" Linge, gemdB ASTM A 370.
Test pieces taken from actual bar prolongation x 6" length according to ASTM A 370.

Korros.-Test ASTM G48 Meth.A: 50°C/24h: kein LochfraB/no pitting is observed
corrosion test Meth.A: Gewichtsverlust/weight loss: 0,027 g/m?
Proben gebelzt (20% HNO3 + 5% HF, 60 °C, 5 Minuten)

Samples pickles (20% HNO3 + 5% HF, 60 °C, 5 minutes)

Rand-near surface D/2-mid thickness
Deltafercit/ferrite delta ASTM E 562: 53% 55%
relative Genauigkeit/relative accuracy: 8% 7%
Priifung/testing: 30 Felder/16 Punkt (30 fields of 16 points)
Rtzmittel/Etchant: V2A + 30 % NaOH

Us-Priifung nach/ultrasonic testing acec. to

A3B8/A 388 M (latest Revision) (KSR/FBH max. 1,5 mm):

ohne Beanstandung/no objection.

Fertigung nach QM-System IS0 9001: 2008/ QM system in effect is ISO 9001: 2008
Kontrolle auf Radioaktivitdt ohne Befund, der Messwert liegt unter der Nachweisgrenze
von 0,1 Bg/g.

Radiocactivity inspection witout objection, the measured value is below the detection
limit of 0.1 Bq/g.

Material wurde nicht reparaturgeschweibt./Material no weld repaired.

Gefiige frei von intermetallischen und anderen schidlichen Phasen./
Microstructure free from intermetallic or other detrimental phases.

Das Material ist frei von Quecksilber./Material is free from mercury.

Stahlhersteller des Ausgangsmaterials: BGH Edelstahl Freital Gmbi.
Steel manufacturer of starting material: BGH Edelstahl Freital GmbH.

Aegen Frola don Abazheebeautragler
End. Placo and calo I pocion seprescnltive
Annexn

Ml
| Geldgeautnahme/micrograph : e
Das Zeugnls wurda maschinail erstell! und Ist auch 0hne Unlerschill QOIU0. 3L Smacar s g hu e spatiom b ikt o sk vilabe aine Snahge bves

TRUE GOPY
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Gefdgesufnahmen zum Zertificat Nr. / Microstructure to certificate No.: 415631

Besteller/Purchaser: OME Metallurgica Erbese Srl

Bestell-nr./Order-No.: AC15184341

Werkstoft/Quallty: UNS $32760

Chargen-nr./Cast-No.: 388776

Erzeugnisform/Product: Blanker Stab, rund, geschiltipoliert / Round bright bars,pesled/polished
Abmaessung/Dimenslon: 14,300 RD

Komm.-nr./Work-No.: 34874801
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WA fpw o2,

ABNAHMEPRUFZEUGNIS ISO 2001:2008 certification 2
INSPECTION CERTIFICATE EN ISO 14001:2004 certfication lA BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL
EN 10204-3.1 Cert. No.: 137923 /C1/2015.02.10
Blatt/Sheet/Page: 1/12

Besteller/rurchassriAchetsur: Ei er/Consignee/Destinakre:

CHUN & VOLLERIN SRL CHUN & VOLLERIN SRL

VIA VENETO, 11 VIA VENETO, 11

20080 BUCCINASCO 20080 BUCCINASCO

Bestell-Nr.Purchaser order NoNo. de commande:
11740 / 0000.00.00

Werksauftrags-Nr./wWorks order-No.iNo. de la commands de I'usine:

3901437369 / 2015.02.056

P of lesiObect d'examan:

BOHLER A911SA W-No. 1.4501
bar, rolled, solution annealed, quenched
1BO ECOMAX ISO 286/2 ITk12

T

Colata 72502
APPROVED by ONE S.R.L

Empféngerref.-Nr./Recelver relerence-No/Réfrencs deslinaire:

Liefarschein-Nr./Dslivary nole-No./Avisd ‘expedition du client:

3910183951 / 2016.02.10

Anforderun uements/E:

TSP_K-A911SA_Rev.01_110718

Norsok Standard M-650 Edition 4, September 2011
Norsok Standard M-630 Edltion 5, April 2010
Norsok MDS D57 Rev.4

NACE MR0175/ 1ISO151566-1: 2009

DIN EN10088-3 September 2005
X2CrNiMoCuWN25-7-4

ASTM A182/A182M-11a chemistry only

ASTM A276-10

ASTM A479/A479M-11

ASME BPVC 2010

Secfion |l Parl A SA-276

ASME BPVC 2010

Section || Part A SA-182/SA-182M chemislry only
UNS S32760, F55

Pressure equipment directive PED 97/23/EC

Volume of dalivery

s Tolpassais

* | No. ot Pioces [ wislghtigs - [ a0 |

20/1 16 x 3.950 mm 165

Reduction ratio = 818,52 : 1

Qualtty heat treatment

Solution annealed

CDPIACO 170‘5

Via Venclo

empemm
1100°C
M...holding time at nominal temperature after center of material has reached the lolerance limit.

1031,0 7286 1267169-3 W72502

ALEOPICINGLE
LI s
xGoou BUCCINAZCD

G A

Heat treatment monitoring method In compliance with APl 6A PSL3

B ¥

+Soakime: % “Cadling
05hM Water

TRUE COPY

OMEs.rl. ...\

REGISTERED OFACE OF THE COMPANY: KAPFENSERG; RECISTER COURT LANDEBGERIGHT LECBEN Fi 204435
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ABNAHMEPRUFZEUGNIS 1SO 9001:2008 certification ns
INSPECTION GERTIFICATE EN ISO 14001:2004 certfication IA BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL

EN 10204-3.1 Cert. No.: 137923/ C1/2015.02.10
Blatt/Sheet/Page: 2 / 12

Chemical Composition (%)

c Si Mn P s Cr Mo Ni W Cu
0019 019 053 0025 <00003 2536 382 7,03 056 056 W72502

Al N FLO14*
0,012 0,23 41,0 W72502

‘FLO14 = Cr#3,3 Mo+ 16°N

Femite content Examinafion

The ferrite content was determined in accordance with ASTM E662-11 using the point count method.,
Surface 14T

Ferrite 55 % 55 %

Auslenite 45 % 45 %

Micrographic Examination

Austenitic-ferritic microstructure

The microstructure was examined at 100x and 500x magnification.
The microstructure was examined near surface and center position.
Etch media: H20 1000ml, NaOH 400gr

The material is free from inlermetallic and deletsrious third phases.

COMACONTORMS ALLY
CHUN 2 vel b5
Via Veneto 17 - 200

OME 8.1l ...o.b2mKisivnsss

REGISTERED OFFICE OF THE COMPANY: KAPFENBER(; HEGISTER COURT LANDESGERICHT LEOBEN FN 294435v
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ABNAHMEPRUFZEUGNIS I1SO 8001:2008 certification us
INSPECTION CERTIFICATE EN ISO 14001:2004 cerfification IA BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL
EN 10204-3.1 Cert. No.: 137923/ C1/2015.02.10
Blatt/Sheet/Page: 3/ 12
Photomicrographe:

Location: Surface
onglnai photo- 1 00x

Location: center
original pholo: 100x

The mlcrostruclural photogrephs were examined a( 100x and SDOx ualng tht m.croseopy

Location: Surface
original photo: 500x

- A PF gy A TN '*;K\ 'ﬁ” lf
e %@@m ety
3 SN T SRR B R it ’i«?ﬁt

Locafion: center
original photo: 500x

OPMGINSLE

W osal
AT IR ]

Cf.‘-'”'”\ (:‘3 i ‘inul

TRUE CQPY

OME .1l

* sansine srnerenaas

99



ABNAHMEPRUFZEUGNIS ISO 9001:2008 certification I = -
INSPECTION CERTIFICATE EN ISO 14001:2004 certification  AWAA BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL

EN 10204-3.1 Cert. No.: 137923/ C1 / 2015.02.10
Blatt/Sheet/Page: 4 / 12

Machanical Properties
The QTC s a prolongation of the final heat treated bar.

Orientatlon and location of the lenslle test and Impact test properties.
LZ = longitudinal, Center, LA = longltudinal, near Surface; L2 = longitudinai, 1/2 Radius (1/4T); Q2 = transverse, 1/2 Rodlus (14T); Q =
lransverse

Tenslle test properties

Orientation and location of the tensile lesl properties.

LZ = longlludinal, cenler, LA = longltudinal, neer surface

L2 = longiludinal, 1/2 Radius (1/4T); Q2 = tranaverse, 1/2 Radlus (1/4T); Q = lransverse

Tensile test in delivery condition

“iey &= Top
H = haedest M = Middo
W soflast B« Badom

1267169-3 4 EN 1806892-1/09 LZ 41 a1
>=25 =45
1267169-3 5 ASTM A370-12a LZ 498 85

Impacl test properties

Orlentation and localion of the Impact tesl properies.

LZ = longludinal, cenler, LA = longltudinal, near surface

L2 = fongltudinal, 1/2 Radius (1/4T); Q2 = transvarse, 1/2 Radlus (1/4T); Q = transverse

Impact test In delivery condition
Koy

M = haades| M = Nddl
I = colest £ = Botom

12671693 95  ENISO 148110 1Z 23 358 333 339 227232211 100 100 100
>=45 info Info
12671693 95 ASTME2307AE1 LZ 46 319310328 2,151,832,14 100 100 100
<ardness test in delivery condition i
fégtna.’ [ Prosano.’ N T I HRC
<28
1267169-3 5 ASTM E10-12 Tensile test 260
1267169-3 4 EN ISO 6506-1 Tensile tost 266
1267169-3 95 ASTM E18-11 Surface - 22
1267169-3 95 ASTM E18-11 Surace popiA CON[ORAYIICRICINGLE 2.4
1267168-3 95 ASTM E18-11 Suface ¢ e AVOLE IR sk 238
12671603 95 ASTM E18-11 T \ia Vewwin 11 - Z0Az2 BUTCINASCD 24,4
1267169-3 95 ASTM E{8-11 1" 242
1267169-3 95 ASTM E18-11 1T 24,5

TRUE

OME 8L ..o X s

EGISTERED OFFICE OF THE COMPANY: KAPFENBERG; REGISTER COURT LANDESGERICHT LEOBEN FN 204435v
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ABNAHMEPRUFZEUGNIS ISO 9001:2008 certification 5w
INSPEGTION CERTIFICATE EN ISO 14001:2004 certification IA BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL

EN 10204-3.1 Cert. No.: 137923/ C1/2015.02.10
Blatt/Sheet/Page: 5/ 12

Cormroslon Examinafion

Intergranular Corrosion acc.to ISO 3651-2 melhod C: Satisfactory

1/4 T Posllion pickled specimen:
Pitting Comrosion acc.to ASTM G48 method A - 50°C - 24h
Corrosion Rate 0,02 g/m?, no pilling at 20x magnification

Nondestructive Examination

Material Identification test: Positive material idenfification

100% Ultrasonic test
A flat bottom hole (FBH) reference technique was used as specified in ASTM A388.
The performed US-Test fulfils all requirements of ASTM A 388 acc, to API 6A Para. 7.4.2.4.11 -PSL 3

100% Ultrasonic test acc.to EN10228-4 1a
The material fulfils qualily class 2

100% Surface Inspection
An Eddy Current test was parformed.
The bars are without unacceptable surface defecls.

