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1 Introduction

The scope of this thesis is to lay the foundations of an extended study on the field of the ship
structures, in terms of evaluating the quality of metallic and composite materials and of
estimating loading on small crafts. To achieve this, the rules and regulations of five IACS
classification societies have been collected in order to be primarily compared. The
classification societies, of which rules are going to be inspected, are ABS, BV, DNV-GL, LR
and RINA.

The secondary purpose that this thesis serves, is for it to work as a consultative guide to any
designer of small crafts or even a shipbuilder. Since the market of high-speed craft is in growth,
a collection of the rules and regulations of five major classification societies would be a great
tool to the naval architect. It would help to choose the class of the shell envelope materials,
whether they are metallic (steels or aluminum) or composite (FRP) materials. Also, in
conjunction with rules referring to the design loads, it would assist the designer to predict the
pressures that are going to act on primary and secondary stiffening elements, thus help them
determine their thicknesses.

Small crafts used to get made mostly with metallic materials, steels and aluminium but over
30 years composite materials have been widely used in naval shipbuilding. The classification
S 0 Cc i erdquirensedis to be examined refer to those materials due to their utility and market
significance.

The type of craft whose rules on design loads are going to be compared are the High-Speed
Crafts and Yachts. Intention for this choice is to pick a type of craft that is extensively used, for
passenger and cargo services, and a type of crafts that can be built to use sails as its primary
means of propulsion.

In the first chapter the rules on metallic materials as given by ABS, BV, DNV-GL, LR and
RINA are collocated. The rules that mainly define the quality of the product to wit, those
referring to chemical composition, mechanical properties and testing procedures are
presented. The classification societies are tested for discrepancies among them, variety of
classified grade of materials, quality of classified materials and completeness of their rules.

The next chapter is arranged in a similar fashion and its topic is composite materials,
specifically fiore r ei nf or ced materi al s. Firstly, each C |
properties, as regulated by the classification societies, are compared separately. Then a
calculative comparison is arranged in order to examine the differences on the mechanical
properties of a combined laminate form.

The design loads under survey, of the last chapter, are the ones that each classification
society suggests that is necessary to be considered. Of course, several locations that are of
major importance foracr aft 6s strength and are specially r
particularly set side by side, while a segment, containing the various regions of the craft that
each society forecasts, is also included. Due to its importance on design pressures of High-
Speed Crafts and Yachts, the vertical acceleration requirements are discussed at the start of




the third chapter. Par al | el t o t ham exanpke @ppkcationsof theoryes on a
hypothetical high-speed craft is carried out, to have a practical view on the matter.

To summarize, the conclusions refer to the attributes that each classification society has
shown and the characteristics that may slightly distinguish them from the rest. In terms of
materials, the societies will be evaluated for the variety of classified products, the quality of
those and the competency of their rules. Considering design loads, conclusions will be drawn
through the calculations of a rule application example. Those calculations will help to set a
pri mary comparison among the rules of the
greater values. Moreover it is investigated whether the answer to which society forecasts
greater loading is affected by the vertical or the longitudinal position of the load point
considered. For example: would the classification society, which estimates the greater
pressure at the bottom, estimate also the greater pressure at the side or the deck? Or would
the classification society, which estimates the greater pressure near the stem, estimate also
the greater pressure near the stern or amidships?
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Chapter

2 Metallic Materials (Steels & Aluminum Alloys)

Section

2.1 Introduction

2.1.1 Scope

At the present chapter rules and regulations of the five classification societies concerning
basic metallic materials for shipbuilding are examined for any differentiations or discrepancies
among them. The referring materials are normal and higher strength steels, low temperature

and AZO0O grade with specified through thickness

rules that are inspected concern chemical compositions, testing procedures and mechanical
properties that each classification society suggests.

Section

2.2 Chemical Composition

2.2.1 General

Although the referred materials are very common and it is expected of them not to have
many differences in chemical composition, it is possible that a classification society would
provide rules for more grades than another or could differentiate on compositional details of a
specific grade.

In cases where two or more classification societies completely agree on chemical

compositions of a cert ai rarepgresantt@analydcally.yhe cest wild s

be presented by name as equal grades.

2.2.2 Normal Strength Steels (NSS)

2221 Ll oydbés Register (NSS)

The requirements of this section are primarily intended to apply to steel plates and wide flats
not exceeding 100 mm in thickness and to sections and bars not exceeding 50 mm in thickness
in Grades A, B, D and E.

nf o



In Rules for the Manufacture, Testing and Certification of Materials (July 2018)* by LR, the
grades of normal strength steels are presented in Ch. 3, sec.2, respective data of which are
listed in Table 2.2.1 Chemical composition and deoxidation practice (LR).

Table 2.2. 1 Chemical composition and deoxidation practice (LR)

Grade A B D E
Deoxidation For t < 50 mm; For t < 50 mm: Fort < 25 mm: Killed and fine grain
Any method (for rimmed Any method except Killed freated with aluminium
steel, see Note 1) rimmed steel
For t > 50 mm: For t > 50 mm: Fort> 25 mm:
Killed Killed Killed and fine grain

treated with aluminium

Chemical composition % (see

Note 5)
Carbon 0,21 max. (see Note 2) 0,21 max. 0,21 max. 0,18 max.
Manganese 2,5 % C% min. 0,80 min. (see Note 3) 0,60 min. 0,70 min.
Silicon 0,50 max. 0,35 max. 0,10-0,35 0,10-0.35
Sulphur 0,035 max. 0,035 max. 0,035 max. 0,035 max.
Phosphorus 0,035 max. 0,035 max. 0,035 max. 0,035 max.
Aluminium (acid soluble) - - 0,015 min. (see Note 4) 0,015 min. (see Note 4)

Carbon + 1/ 6 of the manganese content is not to exceed 0,40%

Note 1. For Grade A, rimmed steel may only be accepted for sections up to a maximum thickness of 12,5 mm, provided that it is stated on the
test certificates or shipping statements to be rimmed steel.

Note 2. The maximum carbon content for Grade A steel may be increased to 0,23% for sections.
Note 3. Where Grade B is impact tested the minimum manganese content may be reduced to 0,60%.

Note 4. The total aluminium content may be determined instead of the acid scluble content. In such cases the total aluminium content is to be
not less than 0,020%.

Note 5. Where additions of any other elements are made as part of the steel-making practice, the content is to be recorded.

2.2.2.2 American Bureau of Shipping (NSS)

In ABS Rules for Materials and Welding (January 2018)?, Ch.1 Sec.2 a similar table with
Table 2.2.1 Chemical composition and deoxidation practice (LR) can be found. Equal grades
of ABSOGs are mar ked as A Bpeéyvely.Beybond markinBABStablen d AB/ E
of chemical compaosition differs on the amount of notes, as it includes four more than LR. These
notes are the following:

 Considering Grade D and E. Where the content of soluble aluminum is not less than

0,015%, the minimum required Si content does not apply.
1 Including indication for Ni, Cr, Mo and Cu elements. The contents of nickel,

chromium, molybdenum and copper are to be determined and reported. When the

amount does not exceed 0,02%,thes e el ement s may 00286. r eported e
1 Specific Grade indication based on deoxidation practice. Grade D hull steel which is

normalized, thermo-mechanical control processed or control rolled is to be marked

AB/DN.




1 Note for a certain quality. (2015) For steels of cold flanging quality, the maximum
sulfur content is 0,020%.

2.2.2.3 Bureau Veritas (NSS)

BV Rules on Materials and Welding for the Classification of Marine Units (January 2018)*
set requirements which are also similar to LR Table 2.2.1 Chemical composition and
deoxidation practice (LR). However, in Table 1 of Rules on Materials and Welding for the
Classification of Marine Units, Ch. 2 Sec.1, two more added notes can be found. Also,
considering Grade D and E, BV does not provide a lower limit for the content of Si, thus the
BV6s respect i v 85%vBVIimarks ofigmdesraaexas LR @o,wit, A, B, D and E. The
additional comments are the following:

1 Allowing variation on chemical composition under certain condition. When any grade
of steel is supplied in the thermo-mechanically rolled condition, variations in the
specified chemical composition may be allowed or required by the Society and are to
be stated at the approval.

1 Warning on use of other elements. The Society may limit the amount of residual
elements which may have an adverse effect on the working and use of the steel, e.g.
Cu and Sn.

2.2.2.4 Det Norske Veritas i Germanischer Lloyd (NSS)

Besides a note that refers to the contents of Si, Cu, Mo and Cr, DNV-G L 6Rules for
classification: Ships (July 2018)* Pt.2 Ch.2 Sec.2 totally agrees with LR.

DNV-GL marks of grades are VL-A, VL-B, VL-D and VL-E.

T Additi onal not e oumless dthemmiserappsoved, the folloveng t
additional limits apply:
0 Cu Max. 0,35%
d Cr Max. 0,20%
o Ni Max. 0,40%
o Mo Max. 0,08%

2.2.2.5 Registro Italiano Navale (NSS)

RINA requirement in Rules for the Classification of Ships (January 2018)° in Pt. D of Materials
and Welding Ch. 2, Sec.1 is identical to BV. Thus, no further comments are made.

2.2.2.6 Conclusion (NSS)

DNV-GL rules seem to be more firm as they include limits on the alloying elements Cu, Cr,
Ni and Mo, which can affect the mechanical properties of the material, while the other
classification societies simply request additional elements to be reported. BV and RINA are
the most flexible of the five, which may warn about the use of other element but they allow
variations on chemical composition. Another example of flexibility is that they do not apply a
lower limit of silicon content for grades D and E.




2.2.3 Higher Strength Steels (HSS)
2231 Ll oydbés Register (HSS)

LR make provision for material to be supplied in four strength levels, 27S, 32, 36 and 40.
Also LR includes requirements for strength level 47 considering grade EH and is the only
classification society that does so. Like normal strength steels, the requirements are primarily
intended to apply to steel plates and wide flats not exceeding 100 mm in thickness and sections
and bars not exceeding 50 mm in thickness, except grade EH47, which is not applicable in
sections and bars.

The chemical composition of higher strength steels is presented by LR in Rules for the
Manufacture, Testing and Certification of Materials (July 2018) Ch. 3, Sec. 3 and in this
document is given in Table 2.2.2 Chemical composition (LR) below. As per Grade EH 47, the
chemical composition is given separately in Table 2.2.3 Chemical composition for Grade EH
47 (LR). Also it should be mentioned that all the grades of steel are to be in the killed and fine
grain treated condition.

Table 2.2. 2 Chemical composition (LR)

Grades AH, DH, EH FH
Garbon % max. 0,18 016
Manganese % 0,9 - 1,60 (see Note 1) 09-1,80
Silicon % max. 0,50 0,50
Phosphorus % max. 0,035 0,025
Sulphur % max. 0,035 0,025

Grain refining elements (see Note 2)

Aluminium (acid soluble) % 0,015 min. (see Note 3)

Miobium % 0,02 - 0,05

Vanadium % 0,05-0,10

Titanium % 0,02 max.

Total (Nb + V + Ti) % (see Note 5) 0,12 max.

Residual elements

Nickel % max. 0,40 0,80
Gopper % max. 0,35 0,35
Chromium % max. 0,20 0,20
Molybdenum % max. 0,08 0,08
Mitrogen % max. 0,009 (0,012 max. if Al is present)

MNote 1. For AH grade steels in all strength levels and thicknesses up to 12,5 mm, the specified minimum manganese content is 0,70%.