Statements

Material produced without ozone deplating substances.
The material is free of mercury conlamination.

No weld repair has been performed on this material.
Counfry of origin and melt: AUSTRIA

Attachment TRUE
Ultrasonic Report Z08 - 567 + Z08 - 568 -
Operators Qualification

Furnace chart [OME s.rt. ...\

Radloakfivititskontrolle/Radloactivity Inspection: m.igtg;
hiermit kieiner als Grenzwert in der anzuwendenden Spezi |AEA RS-G-1.7 fir unbedenkliche Stoffe.
therefore smaller than upper limit required according to specification IAEA RS-G-1.7 for inoffensive material.

Y.

Zelchen des Prilfers:

Brand of Manufacturer: @ Inspeclion and Checking of Dimensions: Satisfaclory Symbal of Inspector:
Marques de l'usine: Inspeclion of Control des dimensions:  Salisfaisant Symbole de l'inspecieur:
BOHLER Edelstahl GmbH & Co KG Abteilung / Deparlment Atkasor
Marlazellersirasse 25 B&hler ltalla
8605 Kapfenberg, AUSTRIA gfl ~
DER ABN RAGTE/

Ao hohler-edelslan.cem AUSSTELLER/ INSPECTER REPRESENTATIVE!

ORIGINATOR f AUTEUR DU CONTROLEUR

REGISTERED OFF'IGE OF THE COMPANY: KASPFENBERG; REGISTER COURT LANCESGERICHT LEOBEN FN 204435
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ABNAHMEPRUFZEUGNIS ISO 9001:2008 certification I s
INSPECTION CERTIFICATE EN SO 14001:2004 certiication A9\ BOHLER
CERTIFICAT DE RECEPTION EDELSTAHL
EN 10204-3.1 Cert, No.: 137923/ C1/ 2015.02.10
Blatt/Sheet/Page: 12 /12
Abtellung/Department W4 rmehehandlu rotokoll
EWV/O Hlnolnbtho'n}ng’;ngM I‘*&%"&E“
Kunde: / cuslomer:
oot 1267189/01-0 - 5 o Ny
Marke:  material  AB11SA WBH Sch. /coda: L0
Abmessung: / dimenslon; 000X018 PPIEKICNE: _
Vorgtdsenlage:
conlinuous hool yresfing plonk: v 1
o gg Gracomu: 3 (H-8°C)  Dimmiiueg h sl e
famace no.:
Solldaten / nominal values
It. EV2 3600/0021/30/letzlgilige Rev. / per produstion presarplion
Gpamt Oleacek (410 3600 Sek e 1100 °C
" min. §°C, max. 32°C | Cessdas” | “hme min. 40°C, max, 80°C
. L osek.
Wasser (water) e (o away: 700 Sek.
Istdaton / process data

Aduflage Nr.: / lot no.: 5

L Ty R [

1100 RPN Y, o S
]

n

PP B -

-— -t b e

I
]
i
1080~ F === memmf e e 4
‘ 1
H H
- ' '
] '
1 ]
. 1
M 1
Ll St it S sl S LR
o oo €20 | o% ' o | ok | 1%
Zat fheram) Veee o)
Matedalelnldit / maledal entrance; 0 Naledasausill: / exit U
04.02.2013 16:34:21 Burn 2041 Ouk 04.02.2013 17:35:04
Pelyrort 2 °c - o Elnlng:
polymor tamperalse At _°C - m 0Sek. Attty _
Wanedenperalur  EnLENme 23°C OLOZ201317:336:13 | youonai:
wruler lavyecahire: 19°C 0402201317656 |  Wimersion Gme: 701 Sek.

Dlo RichligheX dor durchgeithden Warmebehandiung wird bestirg!; -
The ew':d' haat s confirmed: el Krammer friscmesni

Dia Frozesedalen wardon stalislach ausgowertet  Dalim: Unlorschén:  Andreas o
process data orw alallslcally evsiusiod date; 190213 yooinee: T

TRUE E&P

Y

REGISTERED OFFICE OF THE COMPANY: KAPFENBERG; REGISTER COURT LANDESGERICHT LECBEN FN 2044380

OME s.r.l. W
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s> (/2" 4o

, 4334 [12
:: (ST
3¢ BGH
BGH Edelstahl Lugau GmbH
BGH Edolind Luosy GmbH Glelssly, 12 ORCHS Limau m“ 264375
PTM Sr Mo, de cartiicat
Prodotti Tecnologicia e Materiall Ooer Werkalofiprifung nech DIN EN 10204

Corficais of muladal beals sccarding 1o DIN EN 10204 3
Gas exsals dos wkon DIN EN 10204

Corso Lione, 85/13 Die Lisferung o ‘“..___.'-' o
Ls comeapond Bux condiions 6o heaison Comvenust.
10141 Torino (TO)
Siempal das Wenssachwersilingigen
itailen OME s.t.l.. o == oy
qp.mm Poincon s Mrapecax
O e . 3TH1 ...,,.m - 261502011101265 x
Cde. no. d client
Eraugrisorn  Blanker Stab, rund
Product Round bright bars _
—[Werkstoff / Quaity UNS S32760 1.4501 X 2 CriNIMoCuWN 257 4 - —
Anforderungen  ASTM A 276 - 10
m NAcElROi'IS NORSOKIIDS-DWR« 04-09/10
W""‘E_, *l Varwochobagaprifung (speciruanshyfisch)
wuwm H MeRtingprocasafsscondary denificaton teet (spectsi-anafysis)

) Mode & MaboratorAnskamerd 2 Identiication] maly
ohne Beanstandung i E - VoD ohne Beanstandung
without objection ! without objection
Poe., pozati Abmessung Gonict Schvmelz- .

[ Ouerdty | Dimenslon e Weight kg | Hesio.
|5 bundies | 12,700 RD+ 0,000 /-0,110 DIN EN 10278 /h11 2300 307794
Tl C §i Mn P s € Mo NL Cu N W PRE
307704 0,024 0,41 0,60 0,025 0,0010 25,60 3,50 7,20 0,58 0,2550 0,540 41,23
Usfotand IBsungsgegliiht, geschiit, poliert
Dalivary condition solution annealed, peeled, polished
- : .2 Al Probenform |Harte
robe-Nr. [Lage rl‘cmp Rp0, |Rm :A Z ]W:-M e
est-No. K5 /men* N /mm? % 1 J Charpy HBW HRC
|soll/Req. |L RT =550 >=750  >=25 D=45 [>=85 -46
L ' >=20 -50 <=290/<=~32
L H >=20 -B5
L i -101
L RT 568 830 150 |80 |356 386 399 -46 T 254 7 24
L 358 364 325 ~-50
L 346 327 316 -85
L 335 311 320 -101
L P‘r 591 831 47 82 344 350 359 -46 250 / 23
L 358 341 316 -50
L | 317 303 325 -85
1 -
2 o Juom a0 o8 il
Prob-Nr Tenp later.Breitung mm
Test-No *c later.expansion
147FEl -46 2,2 2,3 2,3 (l3angs/longitutinal)
147FE1 -50 2,2 2,3 2,2 (l14ngs/longitutinal)
147FE1 -85 2,4 2,3 .-2,2 (14ngs/longitutinal)
147FE1 =101 2,3 2,2 2,3 {l&ngs/longitutinal)
154FE1 -46 2,2 2,3 2,3 (J.Angs/longl.tutinal)
3 Wy
e . Piace snd Gals
Annexa Lieu ot deis
BB o\ e
Das Zeugnis wurde maschinell erstell und istauch ohne Unierschl glilg, 1 corifiais s Sentraiad by dala st Kmus nol b s o vl s wel.
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BGH Edelstahl Lugau GmbH
BGH Edolyta Luney GebH Glelaslr, 12 O3S Lussy Zougnis-Hr. 284375
PTM Sr o certicet
Prodotti Tecnologicia e Materiall Beschalnigung lber Wertalolipriing nach DIN EN 10204
Cartiicae of matariad tests scconding 1o DIN EN 10304 3 4
Cortiicat dos ssaals dos metivisus seion DIN EN 10204
Corso Lione, 85/13 Die peicht o L
I eccordance witn e agreed terma of delvary.
s comespond sux condiions de Daakson corvenuss.
10141 Torino (TO) % i
italien Trade mark Inspecior's stamp
Signa do lournlsseur Puincon de Nnspecias
Kurdon-Bosted . .
Orntorar e 37111 BoHwotnve. | 26150201/101265 x
Cda. no. du client BGH riférence
154FE1 -50 2,5 zoer 2 (1angs/longitutinal)
154FEl -B5 2,2 2,1 2,2 (18ngs/longitutinal)
154FE1 -101 2,1 2,2 2,2 (l&ngs/longitutinal)
147FEL 154FE1
Deltaferrit/ferrite delta ASTM E 562: Rand-near surface: 52% 52%
D/2-mid thickness: 51% 49%

US-Priifung/us test A388/A 388 M (latest Revision) (KSR/FBE max. 1, 5mm)
ohne Beanstandung/no objection
2. Versuch: gebeizte Probe (20% HNO + 5% NF, 60 °C/5 Minuten) bei 50 °C, 24h,
Material frei von Sigma- und anderen schiidlichen Phasen./
Material free from sigma and other harmful phases.
Korros.-Test ASTM G48 Meth.A: 50°C/24h: kein LochfraB/mo pitting is observed
corrosion test Meth.A: Gewichtsverlust/weight loss:
ungebeizt/unpickled: 0,132 g/m?
gebeizt/pickled: 0,112 g/m?