Mote 2. The steel is to contain aluminium, niobium, vanadium or other suitable grain refining elements, either singly or in any combination. When
used singly, the steel is to contain the specified minimum content of the grain refining element. When used in combination, the specified
minimum content of each element is not applicable.

MNote 3. The total aluminium content may be determined instead of the acid soluble content. In such cases the total aluminium content is to be
not less than 0,020%.

Note 4. Alloying elements other than those listed above are to be included in the approved manufacturing specification.

MNote 5. The grain refining elements are to be in accordance with the approved specification.




Table 2.2. 3 Chemical composition for Grade EH 47 (LR)

Chemical element max. (%)

Carbon 0,20
Manganese 2,00
Silicon 0,55
Phosphorus 0,030
Sulphur 0,030
Nickel 2,00
Chromium 0,25
Molybdenum 0,08
[Grain refining elements See Note 1
Residual elements Copper 0,35
Note 1. The steel is to contain aluminium, niokium, vanadium, titanium, or other suitable grain refining elements,
either singly or in any combination, in accordance with the approved specification.

2.2.3.2 American Bureau of Shipping (HSS)

The counterpart t ab IRelestofMatarlsangWdldmg (Jabuarg 20E3))

Ch.1Sec.3.0n ABSo6s table the mar ki folpwsi AB/XIYY éXs=eAnt e d

D, E or FYY =32, 36 or 40). Obviously, ABS does not include steels with specified minimum
yield strength 265 MPa.

Furthermore, there are two more differentiations concerning the chemical compositions
shown in Table 2.2.2 Chemical composition (LR). Firstly, ABS instead of determining the
maximum quantity of Si, as LR gives the value of 0,50%, ABS suggest a specified range of
0,10 7 0,50% (for A,D,E and F grades), on which is noted that where the content of soluble
aluminum is not less than 0,015%, the minimum required silicon content does not apply.
Secondarily, ABS adds the element Ca, and is the only classification society that does so, in
ladle analysis of all the grades with maximum content by weight of 0,005%. Calcium would
make the material easier to be machined and also is effective as inclusion modifier.

Additionally ABS includes notes that LR does not and are presented below:

1 Concerning grain refining elements: The steel is to contain at least one of the grain

refining elements in sufficient amount to meet the fine grain practice requirement. This
comment is followed by a reference to the fine grain practice, which may be met by one
of the following conditions

0

0

0

A McQuaid-Ehn austenite grain size of 5 or finer in accordance with ASTM
E112 for each ladle of each heat, or

Minimum Acid-soluble Aluminum content of 0,015% or minimum total
Aluminum content of 0,020% for each ladle of each heat, or

Minimum Columbium (Niobium) content of 0,020% or minimum Vanadium
content of 0,050% for each ladle of each heat, or

When Vanadium and Aluminum are used in combination, minimum Vanadium
content of 0,030% and minimum acid-soluble Aluminum content of 0,010% or
minimum total Aluminum content of 0,015%.

n

di



0 When Columbium (Niobium) and Aluminum are used in combination, minimum
Columbium (Niobium) content of 0,010% and minimum acid-soluble Aluminum
content of 0,010% or minimum total Aluminum content of 0,015%.
1 Concerning elements Nb, V, Ti and Ca: These elements need not be reported on the
mill sheet unless intentionally added.

1 Concerning elements Cu, Cr, NiandMo: These el ements ma902%e

where the amount present does not exceed 0,02%.

Lastly, while ABS gives specifications on grain refining elements, it does not include the
equation of total content by weight of Nb+V+Ti = 0,12%max.

2.2.3.3 Bureau Veritas (HSS)

Bureau Veritas indications on chemical composition of higher strength is quite similar to L
Table 2.2.2 Chemical composition (LR) and are presented in Rules on Materials and Welding
for the Classification of Marine Units (January 2018) Ch. 2 Sec. 1. Of course grade EH 47 is
not included and like ABS, BV does not include steels with a specified minimum yield strength
of 265 MPa.

Also, two differentiations are presented on the cell notes. As per LR note 1, where it is
indicated that for AH grade steels in all strength levels and thicknesses up to 12,5 mm, the
specified minimum manganese content is 0,70%, while BV suggests that this applies to all
strength levels of grades D and E too, which is reasonable as less manganese content would

repor

i ncrease material sd machi nabi lickness. Thedolopviegmotea | | v c o

is also added by BV:

9 Variations in chemical composition allowed when steel is supplied in specified
condition: When any grade of higher strength steel is supplied in the thermo-
mechanically rolled condition, variations in the specified chemical composition may be
allowed or required by the Society and are to be stated at the approval.

Beside the above no further differences are presented by BV.

2.2.3.4 Det Norske Veritas Germanischer Lloyd i DNV-GL (HSS)

In DNV-GL Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2 the chemical
composition of higher strength steels is presented with some discrepancies compared to Table
2.2.2 Chemical composition (LR).

Two differences concerning the element contents are observed as DNV-GL gives a Mn
content range of 0,70 to 1,60 % by weight concerning 27 strength level grade A, D and E steels
and in terms of Ti, which is a grain refiner, instead of giving maximum content, DNV-GL
determines range of 0,007 to 0,020 % for all grades. Another differentiation is that DNV-GL,
alike BV, gives minimum Mn content of 0,70% for thicknesses up to and including 12,5 mm for
strength levels 32, 36 and 40 for grades A, D and E, while LR suggests this only for grade AH.
Concerning notes the additions are the following:

1 Concerning grain refining elements: the steel shall contain grain refining elements Al,
Nb, V or Ti, either singly or in any combination. When used singly, the steel shall
contain the specified minimum content of the element. When Al and Nb are used in
combination, the minimum total Al content shall be 0,015% (corresponding to acid

8



soluble content of 0,010%) and the minimum Nb content shall be 0,010%. When Al and
V are used in combination, the minimum total Al content shall be 0,015%
(corresponding to acid soluble content of 0,010%) and the minimum V content shall be
0,030%. Combinations with other amounts of grain refining elements may be approved.
The total content of Nb+V+Ti shall not exceed 0,12%.

1 Content of Titanium for thermomechanically controlled-rolled steels: maximum 0,05%
Ti for TM steels subjected to approval

Lastly, DNV-GL&s mar king is presented bel ow:
VL XYY (X=A, D, Eor FYY =27S, 32, 36 or 40)

2.2.3.5 Registro Italiano Navale (HSS)

RINA requirements in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 is identical to BV. Thus, no further comments are referred.

2.2.3.6 Conclusion (HSS)

DNV-GL and LR rules are more complete, both including strength level 27 grade steels. LR
is superior on the quantity classified grades as it includes one more, EH 47 grade, but DNV-
GL classifies the materials with more details, resulting in more complete and detailed
guidelines. For example, DNV-GL requires titanium content for all the grades, which not only
is a grain refiner, also helps the deoxidation and increases the material strength.

2.2.4 Steels for Low Temperature Service (SLTS)

This segment gives specific requirements for carbon-manganese and nickel alloy steels
intended for use in the construction of cargo tanks, storage tanks and process pressure vessels
for liquefied gases. As the classification societies ensure that the austenitic and duplex steel
are capable for use at low design temperature, they should be included as well.

2241 Ll oydbés Register (SLTS)

According to LR, the chemical composition of carbon-manganese steels shall comply with
the requirements of segment 2.2 . 3. 1 LI oy d 6 s foRyeades AH, BH, EH addSFH)
strength levels 27s, 32, 36 and 40, see Table 2.2.2 Chemical composition (LR).
Supplementing, LR, in Rules for the Manufacture, Testing and Certification of Materials (July
2018) Ch. 3, Sec. 6, indicates that these grades to be designated L TTLATH,DH, L TT EH an
L T 1 Fespectively.

In the same section LR specifies the chemical compaositions of nickel alloy steels, which are
to comply with the appropriate requirements of Table 2.2.4 Chemical compositions of nickel
alloy steels (LR).




Table 2.2. 4 Chemical compositions of nickel alloy steels (LR)

Grade Residual
of C Si Mn Ni P S Aluminium
steel elements
Moy [ 0,18 max. 0,30-1,50 | 1,30-1,70
0,
o 10,18 max. 0,30-0,80 | 2,10-2,50 TOtarL?r;OZO/C
ooy I 0,15max.| 0,100,35 3,20-3,80 | 0,025 max.| 0,020 max. Cr 0,25 max.
Cu 0,35 max.
5Ni 0,12 max. 0,30-0,90 | 4,70-5,30 Mo 0,08 max.| Acid soluble
o
ONi | 0,10 max. 8,50- 10,0 Tortr?;)?ﬁo 0,015% min

Furthermore, in Rules for the Manufacture, Testing and Certification of Materials (July 2018)
Ch. 3, Sec. 7, LR indicates that austenitic stainless steels are suitable for applications where
the lowest design temperature is not lower than i 1 6 5 ArCaddition any requirement to use
duplex stainless st ebetts sjeda mmidetattod Bw,iadcording te
LR, duplex stainless steels are suitable for applications where the lowest design temperature
i s ab o vGhemitdl @mposition of austenitic and duplex steels that LR classifies is listed
in Table 2.2.5 Chemical composition (LR).

Table 2.2. 5 Chemical compositions (LR)

Tvoe and arade of stee Chemical composition % (see Note)
ypeandg C|si|mn] P | s Cr Ni Mo N Other
Austenitic
304 L 0,03| 1 2 0,45 | 0,03 | 17,0620,0| 8,0-13,0 - 0,1 -
304 LN 0,03| 1 2 0,45 | 0,03 | 17,020,0| 8,0-12,0 - 0,100,22 -
316 L 0,03| 1 2 | 045 |0,03| 16,018,5| 10,015,0 | 2,03,0 0,1 -
316 LN 0,03| 1 2 | 045 |0,03| 16,018,5| 10,014,5 | 2,03,0 | 0,100,22 -
317L 0,03| 1 2 | 045 |0,03| 18,020,0| 11,015,0 | 3,04,0 0,1 -
317 LN 0,03| 1 2 0,45 | 0,03 | 18,020,0 | 12,515,0| 3,04,0 | 0,100,22 -
321 0,08 1 2 | 045 (0,03 17,019,0| 9,012,0 - 0,1 P 0E7 /
mn E
347 0,08 1 2 | 045 (0,03 17,019,0| 9,013,0 - 0,1
K mZ
Duplex
UNS S 31803 0,03| 1 2 0,03 | 0,02 | 21,023,0| 4565 | 2,53,5| 0,080,20 -
UNS S 32750 0,03 08| 1,2 |0,035| 0,02 | 24,026,0| 6,080 | 3,050 | 0,240,32 C;;)),(SO
Note All figures are a maximum value except where a range is shown.

2.2.4.2 American Bureau of Shipping (SLTS)

ABS does not classify low temperature service steels but refers to its own article, RULES
FOR BUILDING AND CLASSING MARINE VESSELS (July 2018)° Pt. 5 Ch. 8 Sec. 6, which
is substantially the chapter 6 of the IGC code (Int. Code for the Construction and Equipment
of Ships Carrying Liquefied Gases in Bulk)’. This chapter sets requirements that a material
must meet, depending on the design temperature, in order to be accepted for use in hull
construction of such vessel.
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2.2.4.3 Bureau Veritas (SLTS)

Bureau Veritas classifies grades of carbon and carbon-manganese steels for low
temperature service qui t e differently t hdnnotlcenply with theBV & s ¢ c
requirements of high strength steels.