Korros.-Test ASTM G48 Meth.A: 40°C/4Bh: kein LochfraB/no pitting is observed
corrosion test Meth.A: Gewichtsverlust/weight loss:
ungebeizt/unpickled: 0,089 g/m*
gebeizt/pickled: 0,077 g/m?
gebeizte Probe/pickled test pieces (20% HNO + 5% NF, 60 °C/5 Minuten)
Material frei von Sigma- und anderen schidlichen Phasen.
Material free from sigma and other harmful phases.
US-Priifung/US test A38B/A 388 M (latest Revision) (KSR/FBH max.1,5 mm):
ohne Beanstandung/no objection.

i TRUE COPY

OME s.r.l. ...... ¢
APPROVED| AR
OME s.r.l. f 3 82 Zz
- — ™ e
o B oamt | — it
Das Zeugrss wurde maschingll araiclt und Ist auch oo UniorschrifgONg. s comfcel s porersid ) de ayvice L msed el 0o Sy o wicie o ol |
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Wirmebehandiungsbescheinigung x BGH

Altesiation de traitement thermique
BGH Edelstahl Freital GmbH
e St 8. £ 120812012 DO e, (7750001 L, 81100 RéL33s

Warmebehandiungszustand: 15sungsgeglitht
Condition of heat treatment:  solution annealed
Etat de traitement thermique: recuit de mise en solution

Datum:
Date:

Date:
Qo2
No. du four:

Aufheizzeit:

Heating up time: - 45h
Temps de montée an température:

Ha

o skl 1100°C
Température de maintien:

Haltezeit:

Holding time: 25h
Temps de maintien

ebkﬂhl '""": “ﬂ‘-" : Wasser / water / eau
Moyen de refroidissement

15.06.2012

Datum:
Date:
Date:

Ofen-Nr.:
Fumnace no.:
No. du four:

TRUE COPY

Haltezeit: :@
mp?mm OME s.r.l. ..oocd S

Abkihimedium:
medium

Quenching
Moyen de NWmont . \
Warmebehandiungs-Nr.:  7as1es APPROVED| (25

Heat treatment lot :
OME s.rl.|{ 3 &4 /’&1

No. du lot de Mment thermique:
Disgramm: Datum: -' “M.
Diagram: X Date:  1007.2012 Inopecteur do réception
Diagramme: - JUNGKUNZ <

Das Zougnis wurde maschinel arstelt und Ist auch ohne Unierschiil UG, G s s oo i e o o i sy oo
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Gefigeautnahmen zum Zertificat Nr. / Microstructure to cersiicate No.: 5119 /Z‘l[}?s’

Besteller/Purchaser.
Bestell-rw JOvder-No.:

BGH Edelstahl Lugau GmbH
FR2092012 -

UNS 832780
774
Stab, rund, roh / Round bars,unmachined

15,00 RD
47750001

TRUE COPY

OME s.r.l. (Q ..........

~

apprOVED| (2%

OME st 4 38442
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ENCLOS.|CMTR N° SHEET |PAGE
LIQUID PENETRANT
EXAMINATION CERTIFICATE 12 1600307/PT n 1
OME
METALLURGICA 3.1
ERBESE 0 ISO 10474 EN 10204 26/02/2016
CERTFED COMPANY 3.2
REF. DOC. OME PROC. 8.2 - PT REV.0 ASTM E1417 (]
ASTM A962 - S57 MDS VN8OS Rev.A ]
PRODUCT E] RAW BARS D SEMI-FINISHED PCS. FINISHED PCS.
DEGREASING [ ] ALCHOOL [] ACETONE SOLVENT
PENETRANT RED PENETRANT * RED WATER WASHABLE BATCH N. 079/14
APPLICATION SPRAY D IMMERSION [:] BRUSH
X | TIME 15' MIN. X | REMOVAL BY H20 REM. BY PAPER
P <200KPa/T.<40°C
DEVELOPER BIO. DEVELOPER ** WHITE BATCH N. 117515
APPLICATION SPRAY [ ] IMMERSION [_]BRUSH
TIME 20" MIN. AIR DRIED CLEANED
TEST TEMPER. 20° C (ROOM) T. SURFACE 15° C TO 50° C (PIECES)
OBSERVATION NATURAL LIGHT Int. > 1000 Ix NO INDICATIONS FOUND D
ITEMS CONTROLLED QUANTITY RES.
LOT TOTAL N REMARKS
FROM TO |SPOT| 5% | 10% |100%| PIECES QTy c|C
LOO01 1 X 2 16 X NO DEFECTS FOUND
L002 1A X 4 32 X NO DEFECTS FOUND
L0003 2 X 2 16 X NO DEFECTS FOUND
*RED WW (R2.71) 02011100 PREPARED/APPROVED
* ROTRIVEL U (R2.82) 02011200
C = CONFORMING NC = NON CONFORMING F 8.2 -CMTR -10//19.04.02
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ENCLOS{CMTR N°  [SHEET |PAGE
CERTIFICATE OF COMPLIANCE
WITH THE ORDER 13 | 1600307/CC L
241 DATE:
ISO 10474 EN 10204 26/02/2016
L] 32
CLIENT: TOOLS AS ORDER:  SAMPLE FOR STAVANGER DATE:
UNIVERSITY 28/01/2016
PROJECT: JOB: DATE:

ORDER AND ALL APPLICABLE MATERIAL SPECIFICATIONS

ALL MATERIAL SUPPLIED ARE IN FULL ACCORDANCE WITH THE PURCHASE

ITEM 1 : FOR MICROSTRUCTURE, VERIFICATION OF THE INTERMETALLIC
PHASES,FERRITE CONTENT AND CORROSION TEST SEE ATTACHED RAW MATERIAL CERTIFICATE;
FOR NUTS 1/2” ITEM 1A SEE ATTACHED BYTEST REPORT NO. RP 0098L16 dd.15.01.2016
FOR STUDS 1/2” ITEM 2 SEE ATTACHED BYTEST REPORT NO. RP 0744L16 dd.26.02.2016

STATEMENT

WE HEREBY CERTIFY THAT THE ABOVE DESCRIBED MATERIAL HAS BEEN MANUFACTURED,
CONTROLLED THROUGHOUT PROCESSING, EXAMINED AND TESTED SATISFACTORILY IN
CONFORMITY WITH MATERIAL SPECIFICATIONS AND ADDITIONAL CUSTOMER REQUIREMENTS.

PREPARED / APPROVED

8.2-CMTR-23

19.04.02
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BYTEST 84 - TOV S0D Growp

C.s0 Piemonte 8 - 10083 - Volplano (TO)

= s':om ” 10088 - Vaigiano (T0) Sislama di Geslions Quatth Certificsto
Tel, 011 037221 - Fax 011.99538.53 DA O IS 00 il Aitate szl
O ey, | i i o it
82100 - Benavento {BN) - Tel, 0824.1755562 Fzﬁ%m&&&mmu L3104 LSLELTABXL,
[0 Unitd operstiva implanti NOT: Laborsterio Actreditato ACCREDIA N. 0599 seconco UNI

CEIEN ISONEC 17025

Parfila VA cnsmn.m;:z mﬁ:wms 3367 i Mot te,Spavimtto s s 3'53‘ Suscatitiith
mmq:mﬁsqmummaam:gmwmm e e e o one MRS
RapportoN* | pp | 0098L16
RAPPORTO DI PROVA "J:’ : =
Test Report e s 0060 - 2016
uwmumwmmmpomcmm "o Sukodzeazons scri daila et s e 18335
wmdmpm-wmmmuwubm Data emissione 15.01.2016
Certficazione di Conformita Issue dale ity
Si certfica che tutie le attivita oggetto di questo rapporto di prova sono state condotte in conformitd ai requisitl
della normativa di riferimento indicala, come richiesto dall'ordine d'acquisto. °
Certificale of Conformity Pagina n 2 di 2
This Is to certify that aif the sctiilies covarad by this tes! report wers condusted in accordance with the Pagon® of
requirements of fhe specifiad reference standard, as required by purchase order.
DESCRIZIONE SAGGIO (tipo di prodotio, condizioni): CAMPIONI
Sample description (product type and condifion) SPECIMEN

RIFERIMENTI (DISEGNO/PN/LOTTO/COLATA)
References (Dwg N./PartN./Batch n./Heat 1)

TIPO MATERIALE - STATO TT ~ SPECIFICA di Riferimento
Materlal Type — HT condition — Reference Specification

Camplone 6.469 - 1/2" (DADI)
Colata n. W72502
Pieces Marked: OME-32760-502-18
Specimen 6.469 - 1/2° (NUTS)
Heat n. W72502
Piaces Marked: OME-32760-502-18

OTA: TUTTE LE INFO

Accialo ASTM A1082 Grado UNS S32760
Solubilizzato
Check list 2015/1.458
ASTM A1082!A1082M—12
MDS DEO Rev.
Slee! ASTM A1062 Grade UNS 832760
Solution anneaied
Check list 2015/1.458
ASTM A1082/A1082M-12
MDS D60 Rev.02

SOPRA R : E DICHIARAZION
CHE RIMANE RESPONSAB!LE DEl CRI’IERIDI CNIPDW!NTO UTILIZZATL. - NOTE AI.L 'IHEABOVEDATA HAV!BEENDEUVED

Y FROM CUSTOMER'S STATEMENTS WHO REMAIN THE WHOLE RESPONSIBLE OF THE APPLIED SAMPLING

Contenuto del Rapporto di Prova:

Test Report Content:
PROVA NORMA DI PROVA CONDIZIONI ESITO DETTAGLI ALLEGATO N°
Test Test Standard Conditions Result Delsils Annex N°
MICROGRAFIA ASTM E3-11 CONFORME 1
Micrographic Test ASTM ES62-11 Satisfactary
CORROSIONE Method A CONFORME
Corrosion ASTM G43-11 50°C/24h Satisfactory 2
[ PG-02-05-PLT

Questo rapporto & composto da 2 pagine e da 2 allegati. Documento trasmesso per via elettronica; loriginale vidimato veria

fisicamente consegnato a mezzo posia.
This report is made of 2 pages and 2 annexes. Document transmitied through e-mail; Origina! signed copy will be mailed.

SUPERVISORE (Cliente o Terza Parte)
Witness(Customer or Third Part)
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Allegato 1 del RP 0098L16

Pagina 1 di 2

Campione 6.469 — Superiicie estema
Ingrandimento 100x - 500x
Attacco: NaOH 20 % efetfrolitico
Spacimen 6.469 ~ Outer surface
100x - 500x Magnificalion
Etch: 20 % NeOH eleclrolyte

= Imo di fas! int liiche e precipitati
Maximum contento of intermetaliic phases and precipitates
. ) Valori Osservatl [%] <04
et d 3 Obssrved Valuves [%] i
ERAE
4 Valorl Richlestl [%] <041
& ,‘(’ Rogquired Values [%) 2
2 > Contenuto dl ferrite secondo ASTM E562-11

Ferrite content sccording to ASTM ES62-11

i > q § Valorl Ossarvatl 53%
X, Valori Richilest]
By Required Values 40+50
Approvato da: SUPERVISORE zaﬂﬂl o Terza Parte)
Approved by: Witness(Cusfomer or Third Pari)
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Allegato 1 del RP 0098L16 Pagina2 di2

Campione 6.469 ~ Meta spessore
Ingrandimento 100x - 500x
Attacco: NaOH 20 % elettrolitico
Spacimen 6.469 — Mid thickness

100x - 500x
Etch: 20 % NaOH electrolyte

Contenuto masaimo di fasi Intermetaliiche & precipitat!
Maximum conteato of intermetaliic phases and procipitates

Valorl Osservati [%] <04
Observed Values (%] o
° / 4
! B /3 N _ vmxum% o
. By S Contenuto di ferrite secondo ASTM E562-11
Ferrite content according to ASTM ES62-11
v
o Observed Values 4%
- o Valori Richiesti
3 Required Values 40 + 60
o1 Rapporto tto da: Approvato da: SUPERVISORE (Cliente o Terza Pams
by: Approved by: Witness(Customer or Third Part)
A7 g
- '-if——---m—
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Allegato 2 del RP 0098L16 Pagina 1 di 1

Pitting and Crevice Corrosion Resistance of Stainless Steels and Related Alloys
by Use of Ferric Chloride Solution
ASTM G48-11 — Method A
Tem .| 20% HNO; + 8% HF In .| FeCli~H,.0
o | 8|S o | St | eS|SO | S0
. est z + in d: . < -
time: Podny: water for 5 min, &t 60 °C Test Solution: | 6a; in weight)
Peso del provino prima delia prova / Weight before test: 119.5039 [g]
Peso del provino al termine della prova / Weight after tost: 119.6026 [g]
Superficie esposta / Surface exposed; 42.87 [om’]
Perdita di peso / Loss of weight: 0.0031 [g]
Campione 6.469 | Perdita per metro quadro / Loss for square meler 0.303 [o/m?)
Specimen 6.469
Valore richiesto / Requirad Value 240 [g/m]
Non si rileva la presenza di pitting ad ingrandimento di 20X.
Absence of pits at 20X magnification.
Fine del Rapporto di Prova
End of the Test Report
Approvato da: SUPERVISORE (Cliente o Terza Parte)
Approved by: Witness(Customer or Third Parf)
105
A Emanuel
L]
¢ PLT "D s.r.l.
META! A ERBESE
E 0mo)
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B Seda legde e oparativa:
Via Pisa 12+ 10088 - Vidigiana (T0)
Te. 011037221 - Fax 011.99533 53

O Unta operativa i Bengventx:
Zona Indusirials ASHZS - S5 90 Penie Vallenlino
B2100 - Benevento (BN) - Tel. 0824.1755662
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C.s0 Piemonls - 10088 - Volpiaso (T0)
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UNIEN ISO 2001
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Materials Testing Laboratory NADCAP Test Codes:
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RapportoN' | RP | 0744L16
RAPPORTO DI PROVA rapee :’ -
Test Report LMo Bitemt| 1605 - 2016
Ilmmhupmmmhmlummlmmm a prova. OC-Commessa
parzisle del p & victata, salvo autorlzzazione sciitie dells Bytest sd, OC-Jobn* 18335
mmmwmnwmm
wwmummmmmmumunmm Pﬂll::\.kﬂom 26.02.2016
Certificazione ormitd SSUe S S
Si certifica che tutte le atiivitd oggetio di questo rapporio di prova sono state condolte in conformild al requisil
della nommativa ¢ riferimento indicata, come richiesto dall'ordine d'acquisio. %
Cortificate of Conformity Pagina n 2 a 2
mawmmummmuymwmmmmmmmmmm Page a* of
requirements of the specifled 83 required by purchase order,

CAMPIONI
SPECIMEN

TIPO MATERIALE — STATO TT - SPECIFICA di Riferimento
Meaterial Type - HT condition - Refarence Specification

DESCRIZIONE SAGGIO (tipo di prodotto, condizioni):
Sample description (product type end condition)

RIFERIMENTI (DISEGNO/PNAOTTO/COLATA)
References (Dwg N./PariN./Batch n./Heet n.)

Accialo ASTM A1082 Grado UNS S32760-S
Solubilizzato e incrudito
Check list 2016/187

Campione 856 - @ 11.35(BARRE) ASTM A1082/A1082M-12

Colala n. 307794 Norsok MDS D58 Rev.02
Specimen 856 - @ 11.35 (ROUND BARS) Steel ASTM A1062 Grade UNS S32760-S
Heat n. 307794 Solution annealed and Strain Hardened
Check list 2016/187
ASTM A1082/A1082M-12
Norsok MDS D59 Rev.02

OTA: TU LE INFORMAZIONI SOPRA RIPORTATE
CHE RIMANE RESPONSABILE DEI CRITERI DI CAMPIONAMENTO
EXCLUSIVELY FROM CUSTOMER'S STATEMENTS WHO REMAIN THE

UTILIZZATL. - NOTB‘ALL THE ABOVE DATA MVEBEENDERIVE)
WHOLE RESPONSIBLE OF THE APPLIED SAMPLING CRITERA,

Contenuto del Rapporto di Prova:

Test Report Content:
PROVA NORMA DI PROVA CONDIZIONI ESITO DETTAGLI ALLEGATO N°
Test Test Standard Conditions Result Detalls Annex N*
MICROGRAFIA ASTM E3-11 CONFORME 1
Micrographic Test ASTM E562-11 Satisfactory
CORROSIONE Method A CONFORME
Corrosion ASTM G48-11 50°C/24h Satisfactory <
L PG-02-05-PLT

Questo rapporto & composto da 2 pagine e da 2 allegali. Documento trasmesso per via elettronica; Foriginale vidimato verrd

fisicamente consegnalo a mezzo posta.
This report is made of 2 pages and 2 annexes. Document transmitted through e-mail; Original signed copy will be malled.

Rapporto redatto da: Approvato da: SUPERVISORE (Cliente o Terza Parte)
Report Issued by: .Approved by: Witness(Customer or Third Part)
L Q
WGl o )
ém\\; MIGLON: ?'(‘a!mfmneo _CARUSO Pletni_ s.r.l.
£ 94 e ., / (RA)ZA ERBESE
ERBA (Como)
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Allegato 1 del RP0744L16

Pagina 1 di1

¥
oy

Campione 856 — Superficie estema
Ingrandimento 100x - 500x
Attacco: NaOH 20 % eleftrolitico
Specimen 856 — Quler surfsce
100x - E00x Magnification
Etch: 20 % NaOH electrolyle

Contenuto massimo dl fasl intermetalliche e precipilati
aximum t J h

of [fic p end precipitates
Valori Osservatl [%) <04
Observed Values [%] -
Valori Richiesti [%] <01
Required Values [%]

Contenuto di ferrite secondo ASTM ES62-11
Ferrite content according to ASTM ES62-11

Valori Osservati

Observod Values 50%
Valort Richlest!

Required Values 40+55

Campione 856 — Meta spessore
Ingrandimento 100x - 500x
Attacco: NaOH 20 % elettrolitico
Specimen 856 — Mid thickness
100x - 500x Magnification
Eich: 20 % NaOH electrolyte

Contenuto massimo di fasl intermetalliche ¢ precipitati

to of I itic ph and pr
Valori Osservati [%] <04
Observed Velues [5%] "
Valori Richiesti [%] <04
Required Values [%) ‘
C diferrite do ASTM ES62-11
Ferrite content according to ASTM ES62-71
Valori Osservatl 51%
Valori Richlesti
Required Values 40 %55

“Rapporto redatto da:
Report Issued by:

S
(ermsr Ny

. MIELONLG CSiarancy

—

SUPERVISORE (Cliente o Terza Parte)
Witness(Customer or Third Part)

“"OMEBE-A s.r.L
METALL ERBESE
ER 0mo)
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Allegato 2 del RP0744L16 Pagina 1 di 1

Pitting and Crevice Corrosion Resistance of Stainless Steels and Related Alloys
by Use of Ferric Chloride Solution
ASTM G48-11 — Method A

Tempo 20% HNO; + 5% HF in acqua FeCly~ H;0
Temperatura: 50 | di prova: 2h m distillata per 5 min. a 60 °C Sm o (6% in peso)
Temperature: ¢ | Tost Plokiings 20% HNO, + 5% HF in distited | F0%°C | FaCis—H;0
time: water for & min. af 60 °C (6% in weight)
Peso del provino prima della prova / Welght before test: 53.2516 [g]
Peso del provino al termine della prova / Weight affer test: 53.2505 [g]
Superficie esposta / Surface exposed: 28.08 fcm?
Perdita di peso / Loss of weight: 0.0011 [g]
Campione 856 | Perdita per metro quadro / Loss for square meter 0.302 y|
Specimen 856 28 and
Valore richieslo / Required Value <40 [g'm]
Non sirileva la presenza di pitling ad ingrandimento di 20X.
Absance of pits af 20X magnification.
Fine del Rapporio di Prova
End of the Test Report
“Rapporto redatto da: Approvato da: SUPERVISORE (Ciente o Terza Parie)
Report Issued by: Approved by: Witness(Customer or Third Part)
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lencLos.|cmTR N SHEET | PAGE
HEAT TREATMENT
CERTIFICATE 08 1600041HT " 3
- (] 34 DATE:
ERBESE ISO 10474 EN 10204 19/02/2016
CERTIED COMPMY 3:2
REF. DOC. OME PROC. 7.5 - HT ASTM A1082 []
NO-HLD-10-T522-110002
PRODUCT [ ]rAW BARS [ ] SEMI-FINISHED PIECES FINISHED PCS.
FACILITIES ELECTRIC FURNACE CONTROLLED ATMOSPH.  []
[ ] CAPACITY 1000 kg/h [ ]cAPACITY 2000 kgih []
A|l Q| T | PARAMETERS COOLING
: Ul E CHART
LoT e|E| M w o ENCL.
NOTE A|N P MIN O|A|A]I
P.O. L
ITEMS / | C E HOLD I T 1 L|A H.T
MATERIAL N H R |t°C| TIME L|E|R]| + I DATE X
el 1|1 R H|R E|N
N[N (minutos) 2 s|o
G| G o
L002 1A NUT 1/2" X 1120 20 X X
UNS S$32760
LO03 2 STUD 1/2" x* 1120 20 X X
UNS S32760
[X] FOR MATERIAL ASTM UNS $32760 — STUDS 1/2" —ITEM 1 : STARTING BARS
ALREADY IN FINAL HEAT TREATMENT CONDITION FREPARED | APPROVED
E * PLUS STRAIN HARDENING
F82-CMTR-04 19.0402
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CERT. TYPE CMTR Nr_ SHEET
INSPECTION CERTIFICATE ‘
IS0 10474 1600307H
21 118
EN 10204 META
LIST OF SUPPLIED PRODUCTS DATE EREESE
2eMAAE CLETH K DT
CUSTOMER : TOOLSAS
ORDER No.: SAMPLE FOR STAVANGER UNIVERSITY Date: 28/01/2016
DESTIMATION - TOOLEAS PROJECT Moo
PE.E86
1
ROLEOTN OB Mo
Lom OME PO, QTY Dimenslon Diraadng Mo, Spec/ Grade Heat Mo, Marking Cond. Coat.
ITEM ITEM
16 12" 13UNC X TD ANE B16.5 | ASTM AT0DB2 / A1DEZM OME IT-32760-
Lom 10 1 Mo, LS 239760 3BETTS = 20
32 12" 13 UNC ANE| B18.22-Tab 10 | ASTM A1DE2 / A1082M OME-3Z760-
Lon2 o 1A NE. UMNE 239760 WT2s02 o 20 033
16 12" 13UNC xTD ANSI B16.5 | ASTM ATDE2 / A1082M OME IT-32760-
LonS 30 2 ™ NS 539760 30774 o 8T

VISUAL | IMENSIOMAL EXAMIMATION - Conforming

MELT PROCESS : Eleciric Fumnace

OME Metallurgica Erbese Srl.