The name of the gr ade, -mahgariedésteel gcades, bongistsaftwd c ar b o
letters and a number, which indicate impact properties at a certain temperature and the
ultimate tensile strength respectively. Below follows a paragraph f r o m RRilgstos Materials
and Welding for the Classification of Marine Units (January 2018) Ch. 2 Sec. 1 explaining the
nomenclature.

firhe carbon and carbon manganese steels are classed into six groups indicated by the minimum ultimate tensile
strength Rm (N/mm?): 390, 410, 460, 490, 510 and 550.

Each group may be further subdivided into three grades, LE, LF or LT, as appropriate, based on the quality level
and impact properties.

The letters LE and LF mean impactproper t i es at 16104A@CA C r ars he letteris L Tenegn. impact
properties at temperatureb et ween T 55AC and T 70AC, d3ependi ng on the thick

The chemical composition on ladle analysis is to comply with the requirements specified in
Table 2.2.6 Chemical composition of carbon and carbon-manganese steels (BV).

Table 2.2. 6 Chemical composition of carbon and carbon-manganese steels (BV)

Steel Chemical composition (%) (1)
grade C max Mn Si P max S max Al tot min Ni max
410 LE 0,18 0,50 - 1,40 0,10-0,35 0,030 0,030 0,020 0,30
410 LF 0,16 0,50 - 1,40 0,10-0,35 0,030 0,030 0,020 0,80
460 LE 0,18 0,80 - 1,50 0,10 - 0,40 0,030 0,030 0,020 0,30
460 LF 0,16 0,80 - 1,50 0,10 - 0,40 0,030 0,030 0,020 0,80
510 LE 0,18 1,00-1,70 0,10-0,50 0,030 0,025 0,020 0,30
510 LF 0,16 1,00-1,70 0,10 - 0,50 0,030 0,025 0,020 0,80
550 LE 0,18 1,00-1,70 0,10 - 0,50 0,030 0,025 0,020 0,30
550 LF 0,16 1,00-1,70 0,10 - 0,50 0,030 0,025 0,020 0,80
390 LT 0,16 0,80 - 1,50 0,10 - 0,40 0,030 0,025 0,020 1,25
490LT 0,16 1,00-1,70 0,10-0,50 0,030 0,025 0,020 1,25
(1) Nb, Vor Ti may be used for grain refining as a complete or partial substitute for Al. The grain refining elements are to be speci-
fied at the time of approval; in general Nb and V are not to exceed 0,05 and 0,10%, respectively. Additional alloying elements
are to be submitted for consideration and approval. Residual elements not intentionally added are not to exceed the following
limits (%): Cu<0,30, Cr<0,15, Mo < 0,10.

In terms of nickel steel, BV presents the requirements for the same grades as LR, as given
in Table 2.2.4 Chemical compositions of nickel alloy steels (LR), with the following differences:

1 Content of Silicon: BV stipulates only the maximum quantity of Si, being 0,35 max. for
all the grades, while LR suggest a range 0,10 to 0,35. Setting a lower limit is preferable
as Siis a good deoxidizer. Obviously they both agree on the maximum value.

1 Content of Phosphorus: BV gives maximum P content of 0,035%, instead of 0,025 that
LR does, for all the grades. Higher content of phosphorus could improve machinability
and increase strength, but with the cost of increasing brittleness as well.
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1 Content of Manganese concerning grade 2 1| :[BV specifies a range of content of Mn,
as LR, but with a little higher upper limit. BV gives 0,30 i 0,90 content of manganese
for grade 2 1  .Ntiis reasonable to have a bigger range of manganese content, to
balance higher phosphorus content, as manganese not only improves strength, it
reduces brittleness.

I Concerning residual elements: The total of residual elements Cr, Cu and Mo are not to
exceed 0,50% according to BV, while LR gives a total maximum of 0,60%. Also BV
points out that the content of vanadium should not exceed 0,05%, which is not referred
in LR6s rul es.

Lastly, in Rules on Materials and Welding for the Classification of Marine Units (January
2018) Ch. 2 Sec. 1, BV establishes austenitic steels as suitable for use both at elevated and
low temperatures and duplex steels as generally suitable for design temperature between
i20Ahd +2C&6MECaring to LR6s corresponding rul es,
on the design temperature of austenitic steels and suggests a lower design temperature for
duplex steels, T 2t0MAeC,| ownd dte deRs isdg rmatteesaPx2rddt ur e i
LIl oydds Register (SLTS).

Requirements on the chemical composition of austenitic and duplex steels that BV suggests
are listed in Table 2.2.7 Chemical composition (BV). BV classifies the same austenitic steels
as LR, but some discrepancies arepresent ed concerning the el ement 6s
and N content. Materials classified by BV, having a higher lower limit of Ni content, would
present increased durability and in combination with Cr would retain austenite even in lower
temperatures.

Also, BV includes the same duplex steel as LR, which present content discrepancies as
well, plus grade UNS S 32550 that was missing from LR. In Table 2.2.7 Chemical composition
(BV) below, the points of deviation from LR are marked as red and the grades that are not
included by LR are marked as bl ue. At this poin
include a coumnfor N and only inducts informaeioa OOt hdrs
elements) column.