Via Miiang, 15
Z2036 ERBA (CO) Haly
Phane +38 031 641606 r.a. - Fax +39 031 645618
E-Malt: Infa.omeigome. It - tp:ww.cme &

Statemant
THIS |5 TO CERTIFY THAT THE COMTENTS OF THE
'CERTIFICATE ARE CORRECT AND ACCURATE AND THAT ALL
'OPERATIONS PERFORMED ARE IN COMPLIANCE WITH THE
APPLICABLE SPECIFICATIONS AND PURCHASE OROER
REQUIREMENTEL

MAATERLAL FREE FRoOMW MERCURY O RADIOWACTIATY COMNTARMIRATION
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CERT. TYPE CMTR Hr. SHEET
INSPECTION CERTIFICATE ‘
16003071
B0 10472
=B 218
HEAT ANALYSIS EN 1 ———
DATE CLETH Kb OO T
2622016
CUSTOMER : TOOLSAS ORDER Mo SAMPLE FOR STAVANGER UNIVERSITY Date: 2800112016
TION - TOOLS AS
OETNT = FB.E26 PROJECT Ho.-
4
ECLBOTN JOB No-
LOT Haaf Mo. [ Mn 8l P g or Ml Mo W m Cu W B Hb Co
n Py En Be (i ] H H Fa Hb+Ta cb Al+TI Ch+Ta
0,023 00,0006 7,500 3470 0,560 0,540
Lot IBATTS 0.0Z3 0,580 0,250 . | 25,550 E X
0.260
0,;m25 0,0003 7,030 3,620 0,560 0,540
Logz W7Zs02 0.019 0.530 050 A
0,230
0,025 0,001 7 3,500 0,580 0,540
L003 0,024 0,600 o410 25,600 00
0.255
OME Metallurgica Erbese S.r.l. siatament
THIS IS TO CERTFY THAT THE CONTENTS OF THE
Wia Milang, 15 CERTIFICATE ARE CORRECT AND ACCURATE AND THAT ALL

22036 ERBA (CO) italy
Phona 230 031 641606 1.3, - F2X +30 031 645618
E-Malt: Info.ome game.It - Ftip:iwwi.cme i

CPERATIONE FERFORMED ARE IN COMPLIANCE WITH THE
APPLICABLE SFECIFICATIONS AND FURCHASE DRDER.
REQUIREMENTE.

MATERIAL FREE FROM RERCURY OR RADIC-ACTRATY CONTAMIRATION
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CERT. TYPE CMTR Nr. SHEET
INSPECTION CERTIFICATE ‘
16003071
ISTH 10474 e
31
TENSILE TEST EN 10204 DATE e
CHETH Kb OORaNT
28022016
CUSTOMER : TOOLS AS
ORDER Mo SAMPLE FOR STAVANGER UNIVERSITY Date- 2801/2018
DESTIMATION - TOCLS A8 d
=i PROJECT Mo.-
41
KCLBOTH JOB Ho.-
Lot SPECIMEN REQUIRED VALUES OBTAINED VALUES
MO. | Dwa | AREA L TC | Measurs L] R Lo L Rp 02 R E RA.
mm mm2 mm Unit Rp0.2 [ MAX : RA % %
%

Loo 125 12266 50,00 Roam MPa 550 TE0 16 3 662 BIT 42,0 84,0

Loo2 125 12266 50.00 Roam MPa 550 750 16 EE] 561 B14 45,1 aT5

Loo3 12,5 122,66 50.00 Roam MPa 725 850 16 3 1004 075 734 771

OME Metallurgica Erbese Sr.lL Statement
THIS ES TD CERTIFY THAT THE CONTENTS OF THE
Wla Milang, 15 CERTIFICATE ARE CORRECT AND ACCURATE AND THAT ALL

22036 ERBA (GO Haly
Phone +30 031 641606 1.3, - Fax +30 031 645518
E-Malt: Infa.omeg@ome. It - htip:ihwww.ome i

CFERATIONS FERFORMED ARE IM COMPLIANCE WITH THE
APPLICABLE SPECIFICATIONS AND PURCHASE ORDER
REGUNREMENTS.

WATERIAL FREE PROM MERCLRY OR RAIRASTIATY SORTAMRATION
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CERT. TYPE CMTRHNF. SHEET
INSPECTION CERTIFICATE ‘
150 10474 I A8
31
IMPACT TEST EN 10204 DATE T
CLTH Kb SORaNT
2822018
CUSTOMER - TOOLS AS
IDRDER Mo SAMPLE FOR STAVANGER UNIVERSITY Date: 28101/2018
DESTINATION - TOOLS A8 PROJECT Mo
P.B. EB6
HH
KOLBOTH JOB No.-
LoT SPECIMEN MIHIMUM REGUIRED VALUES OBTAINED VALUES
ABSORBED ENERGY LATERAL EXP. SHEAR %
Ko, (1Z00| KV (1s0v|kcu| Tec |muomt | osn | ave LE. 1 2 3 AVE. 1 2 3 |[eof70|s0|s0
Loo1 X 50 J 5 45 360 356 3z ETT)
LDO2 X 50 J 5 45 36 322 334 324
L0032 - X 45 J F £5 53 a7 a9 50
‘OME Metallurgica Erbese Sr.L Statement
THES IS TO CERTIFY THAT THE CONTENTS OF THE
Wa Milang, 15 CERTIFICATE ARE CORRECT AND ADCURATE AND THAT ALL
22036 ERBA [CO) Haly OPERATIONS PERFORMED ARE I COMPLIANCE WITH THE
Phaone +39 031 641606 ra. - Fax #39 031 645618 APPLICABLE SPECIFICATIONS AND PURCHASE ORDER
E-Malk Info.omes@ame. It - hitp:hwww.ome. & REQHEEVENT.
WATERAL FREE FROM VEFCSLIRY OFf IADIS-ACTRATY CONTAMBATION
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CERT. TYPE CMTR M. SHEET
INSPECTION CERTIFICATE ‘
150 10474 160030711
31 Tl
EM 10204 GME
HARDNESS TEST .1 REEsT
CLATH KB SN
268/0272016
CLUSTOMER - TOOLSAS ORDER No.- SAMPLE FOR STAVANGER UNIVERSITY Date: 2800172016
DESTMATION - TOOLSAS
. . ik PROJECT No.:
1
KCLBOTH JOB No.-
ot | mo. REGUIRED VAL UES OBTAMED VALUES
o, AFTER HEAT ROOM AFTER HEAT ROOM
TESE TREAT. x 28 TEMPERATURE TREAT. X 240 TEMPERATURE
HE | HRE| T*C HARD. HE | HRE| HRC| HV HARDNESS CONTR. HARDNESS CONTR. HARDMESS PL CPL
MM MIN max any MIN MAX ary MN max |c me| cmc
Lo01 X 30 1 278
Loo1 X 30 10% w2 281
Looz x 310 1 250 =7 | X
Looz x a0 0% 249 250
Loo2 x 38 1 316 a5
Looz % 26 10% 36 326
PL = Proof Load CPL = Cone Proof Load C = Conforming
OME Metallurgica Erbese S.r.L
THES 18 TO CERTIFY THAT THE CONTENTS OF THE
Via Milang, 15 CERTIFICATE ARE CORRECT AND ACCURATE AND THAT ALL

22036 ERBA (C0) Haly
Phione +39 031 641606 3. - Fax +39 031 645616
E-Mall: Infio.omegome It - hitp:iwww.ome It

OPERATIONS PERFORMED ARE 1N COMPLIANCE WITH THE
APFLICASLE SFECIFICATIONE AMD FURCHASE OROER
REQUIREMENTE.

MATERIAL FREE FROM WERCLURY O FADIO-ACTITY CONTAMINATION
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CERT. TYPE CMITR Nr. BHEET
INSPECTION CERTIFICATE ‘
160020711
IS0 10474 aiB
a1 METAL
Declarations B DATE L N—
260212016
CUSTOMER :TODLS AS ORDER Mo SAMPLE FOR STAVANGER UNIVERSITY Date: 28/01/2018:
DS TaRATGN g PROJECT : Ho.:
14an
KCLBOTH JOB Mo
Conforming Material Specification

PREN 2 40.0%

ASTMATDE2 /A1082M - 12 Bd.
PROOF LOAD TEST ACCORDING TO ASTM A104
{LOAD ACCORDING TO ASTM A194 TABLE 3 - GL7M)

HEAT 388775 - PREN = 41,161%
HEAT W72502 - PREN =41%
HEAT 307704 - PREN = 41, 23%

" IMPACT TEET PERFORMED BY SUBSIZE SPECIMEN (10 x 5 mm)

QTR NO. 140 Reu5
MDS D50 Rev.2
QTR NO. 1402 Reu2
QTR NO. 130 Revd
MDS D60 Rewv2

Coating

038 = PICKLING & PASSIVATION

50 = 50LUTION TREATED
5T =S50LUTION TREATED / STRAIN HARDENED

Generic Specification

OME Metallurgica Erbese Sl

ia Mllano, 15
22036 ERBA (CO) Ity

E-Malt info.omeghome it - hHp: e ome. it

Phione +30 D31 641606 r.a. - Fax +39 031 645618

Statement

THIE ES TD CERTIFY THAT THE COMTENTS OF THE
CERTIFICATE ARE CORRECT AND ACTURATE AND THAT ALL
DFERATIONS PERFCRMED ARE IN COMPLIANCE WITH THE

APPLICABLE BPECIFICATIONS AND PURCHASE ORDER
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ENCLOS.|CMTR N° SHEET |PAGE
VISUAL DIMENSIONAL
EXAMINATION CERTIFICATE 14 | 1600307VD n 1

OME . 3.1 DATE:
ERBESE ISO 10474 EN 10204 26/02/2016

CERTFED COMPANY E] 3.2

REF. DOC. OME PROC.8.2-VE ANSI B16.5 / ANSI B18.2.2 Tab.10

OME PROC. 8.2-DE ASTM F788 / ASTM F812

PRODUCT [ ]rAW BARS [ ] SEMI-FINISHED PIECES FINISHED PCS.

SURFACE/COND. [ X| DEGREASED NATURAL LIGHT ]

INSTRUMENTS GAUGES GO-NO GO VERNIER CALIPER MICROMETERS

PLUGS GO-NO GO ] ]
CONTROLLED QUANTITY GENERAL THREADS ROUGH APP.
ITEMS DIMENS. DIMENS. VALUES
LOT RES. RES. RES. RES.
FROM TO |SPOT| 5% |10 % |100% |PIECES| C |NC C |INC C|N C [NC

L001 1 X | 16 |X X X

LOD2 1A X 32 X X X

LO03 2 X 16 X X X

Visual contro! carried out on 100% of the pieces with conforming result PREPARED/APPROVED

Visual control on marking : Conforming

ALL AREAS OF THREADS, SHANKS AND HEADS OF FINAL MACHINED PARTS

HAVE BEEN VISUALLY EXAMINED : NO DISCONTINUITIES - SUCH AS LAPS, SEAMS,
CRACKS - HAVE BEEN FOUND
C = CONFORMING NC = NON CONFORMING F82-CMTR-12 19.04.02
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ENCLOS.[CMTR N° SHEET | PAGE
P.M.l. CERTIFICATE
18 | 1600307/PMI 11" 1
ﬂ'ﬁ‘t'mmu 3.1 DATE:
ERBESE ISO 10474 EN 10204 26/02/2016
CERTFED COMPANY D 3.2
REF. DOC. OME PROC. 8.2-PMI Material ASTM A1082 UNS S32760
PRODUCT D RAW BARS E] SEMI-FINISHED PIECES FINISHED P.
EQUIPMENT NITON XLt 800 [ JFOERSTER MAGNATEST | 3.610[ ]
METHOD PHOTOGEN PIPE |:] ELECTROMAGNETIC []
CONTROLLED QUANTITY VERIFIED ELEMENTS
LOT ITEM Cr Ni Mo Cu W [N
10% CHECK | TOTAL Req. Req. Req. Req. Req. cle
(HEAT) PCS. | Qry. 24.0-26.0 | 6.0.80 | 3.0-40 | 050-1.00 | 0.50-1.00
% % % % %
LO01 1 X 2 16 Min 25.51 7.46 345 0.55 0.52 X
(388775) Max 2558 7.53 3.52 0.61 059 X
L002 1A X 4 32 Min 25.30 6.98 3.59 0.53 0.51 X
(W72502) Max 25.39 7.07 3.68 0.60 0.57 X
LO03 2 X 2 16 Min 25.55 7.16 347 0.52 0.53 X
(307794) Max | 2563 | 7.22 | 356 0.59 0.62 X
[X] EXAMINED PIECES HAVE BEEN “PMI” MARKED PREPARED/APPROVED
E] THE OPERATORS PERFORMING THE PMI TEST HAVE BEEN TRAINED AND
QUALIFIED FOR ITS EXECUTION
E CONTROL EXECUTED ACC.TO SPEC. TR 1427 Ver.2
C = CONFORMING NC = NON CONFORMING F8.2-CMTR-15 19.04.02
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Appendix E: MDS 316L bolts and nuts

LM.L. - INDUSTRIA MECCANICA LIGURE S.P.A :
Via Giancarlo Farina, 25 - 16030 Casarza Ligure - OE - ITALY

Tel. +33 0185 467661 - Fax +38 0188 466510 - E-mali quallty. mi@farisagroup.com
MATERIAL TEST DEPARTMENT

COMPAANY WITH QUALITY
2YSTEM IS0 G001 2008 CERTIFIED)
BY RiNA
CERT. W 2341/5

INSPECTION CERTIEIGATE EN 10204: 2004 / 3.1 . Mewm 20150 IBAL-26723  Data f Dated 1005 2015
WURTH INDUSTRI MORGE AS Ording | PO 83116075 i
Hosigrwegen ¢ Item 1]
bl 1l DIOKEL - KORWAY MO DOT ! Dalivery hote  2015-2E301.0000777
Packing List ZDM5-2E30N 00007 7T
Fattura | Invoice 2015-2E401-D080TE3
Ma. rif. | Our rof, 2MS-2E201-00005 16-0001
Dest. WURTH I.-NI.JU$T Pl HORGE A% e
Bodriftsveien B
4353 ELEPP S3TASHIN - NORWAY MO
Cod. colata ©7 | Nr. colata L, Quantith = Descrizione
Hoat Code Heat Nr Quantity Cescription
S GG 173,00 STUDBOLT BBM CLZ 1127 LTSmmi3 ] MARKED IML-BAM UNDERLINE-GD  Mal. Ng.
) S 404731378 0 1
Mat. in fize. A § Mat. i aee. to BF ASME SA RETM AZFVAZR0M 14 Gr. BEM o 2
MNACE MR 0175 - 150 15156 Fd 2009 ¢ NACGE MA 0103 Ed 2062
PED BT/23EC ANNEX 1 PAR. 4.3
Elementif Elemants G Bi Mn 3 P Cr Ni Mo Ti Gu v hiex N
LALOLE ANALYERS 0.0’ {,3ac 1,720 00 0038 15E00 tDOoOn 2000 0000 QG Gn0G Goof Q03
Al CELF CESF F1 F2 FREN
LADLE AMALYEIS 0.4400 = == = - -
Provetta Farma & G5 SoervamentesB2%00 Snervamentos,0% 0 Rolturs ©° Allungamento 502 Contrazions ==
Test specimen Shape vigid Strength=0,2%  Yiokd Strangih>1, ¥ Tensile Elongation Reduction of arsa
SexfSect mm2 L omen 120 - 2=[] MPa MFa MPa b1l S
122 85 50,00 1 Pk} B850 - Tis0 d2.5 68 4
DUREZZA f HARDMESSE= " RESILIENZA | IMPACT TEST
HEW TipofTyps™” Proveita f Test Speciman °C Y d-Jewle ©  Z-Joule “¥  3-Joule =% Media/Avarage =7
dTTG.3B10 LAY H0uhOmm L) 200 209 203 2040
D:ali Tarm. | Heat reatment "|-f':,-|-».:r'::--. Serulien Treated and Stram Fardenad ELECTRIG FURNACE
Dim in acc. &/ Dim. age. to ““[ASME BT 1 E4.2001
Marcatura In acc, . ) Origirie BHRAIM ]
; 5 E q i SATISFACTORY
Markdng in sec. bo M55 5P25 Ed. 2013 | Vis. & Dimn. SATESFACTOR Origin of Steel

Note | Hotes 100G MANLUFACTURED M ITALY

SUPPLIED MATERIAL MEETS SPECIFICATIONS AND P O REQUIREMENTS

A, Ean =

UFFICIO CONTROLLD QUALITA
QUALITY CONTROL DEPARTMENT

ENTE UFFICIALE D1 COLLAUDD MARCHIO PRODUZIONE e

INSPECTION AUTHORITY

k
| Awna

Bonig Fizaol -

LG Mapager
N

'y

MAMUFACTURER'S SYMBOL

IML o @

Foge 1- 8
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|41, - INDUSTRIA MECCANICA LIGURE S.P.A, = COMPANY WITH QUALITY
Via Giancario Farine, 25 - 16030 Casarza Ligure - GE - ITALY SYSTEM 150 900 1: 2008 CERTIFIED
Yel +39 0165 467661 - Fax 430 0185 465510 - E-mail quellty.mi@tarinagroup.com BY RINA
MATERIAL TEST DEPARTMENT CERT, N* 2391/S
i ———
INSPECTION CERTIFICATE EN 10204:2004 / 3.7 wik Nrts 205-C BAL-26723  Data/ Dated 19.05 2045 74
WURTH INDUSTR| NORGE AS #4 | Orcine / PO 83116075 L
Rostoinvegen [ ftem Q01
7370 DOKKA - NORWAY NGO | DDT 1/ Delivery note  2015-2E304-0000777
Packing List 2015-26401-0000763
Eattura | invoice 2015-2€401-000C763 =
Ns. rif. | Our ref. 2015-2E201-0000516-0201
Dest. WURTH INDUSTRI NORGE AS ~
Bedriisweic) 5
4364 KLEM$ STASION « NCRWAY NO
Cod. cofata ™ | N1. colata Quantita "™ Descriziane ok 1ik< WY
Heat Cade Heat Nr Quantity Description
5 345843 346,00 HEXNUT 427 Gr.8 14/ MARKED IML-8M.1/2-S Mot No. 494731376 090 1

Mat i ace. o/ Mal. Inace. 1o ¢ ASME SA ASTM A19/ATEAM. 140 Gr.8\
NACE MR Q176 - 150 45156 Ed 2008 | NACE MR 0163 Eg, 2012
PED 9223EC ANNEX 1 PAR. 4.3

Elemont! / Eloments G si Mn s P cr i Mo Ti cu v Nb N

LADLE ANALYSIS 0,023 G460 V610 0026 0032 1685¢ 10100 2028 0090 0000 0000 0.000 0,034
At CELF CESF #1 F2  PREN

LADLE ANALYSIS 0,000 i o ) : =

DUREZZA | HARDNESS RESILIENZA / IMPACT TEST
HBW Tipo/Type™™ P tta ! Tast Speci G 1oule T 2-Joule ' 3-Joule Medla/Average ™
2810 - 286.0 KV 10x15mm -10 192 204 201 201.3
Procf load test i 11350 ! SATISFACTORY

e S
Tratt Term, [ Heal treatment =" Garbide Sollion Tresied ELECTRIC
1 —————— — ————

Dim in acc. af Dim. acc o ASME B1.1 Ec.2002

Marcatura {n ace,™” = Orlgine SPAIN
NMackeig i ace. fo MSS §PZS B4, 2013 | Vis. & Dim. SATISFACTURY Origin of Stee!

Note | Notes 100% MANUFACTURED IN ITALY
SUPPLIED MATERIAL MEETS SPECIFICATIONS AND PO, RECUIREMENTS

UFFICIO CONTROLLO QUALITA' ¥ ENTE UFFICIALE DI COLLAUCO ™™ MARCHIO PRODUZIONE -
QUALITY CONTROL DEPARTMENT INSPECTION AUTHORITY MANUSACTURER'S SYMBOL

Goss T ezot - G © Mapager
)
SR ML o @

S~ A B




Bolts

Shear area from table
UTS strength SA bolt

UTS strength CS bolt

Appendix F: Calculations on nut and holder

A,:=0.92 em”
R, 51 =877 MPa

R, = 1075 MPa

Force at fracture for SA bolt Fg =R, g,+A,=80.681 kN

Force at fracture for CS bolt Frg=R,rg-A,=98.9 kN

Nut and holder

UTS nut R =814 MPa
UTS holder R, Hotder =975 MPa
Threads per inch ni= IS-L

in
Length of thread engagement L. :=0.34 in
(conservative)
Min major diameter of external threads D . =0.4985 in

Max pitch diameter of internal threads E imaz=0.1565 in

Shear strength of the nut S vue = By - 0.6 =488.4 MPa
Shear strength of the holder S totder = ol oider = 0.6 =585 MPa
Area when shear occurs at the roots of the threads

A= -11+LE-Dsmm-{{ﬁ}—i—ﬂ.S??SE- (D_,m,;n—Enm)]zz.BOl em”

Capacity of duplex nuts (all SA) F

gt = Suvue * A = 136.779 kN

Capacity of S165m holder F captioider = Subiotder - A1s= 163.832 kN

o . F
Utilization of nuts when using CS bolts UR,=_" =—pn.723
capNut
g . Fe
Utilization of holder when using CS bolts UR, = Y8 _0.604
capHolder
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Appendix G: MDS S165M holders

fHLt
cow liom & |Del®  |Heat Lot El‘ldl lgult.ut Gty | Description rUU(I(l
45590 257585 1] Rustfrit rndt slipt
This cocumeni |s alectron kalty reproduced and is idenieal in s ariginel,
L= - CERTIFICATO DI COLLAUDO
Acciaierie REMANMALPPIE PRGN
INSPECTION CERTIFICATE
CERTIFICAT DE RECEPTION

Valbruna s,.