Table 2.2. 7 Chemical composition (BV)

Type and Chemical composition % (see Note)
grade of steel C Si Mn P S Cr Ni Mo Others
Austenitic
304 L 0,03 1 2 0,45 0,03 | 17,019,0 | 9,012,0 -
304 LN 0,03 1 2 0,45 0,03 | 17,019,0 | 8,511,0 - 0,14 b X
316 L 0,03 1 2 0,45 0,03 | 16,018,5| 10,014,0 | 2,03,0
316 LN 0,03 1 2 0,45 0,03 | 16,018,5| 11,013,0 | 2,03,0 0,14 b X
317L 0,03 1 2 0,45 0,03 | 18,020,0 | 14,016,0 | 3,04,0
317 LN 0,03 1 2 0,45 0,03 | 18,020,0 | 12,514,0 | 3,04,0 0,14 b XK
321 0,08 1 2 0,45 0,03 | 17,019,0 | 9,013,0 - p E [ X
347 0,08 1 2 0,45 0,03 | 17,019,0 | 9,013,0 - mn E / A
Duplex
UNS S 31803| 0,03 0,75 2 0,035 | 0,01 | 21,023,0| 456,55 | 2,53,0 nzmnXb X
UNS S 32550 0,03 2,0 0,75 | 0,035 | 0,01 | 24,026,0| 5575 | 2,7-3,9 MZn K /
UNS S 32750, 0,03 0,8 2,0 0,035 | 0,02 | 24,026,0| 6,080 | 3,050 C:q;)),(SO

Note Additional alloying elements are to be submitted for consideration and approval. Residual elements are p¢g
providedthey do not impair the properties, subsequent processing or behaviour in service of the material.
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Comparing LR and BV tables, it is obvious that BV is generally stricter and gives smaller
content ranges. The only exception is the Ni content of grade 317 L.

As ABS, BV also refers to IGC code. In case of applications involving the storage and
transport of liquefied gases, reference is to be made to BV0 Rules for the Classification of
Steel Ships (January 2018) Pt D, Ch 9 and the International Code for the Construction and
Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code)’ also applies.

2.2.4.4 Det Norske Veritas Germanischer Lloyd i DNV-GL (SLTS)

Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.3, by DNV-GL, contains rules on
carbon-manganese steels that do not rely on the grades of higher strength steels, but, like BV,
DNV-GL classifies distinct grades. NeverthelessBV 6 s anG@L dNVcl assi fied grad
present similarities.

The chemical composition of the referenced grades shall satisfy the requirements specified
in Table 2.2.8 Chemical composition of carbon-manganese steels for low temperature service
(DNV-GL).
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Table 2.2. 8 Chemical composition of carbon-manganese steels for low temperature service (DNV-GL)

Chemical composition, (%)
Grade cl o . s P A2 N Requirements for
maximum maximum |maximum| total |maximum other elements
0.10 to 0.40 to =
VL 360-2FN 0.16 0.025 0.025 0.015
0.35 1.00 ¥ 0.020
0.10 to 0.40 to >
VL 2-2 0.16 0.40 1.60 0.025 0.025 0.020 0.015
0.10 to 0.70 to >
VL 2-3 0.14 0.40 1.60 0.025 0.025 0.020 0.015
VL 2-4 0.14 0.10 to 0.70 to 0.025 | 0.035 = 0015 |o =02
B . 0.40 1.60 : : 0.020 ) Cu < 0.35
] 4)
<
VL 2-4L 0.14 0.10 to 0-70to 0.025 | 0.025 = 0.015 s
g . 0.40 1.60 2 : . 0.020 : Mo < 0.08
Cr+Mo+Cu = 0.45
0.70 to >
VL 4-2 0.16 0.10 to 0.025 0.025 = 0.015 [Nb<0.05
0.40 1.60 0.020
V=0.1
0.10 to 0.70 to >
VL 4-3 0.16 0.40 1.60 0.025 0.025 0.020 0.015
0.10 to 0.70 to >
VL 4-4 0.16 0.025 0.025 0.015
0.40 1.60 % 0.020
0.10 to 0.70 to >
V0L 4-4L 0.16 0.025 0.025 0.015
0.40 1.60 2 0.020
1) by special agreement with the Society, the carbon content may be increased to 0.18% maximum, provided the
design temperature is not lower than -40°C
2) acid soluble 0.015% minimum
3) for thicknesses exceeding 40 mm, Mn = 0.40 to 1.20%
4) for the steel grades VL 2-3, VL 2-4, VL 2-4L, VL 4-3, VL 4-4 and VL 4-4L a Ni-content up to 0.80% may be
approved.

In the same section DNV-GL gives requirements on the chemical composition of nickel steels
and an austenitic manganese all oy st e@llistheVL Mn
only classification society to suggest an austenitic manganese alloy steel grade for low
temperature service.

Furthermore, beyond the nickel steel grades that LR includes, DNV-GL sets requirements
on two more grades VL 0,5Ni/a and VL 0,5Ni/b. While DNV-GL and LR include common grade
on their rules, discrepancies are observ e d on S ome of t he el ement s
discrepancies are considered small, with exception of Mn content, which DNV-GL allow to
reach content of 1,70%.

The requirements on the chemical composition are presented in Table 2.2.9 Chemical
composition of nickel alloy steels and austenitic manganese alloy steels for low temperature
service (DNV-GL), where the points of deviation from LR are marked as red and the grades
that are not included by LR are marked as blue.
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Table 2.2. 9 Chemical composition of nickel alloy steels and austenitic manganese alloy steels for low
temperature service (DNV-GL)

Chemical Composition (%)
Grade © si Mn i S Ni Altot
Maximum 4) maximum | maximum
VL 0.5Ni/a 1) 0,14 0,10-0,50 0,70-1,50 0,025 0,010 0,152)-0,80 | »x n 2
VL 0.5Ni/b 1) 0,16 0,10-0,50 0,85-1,70 0,025 0,010 0,152)-0,80 | »x n 3
VL 1.5Ni 0,14 0,10-0,35 0,30-1,50 0,025 0,025 1,30-1,70 X Nz
VL 2.25Ni 0,13 0,10-0,35 0,30-1,50 0,025 0,025 2,00- 2,50 X Nz
VL 3.5Ni 0,12 0,10-0,35 0,30-0,70 0,025 0,025 3,25- 3,75 X Nz
VL 5Ni 0,12 0,10-0,35 0,30-0,80 0,025 0,025 4,70-5,30 X Nz
VL 9Ni 0,10 0,10-0,35 0,30-0,90 0,025 0,025 8,50-10,0 X Nz
VL Mn 400 3)| 0,35-0,55 | 0,10-0,50 | 22,50-25,50 0,030 0,010 - -

1) further compositioal requirements:
T/ N X nZHp:
a2 B8%n X
CwX 3H%
bo O08%n S
+  8pY X
T/ Nb/ dzb &0 X n X
2DF2N GKADDY $5a 0BA XK Nz
3) further compositional regirements:
T Cr0,30% to 0,70%
T . X nZnnpiz
T b >B50%0%
4) except VL Mn 400

- A A ~

INDNV-GL6s referenced secti on,service bteels,at is mentioned| ow t e
that requirements for austenitic steels applied for low temperature service are given in the
corresponding stainless steels section. Furthermore, in Rules for classification: Ships (2018)

Pt.2 Ch.2 Sec. 4, DNV-GL states that the austenitic steels may be used for applications where

the design temperature is not lowerthan-1 6 5 AC, as LR and -fdrriticiduplex)h e Au st
steels may be used for applications where the design temperature is not lower than -4 6 A C

while LR statesthe | owest desi gn t e napnkBV gites-20é\ CNeserthelessv e 0 AC
DNV-GL classifies similar grades of stainless steels with LR, as given in Table 2.2.5 Chemical

compositions (LR), with the following differences:

1 Smaller Cr and Ni content ranges of grade VL 304 L: DNV-GL gives Cr: 18,0 to 20 and
Ni: 8,0to 12,0 , i nst e eesbectve 17]0-R®Mand 8,0-13,0

1 Not inclusion of Grade 304 LN.

T N content of grades VL 316 LN, VL 317 LN and UNS S 31803: DNV-GL sets a lower
content of N limit which is higher than indicated by LR. Thus, for the referenced grades
the N content should be between 0,14-0,22, according to DNV-GL

DNV-GL refers also to Rules for classification: Ships (July 2018) Pt.5 Ch.7 Sec.6, which also
correspond to the IGC code Ch. 6'.

2.2.4.5 Registro Italiano Navale (SLTS)

RI NAds Rul es f or t helamdrya2618)iinfPi. o NMateals and Weldhg i ps (
Ch. 2, Sec.1 contains rules and requirements on the same steel grades that Bureau Veritas
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gives, except grades 390 LT, 490 LT of carbon and carbon-manganese steels and 2 1 ofi
nickel alloy steels, without differentiations on the rest, see 2.2.4.3 Bureau Veritas (SLTS).

2.2.4.6 Conclusion (SLTS)

DNV-GL rulebook is the most informative and well summarized as it includes a variety of
grades for the surveyor or the shipbuilder to choose from. BV, whose rules are quite close to
DNV-GL, sets superior requirements on manganese and carbon-manganese steels, as they

contain higher manganese content that should

rules are quite flexible on chemical composition of the materials, are not as explicitly. For
example it is not clear how the manganese steels would be designated as LT, also while LR
includes the corresponding to IGC code document in Rules and Regulations for the
Construction and Classification of Ships for the Carriage of Liguefied Gases in Bulk (July
20188 ther e i s no reference to it as in other

225 AZO0 Grade Steels with specified through

2251 Ll oydbés Register (fzZzd Grade)

According to LR and Rules for the Manufacture, Testing and Certification of Materials (July
2018) Ch . 3, Sec. 8, a AZOd grade mat er i2.2.2 Normsal
Strength Steels (NSS), 2.2.3 Higher Strength Steels, 2.2.4 Steel for Low Service Temperature
(SLTS) and/or other kinds of steel that are not a part of this thesis, along with additional
requirements concerning AZOd grade steel s.

In terms of chemical compaosition no further requirements are mentioned by LR, except that
the sul phur ¢ adematarialis oof to excedd 0,008 ger cent.

2.2.5.2 American Bureau of Shipping( A Z6 Gr ade)

In Rules for Materials and Welding (January 2018), Ch.1 Sec.l1, there are no differences
presented by ABS compared to LR rules and properties. Thus, no further comments are made.

2.2.5.3 Bureau Veritas( AiZ0 Gr ade)

In Rules on Rules on Materials and Welding for the Classification of Marine Units (January
2018)Ch. 2 Sec. 1., BV presents no differences nor additions to the impact properties
compared to LR Rules for the Manufacture, Testing and Certification of Materials (January
2018).

16

€ S

cl assi

t hicl

(O |



2.2.5.4 Det Norske Veritas GermanischerLloyd( A Z06 Gr ade)

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2., DNV-GL presents no
differences nor additions to the impact properties compared to Rules for the Manufacture,
Testing and Certification of Materials (July 2018) by LR.

2.2.5.5 Registro ItalianoNavale ( A Z06 Gr ade)

RINA in Rules for the Classification of Ships (January 2018) in Pt. D of Materials and Welding
Ch. 2, Sec.1 identical to BV. Thus, no further comments are made.

2256 Conclusion (AZod Grade)

Obviously, the classification societies do not present any kind of differences, deficiencies or
additions on the matter and can be considered as equally valid.