36100 VICENZA (Iigla) - Vigle dells eclerze, 25 2.1,
S1ah. 39100 BOLZAND (hais) - Via A. Volt, 4

CRGNED | Dol sios ot uas ol

VALBRUNA NORDIC AB

LOVARTSEATAN 7
BEE21-KARLSTAD - SWEDEN-SE

Produticrs: STABILIMENTO DI BOLZANO

i e o b L
tutn £ feniwra: - Hardened and Temperad Bright Ground
uﬁum:—o!:nh-m "

Spaciiche:
s loroer.gun’ ok s ta  Coigaroes

M5-RE-4418:4 B. 14418 QTS0

EN 100:88-3 2005 1.4418 QTI00

P
magrm

Y
i

Avvisa di Bpadizione: D-BZ 1 2008 TES
UiriprmmselgnPackhy briL

EN 10204 (2004) , 3.1

Cortificat nr: MESTE74788/2012/
IPrbong el T vl

Gonfarma ongine w: 2003022
Tk o W,

Deding nr; A21148 .
Bl oun comiseTiaray wis

Tipa gl Elaborazinns: E+ACD

Binwped den Warkmgh

ingpacias FRrR P onoe [asme

Punzana dal Coilsudatnn:

EM 10272 2007 1.4418 QT300

Guales: 1.4418
et
Murza:  PKATEN4 Tolermnza: DO 671 - T Fuszgnaturs: 1.4418
R ) Ut AL PR A
Pos.w. | Opgesa Dirarslanl - mm Lungnesza - mm " Gelaln Pezzi | Pom - RG Tofio .
gl ol g Pt alohaxid ' et =
I Prociec cvsaripior. T mardor Largh L Pacay Wyl Lsim
p— R T ] Dhraraks Loy Toults. Pacan | Paiis Lot
opE0 | FRound 50,000 5030 / 5740 257385 [ “s8250 | =ps3014e
] TEST ALLD STATO DI FORNITURA
‘st on delwery concition  Palulung aul Retasberstern aodui st o sl de loumiton  Paein Babre ol made faf B3l 0OmE anirepnd
Pude | Fnsrvamanin i AN, Barieions Reallenza Dumza
- Baggl i (vt Assarg bty .
rest| SR | ¢ = BE | EE (2R = == == =
g da. span N lmi.h- Ap 1% Am A5 z L) HE
mm Frmm2 Wiz % % J
Valor righisst] 1 min 750 800 S00 16 = 40 E B0 280
-~ max 1050 340
A 10.00 20 L 814 838 a7s 20 62 154 | 159 150 | 307
[+ 10.00 20 L 818 B4B Bas 18 B 148 | 145 | 154 | 309
A BL monone| Foc. Realanza EANARAKNE ke ake ‘Bhaor
faa : .
TEST E'-‘:- *c = “.E‘_'.'.E'." Lo -
m— kv
mm 1 J
Valerl richlesd 1 min 32 az2 3z - = = = =
o —— mex
B 10X10 -0 | L 140 135 135
D 10%10 40 | L 138 13 135
i c
Analisi chimica
Colala mes (M8 0020 (0,30 0.6 RO 1] - A 5D - " o008 onFE . |+
ArwrelaiToids | mex 0,050 0,70 1,00 1700 128 &80 B0 0,008 2040 L 0,050 -
C% Si% |[Mn% | Cre [ Mo% | Cu% | Mi% | Ti% P 5% N%
257885 | 0024 | 043 | 082 | 1567 | 083 | 033 | 531 |0,0005] 0,027 | 0,012 | 0,035
Colala pamm | Tin -
GchmseaTolbe | mas 0050
[0S
257885 0,005

UT-TESTING AGCORDING TO MS-RB-4416.1: OK
Material hardenad 10407 G or 1helr.
Tempeared 580 C for 12h/ak.

Baono siate sodalshalie bulis le condizioni riciesi

Controlle antmascoianzs: DK

Conbrodo visko o dimemsionala; saddiain e ssigants

Bolzano,27/11/12 SEESES—

s, MOER)

/o izl £ L wpont of uging
MW

Pagina -1 di 2
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Acciaierie
Valbruna Sp.A.

36100 VICEMNZA [Iielia) - Vigle della sclanza, 25 2.1
Stab.: 38100 BOLZANC (ltalig) - Via A. Volta, 4
Climmte / BesislierParcheon e

VALBAUNA NORDIC AR

LOVARTSGATAM 7

B5221-KARLSTAD - BWEDEM-EE

procutiors: STABILIMENTO DI BOLZANO

ot w7 e Ermk g

Stat dlh‘l'ﬂ.“; - Huriﬂlﬂnrd Temparad Bright Ground

SRELITY ARSI BYITER
CERTIFED B LAOPTY © AEOETER

Bl | OO R

Aivisa d Bpadizions: D-BL1 2006769
L T

Tipa di Elatoeazions: E+ADD
Ermh L

e gl i BB e i, A wrili

mmummumhmnwn ey Arnveg 1 .
e ﬂ“b-p-‘h—wc

L st & ot broatil ensslaim aus

We'ted and marufactursd in Baly Mo walding or weld rapalr Matarial e from Mamuny comaminaiion

CERTIFICATO DI COLLAUDO
ABNAHMEPRUEFZEUGNIS
INSPECTION CERTIFICATE

CERTIFICAT DE RECEPTION

EN 10204 (2004) , 3.1

Certificato nr: MEST274788/2012/
PrifungTaal Exial

Conlanns ordine ne: EN2003022
Wntea/0iyr Oriee P .

Marchio dl Fabbrica:
Lwittn dr ) Lirlrmwarkr s

Trad s

Figiada [ Usine produlrion

Punzona del Gallaudatoee:

Bl A i
Wil b ricirmaals o
bl Vibuol ol et il Sa0 b an

We daslnm that the Brighed product '8 checked for rmdicacive cortamination threugh Portal Syatam when It laaves the produsticn plant.
Tha Qualily Managemant Sysiam ls Carfled acc. Prassurs Equipmant Direclive [§7/23EC] Annex 1,5.,4.3 by TUEV and LLOYD" &

Ary mct of tmmparing, modiication, alteratian, counterielnng and'or telefantan andior sy ather action which modifias the coriantz of this leak cerfhcste shal constiube  wioialion
sdiction,

of applicabis civl and criminal lews. Acclebaris Vabrna shall protect s rights and Inlerests belere any compstent court, suthcrlly and i

The supplied produst conforme io requirements expressly roquosted by the purchasar

product be used for mora savara, erilical and! or in any eass difleran|
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Appendix H: Holder manufacturing drawing
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Appendix I: Calculations on theoretical strain

B8M cl 2
R0 258m =655 MPa
Rysm=T775 MPa

E,:=193 GPa

R
Spam = — T2 (1.00339

Original length  L,:=36 mm

Theoretical strain
B8Mcl 2

Strain at yield 0.2%
Force at yield 0.2 %
Force at fracture
Elongation at yield
SDSS SA

Strain at yield 0.2%
Force at yield 0.2 %
Force at fracture
Elongation at yield
5DSS CS

Strain at yield 0.2%
Force at yield 0.2 %
Force at fracture

Elongation at yield

S5DSS SA
Rp(]_ZSA =662 MPa
R, .1 =877 MPa

E,=199 GPa

at yield

E’yie'id =0.002+ Epam = 0.0054
Fi,ﬂ.f—.'fd = Hﬂ].zbﬂﬂi . AO =60.26 kN

F

frac

= Rem s Ag=T71.3 kN

AL:= LCI . Egl'eid =0.194 mm

£ yietd :=0.002 + £g4 =0.0053
Fg.n'e!d =Hpposa - Ap=60.904 kN
F et =Rpgn »Ap=80.684 kN

AL:= LCI 'Eyl'eid= 0.192 mim

£ yiera = 0.002 + £ 05 =10.00705
F ie1a= By 005+ A7 ="92.368 kN

F

frac

1 :=RmCSIAO=98.9 kN

AL = Ln " Eield = 0.254 mm

Tensile area  A,:=0.92 em’

SDSS CS

R0005= 1004 MPa
Ryosi=1075 MPa
E;:=199 GPa

-
S o 0.00505

Eggi=
3

F
F:=_I — 8 997 tonne

F
F:=_1m — 10.085 tonne
g
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Appendix J: Flange manufacturing drawing
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Appendix K: MSDS Magnesium chloride

GCRIEBER
SIKKERHETSDATABLAD

I henhold til forordning (EF) nr. 1907 /2006
Versjon 2.0
Revisjonsdato 21.03.2013

1. IDENTIFIKASJON AV STOFF/STOFFBLANDING OG FORETAK

1.1. Produktidentifikasjon

Handelsnavn MG KOMBI®

Kjemikalienavn Magnesiumklorid hexahydrat
Molekylformel MgCly - 6 Hz0

CAS-nr. 7791-18-6

EC-nr. 232-094-6

1.2. Identifiserte anvendelsesomrader og anvendelser som frarades
Anvendelsesomrade Stevbinding (grus og asfalt) og sng- og istinemiddel

1.3. Leveranderinformasjon

Foretak GC Rieber Salt AS
Skur 86 Sjursgya
0193 Oslo

Telefon 23035090
Fax 22197707
Epost saltoslo@gcrieber.no
Web www.gcrieber-salt.no

1.4. Nednummer
Nadtelefon Giftinformasjonssentralen 22 59 13 00

2. FAREIDENTIFIKAS]JON

2.1. Klassifisering av stoff/stoffblanding

Stoffet er ikke klassifisert som farlig i henhold til bestemmelse (EF) nr. 1272 /2008

Stoffet er ikke klassifisert som farlig i henhold til direktiv 67 /548/E@F

2.2. Etikettelementer

Stoffet er ikke merkepliktig i overenstemmelse med EF-direktiver eller respektive nasjonale

lover.

2.3. Andre farer
Ingen data tilgjengelig

Sikkerhetsdatablad MG KOMBI®
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3. SAMMENSETNING/OPPLYSNINGER OM BESTANDDELER

3.1. Stoffer
% w/w CAS-nr.
ca. 100% 7791-18-6

Kjemikalienavn
Magnesiumklorid hexahydrat

9. FYSISKE OG KJEMISKE EGENSKAPER

9.1. Grunnleggende fysiske og kjemiske egenskaper

Utseende/form
Farge

Lulkt

pH
Smelte-/frysepunkt
Kokepunlkt

Flammepunkt
Damptrykk

Relativ tetthet
Vannlgselighet
Viskositet
Eksplosjonsegenskaper
Oksidasjonsegenskaper

9.2.  Andre opplysninger
Ingen data tilgjengelig

Fast

Hvit

Luktfri

6-7,5 (20 °C)
714 °C

1412 °C

Ingen data tilgjengelig
Ingen data tilgjengelig
1,570 g/mL

157 g/100 mL

Ingen data tilgjengelig
Ingen data tilgjengelig
Ingen data tilgjengelig
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Appendix L: Magnesium chloride solutions

Mg=24.31 I 0:=16 9™

1ol 1ol

MgCl,:=Mg+2.Cl=9521 I

mol
H,0:=2.H+0=18 I
mol
% Cl P:= 2-Cl =0.745
MgCl,

Cl:=35.45 I He=19"

mol mol

Solubility in water |anhydrous 52.9 g/100 mL (0

OC}

543 g/100 mL (20 °C)
72.6 g/100 mL (100 °C)

hexahydrafe
167 g/100 mL (20 °C)

Max Concentration of MgCL2 at 20 deg

Weight of magnesiumchloridehydrate

Added MgCl hydrat
Water from MgCl2 hydrat
MgCI2 from MgCl2 hydrat

Added water

Calculated total volume
gives an increase of 19,8 %
in total volum according to
standard G36

Total solution

Concentration of MgCl2

Concentration of Cl-

Wyrgcizo=MgCl, + 6. H,0=203.21 %:T

Mg,
Wiy gCLH2C

Mgz = =0.469

Inga=116 gm=116 gm
Yi120=Tmga* (1 — Xaggorz) =61.651 gm
Znggorr =l nget * Xaggore = 54.349 gm
Wian=38.35 gm=38.35 gm

Wiotar =Y prao + Wi20=100.001 gm

z+=1.198

W =W, u-2=119.801 gm

VAT
Iger+ Wiao

L= =0.35

P'ZMg{?‘EE —0.26

CZ = -
Iger+ Wiao

135



Max Concentration of MgCL2 at 100 deg

Weight of magnesiumchloridehydrate

Added MgCl hydrat
Water from MgCl2 hydrat
MgCl2 from MgCl2 hydrat
Added water

Calculated total volume
gives an increase of 19,8 %
in total volum according to
standard

Total solution

Concentration of MgCl2

Concentration of Cl-

li;.l"rfgf:“:".‘.'ﬂ :=M’ngz + 6 'HzD =203.21 =——
mol

MgCl,

F
W M gCLH2O

I'ges=155 gm =155 gm

Y 0= nga* (1 = Xyggor) = 82.378 gm
Zytaotr =g * Xpgorn =72.622 gm
Whao=18 gm=18 gm

Wiota =Y mao + Wiap=100.378 gm
z:=1.198

W =W, ,+z=120.253 gm

z
Cp=—ME? —0.42
g+ Wiao

P+ Zyiocn
It + Wiian

=0.31
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Appendix M: Arduino code

Arduino Code

/! define names for the 2 Digital pins On the Arduino 6,7,8,9
/! These data pins link to 4 Relay board pins IN1, IN2, IN3, IN4

int RELAY1 = 6;
int RELAY2 =T,

void setup()

{

N Initialise the Arduino data pins for OUTPUT
pinMode(RELAY1, OUTPUTY;
pinMode(RELAYZ2, OUTPUT);
digitalWrite(RELAY 1, HIGH);
digitalWrite(RELAY 2, HIGH);

}

void loop()

{
digitalWrite{RELAY 1,LOW); ff Tumns ON Relays 1
delay(29000); M Wait 2 seconds
digitalWrite(RELAY 1,HIGH); #f Turns Relay Off
delay(300000;
delay(3000003;
digitalWrite{RELAY 2 LOW); ff Turns ON Relays 2
delay(29000); M Wait 2 seconds
digitalWrite{RELAY 2, HIGH); #f Turns Relay Off

delay(284200;
delay(284200);
delay(294200);
delay(294200);
delay(294200);
delay(2842007;
delay(294200);
delay(294200);
delay(294200);
delay(284200;

}
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Appendix N: Stress-strain curves from tensile testing

138



Test 1 316L

800
’/
1
//
//-—"""
700 ]
L
T 1| 02 vield;1,01587; 702,513
L~ /’
] L1
’ ,
|t |
LT //
600 = - »
P e //
rd e
L~
/ ,
L b
L1 ,/
d P
500 P
e 7
A |
bz P ——MPa
P //
A r p L —pffset 0,2
200 P 1 —0,2 Yield
7 A
7 1
P 1
L |
Iy L]
Y d /"/
A
300 yd o
el vl
d A
/
’#" /,
LA
200 d o
e rd
I
Ji‘ //
- A
P Pe
r' P
100
™ =
el P
LA
l"'f ///
> 1
"'"-" T //
0
o o e ] o o ] o o e e o e o o ° e o o o - = =
% = & N % w @ = & o # @ & ~ B w ® @ & % =

139



500

800

700

600

500

400

300

200

100

™~

0,2 Yiel

513

ot

1T

2T

ET

T

ST

at

LT

81

=1

[oF4

—MPa
—offset 0,2

—0,2 Yield

140



Test2 316 L

300
700
600
]
LA
500 /,/
LA
LA
L
pod
puete saast
fpf’ ”;7’/
4 ””’ o 0,2 vield; 0,973
00 /" /, i
/”’ ‘45
prd f
ped 1
//’ dl i
300 | //’
- [
L //
/"/’ ) ///
A i
el 1
200 | | ////
’/// // MPa
’} /// offset 0,2
Pd |
| 0,2 Yiel
g i d
) """ LA 1 1
| Py
o (l
d 1
e 1
5 o
FF“" v P
o f-d—-l.-.--"-' ///
o o
& Z i
e o
e o
w ~ P
S o
e o
i 2 s
2 o
o o
2 o
o o
2 L]
e o
2 o
o o
2 o
o o
° - -
5 =

141



900

800

700

600

500

400

300

200

100

N

Yield;

ot

1T

ZT

£T

T

ST

9T

LT

8T

6T

0z

e V] P

offset 0,2
—0,2 Yield

142



Test 3 316L

e T
// ’f’f’
A —
L ]
500 d d x
A >
rd ped
1 rd
A
A A
T | L
LA
500 ,/
'
,/, s || P 3
p2d
,;” w— nffeet 0,2
200 0,2 Yield; 0,6187;395 ‘l‘ — 0,2 Yield
Py
’f'
»
’f’
»
300 Pa
o
,/
,f'
pg
y
200 a
"
Py
ped
',ﬂ
‘,f
100
AT
-
...—'":
0 et J,
(=] (=]
s & ¢ £ § ¢ ¢ ¢ g & § & § & § § g & g " 5 =

143



gt —
T T T~
’/ ]
[ —
/| N
/ ~
y Ty
~
/ .
N
1 N
MPa
m— nffset 0,2
0,2 Yield
0,2 Yield; 0,6187; 395
= ™ “ = - - = o @ = = ﬁ w = n o - & o =

144



Test4 316 L

y
800 I -._—---
--""'--
a
—f"—%n,z Yield; 0,70425; 760,51
ey / z
700 adl "/
ull y
pad /1
ma /
A /
P /
rd /"
600
,
/
e /|
w /1
/| V
/ /|
500 /,f
~
_,/’ // MPa
. /
- ——pffset 0,2
= /
b ‘/ —_—0,2 Yield
400 7
9
/
//
/]
300
/]
/|
/
- - /
i //
200
/|
/|
/
/
/’
100 /,
r’ /|
! /
/]
o
oo % % oy % o % % & & 5 5 I F = 3y = & ° 5 =

145



700

200

100

' _-"‘--l-.._
‘-“-h
—
T
0,2 Yield; 0,70425; 760,5
MPa
= offset 0,2
s (3,2 Yield
= =] w [ P B = = P = - = [ [~
(=] L ra w = w @ =l [+1] o o

146



Test 5 SDSS SA

-
% ,$'____,_..-_-.-.-
.
700 T
=T
T P 0,2 Vield; 0,94275; 699,72
gt
_.-” //
el //
L V1
600 =g 7
LA g
L /d‘
d V1
" 1
'q Py
"
e A
b g
200 ~
rd A
ot 1 — P2
d A
| 1 e offzet 0, 2
rd A
400 Pd —0,2 Yield
ral Pl
v A
',/ b1
v rd
’I //
o L
300 v v
/! rd
"o 1
” o
e g
g //
200 P
" f //
Py De
i ) Pe
//
100 -
y ‘t' //
Fq A7
" LA
o 1
- P
. T /
o e ) ) ) = ) ) e e = = ) ) ) ) e e e ) - = e
(=] L = ¥ ] =] w w =Y I w u (=)} (=] - - [¢1] o] w (=] -
[*2] w [*2] w [%2] w [%2] [*2] (Y] [*2] (%]

147



1000

200

Yield; 0,94275; 699,72

MPa

—— offset 0,2

—0,2 Yield

ot
1T
ZT
£T
+T
a1
9T
LT
BT
6T
0z

148



Test 6 SDSS SA

300
,
’/
700 /
g »
// a-"'"'"-_
AT
et
w= ~a
m ””—'__-_ 7 // 0,2 Yield; 0,934125; 717,01 | |
’—_.- "y
—-"/’ /,,/
- 4
500 rd dl /’,
A d
P oy
rd d
b A
P
pre rd
100 d [
p L1
p ]
p V|
’/r‘ , ——MPa
- I e offset 0,2
I d |
m [ I 0,2 Yield
y Py
v al
P A
” //
rd d
. ’{w //
w
v
w
y -
/,.P' //,
v
L
. . I‘l‘ /’/
”” i
,/
»
1
) L
;r"’r‘ ’/
= 5 @ :’1 : ‘§ o o =
- < 3 = = @ o -

149



1000

200

T
7
//
0,2 Yield; 0,934125; 717,01
—— offset 0,2
—0,2 Yield

aT
T
ZT
T
T
5T
9T
LT
8T
6T
0z

150



Test 7 SDSS CS

/
/ Pun
B ///J‘__ --"—f
e
//
500 ) /lf 0,2 Vield: 1,24013; 885,29
///
/
600 /’
//j//
s00 ////
////
////
200 ////
/
%
/
,// //

z'o

¥'0

9’0

20

z'T

¥'T

9'T

2T

2z

— M Pa
——gffset 0,2
—0,2 Yield

151



1200

1000
0,2 Yield; 1,24013; 885,29
800 r'
MPa
e offset 0,2
600 —0,2 Yield
400
200 -
0

ot
1T
ZT
ET
+1
ST
a1
LT
BT
6T
0z

152



Test 8 SDSS CS

1000

200

/ 1
// T
‘g
-
/ v
7
/
0,2 Yield; 1,002; 703,65074 // //

N

z'o

¥'o

90

20

't

T

9T

a'T

2z

—Pa
e pffst 0,2

—(,2 Yield

153



L200

Loo0

200

—

;1,002; 703,65074

ot
T
ZT
£T
T
St
ot
£T
BT

6T
0z

—Mpa
—— offset 0,2

—,2 Yield

154