2.2.6 Aluminum Alloys (AA)

2261 Ll oydodés (AAggi ster

In this segment requirements will be presented for aluminum alloys plates, bars and sections
that find usage in ship and marine constructions. As LR indicates the thickness of plates,
sections and bars described by these requirements will be in the range between 3 and 50 mm.
The chemical composition of those are presented in Rules for the Manufacture, Testing and
Certification of Materials (July 2018) Ch. 8, Sec. 1, where grades of the aluminum alloys are
imprinted on table. According to LR each aluminum grade shall comply with the requirements
of Table 2.2.10 Chemical composition, percentage (LR).
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Table 2.2. 10 Chemical composition, percentage (LR)

600STA 1 6061 (see
Element 5083 5383 5059 5086 5754 5456 (see Note 6082
1) Note 1)
Copper 0,10 max. 0,20 max. 0,25 max. 0,10 max. 0,10 max. 0,10 max. 0,30 max. 0,158 0,40 | 0,10 max.
Magnesium 4,00 4,9 4,00 5,2 5,08 6,0 3,50 4,5 2,60 3,6 4,78 5,5 0,400 0,70 | 0,800 1,20 | 0,606 1,20
Silicon 0,40 max 0,25 max. 0,45 max 0,40 max 0,40 max 0,25 max. 0,500 0,90 | 0,400 0,80 | 0,706 1,30
Iron 0,40 max 0,25 max. 0,50 max. 0,50 max. 0,40 max 0,40 max 0,35 max. 0,70 max. 0,50 max.
Manganese 0,406 1,00 | 0,76 1,0 0,60 1,2 0,208 0,70 | 0,50 max. | 0,508 1,00 | 0,50 max. 0,15 max. | 0,408 1,00
(see Note (see Note
2) 3)
Zinc 0,25 max. 0,40 max | 0,408 0,90 | 0,25 max. 0,20 max. 0,25 max. 0,20 max. 0,25 max. 0,20 max.
Chromium 0,058 0,25 | 0,25 max. | 0,25max. | 0,058 0,25 | 0,30 max. | 0,058 0,20 | 0,30 max. | 0,048 0,35 | 0,25 max.
(see Note (see Note
2) 3)
Titanium 0,15 max 0,15 max 0,20 max. 0,15 max 0,15 max 0,20 max. 0,10 max. 0,15 max 0,10 max.
Zirconium 0,20 max. | 0,056 0,25
Other Elements:
0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
max. max. max. max. max. max. max. max. max.
each
total
0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15
max. max. max. max. max. max. max. max. max.

Note 1. These alloys are not normally acceptable for application in direct contact with sea-water.
Note 2. Mn + Cr = 0,10 min., 0,60 max.
Note 3. Mn + Cr = 0,12 min., 0,50 max.

2.2.6.2 American Bureau of Shipping (AA)

ABS does not present any discrepancies on the chemical composition of aluminum alloy
grades that LR suggests in Table 2.2.10 Chemical composition, percentage (LR). Although
ABS in Rules for Materials and Welding (January 2018), Ch.5 Sec.3 includes requirements for
three more grades. Chemical composition requirements of the additional grades are given on
Table 2.2.11 Chemical composition, percentage (ABS), below.
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Table 2.2. 11 Chemical composition, percentage (ABS)

Element 5052 5454 6063
Copper 0,10 max. 0,10 max. 0,10 max.
Magnesium 22-28 2,4-3,0 0,45-0,9
Silicon 0,25 max. 0,25 max. 0,20-0,6
Iron 0,40 max. 0,40 max. 0,35 max.
Manganese 0,10 max. 0,50-1,0 0,10 max.
Zinc 0,10 max. 0,25 max. 0,10 max.
Chromium 0,15-0,35 0,05-0,20 0,10 max.
Titanium ) 0,20 max. 0,10 max.
Zirconium
Other Elements:
0,05 0,05 0,05
max. max. max.
each
total
0,15 0,15 0,15
max. max. max.

2.2.6.3 Bureau Veritas (AA)

Bureau Veritas does not add further requirements on aluminum alloy grades that LI oy d 6 s
Register by Table 2.2.10 Chemical composition, percentage (DNV-GL) and does not include
the threeaddi t i onal gr ade mble ofARBISston Matehals sind BV¥lding for the
Classification of Marine Units (January 2018) Ch. 3 Sec. 2 are not presented in this segment.

2.2.6.4 Det Norske Veritas Germanischer Lloyd i DNV-GL (AA)

The requirements of Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.10, of DNV-
GL, the most complete among the five classification societies concerning aluminum alloy
grades. DNV-GL involves on its rules requirements for the grades that LR and ABS does, see
Table 2.2.10 Chemical composition, percentage (LR) for which chemical composition
requirements the three classification societies present no differences, plus two more grades,
one of the 5000 and one of the 6000 series. Data for each grade are listed on Table 2.2.12
Chemical composition, percentage (DNV-GL).
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Table 2.2. 12 Chemical composition, percentage (DNV-GL).

Element VL 5154A VL 6060
Copper 0,10 max. 0,10 max.
Magnesium 3,10 - 3,90 0,35-0,60
Silicon 0,50 max. 0,30 - 0,60
Iron 0,50 max. 0,10 - 0,30
Manganese 0,50 max. 0,10 max.
Zinc 0,20 max. 0,15 max.
Chromium 0,25 max. 0,05 max.
Titanium 0,20 max. 0,10 max.
Zirconium
Other Elements:
0,05 0,05
max. max.
each
total
0,15 0,15
max. max.

2.2.6.5 Registro Italiano Navale (AA)

RINA Rules for the Classification of Ships (January 2018) in Pt. D of Materials and Welding
Ch. 3, Sec.2 isidenticalt o B V 6 sno furihér cosnments are referred.

2.2.6.6 Conclusion (AA)

The requirements of aluminium alloys set by the five classification societies can be
considered equivalent as they do not present differentiations on the chemical composition of
the grades. Differences occur on the quantity of the grades that each Society classifies, of
which, DNV-GL is superior as it includes all the grades referenced in 2.2.6 Aluminum Alloys.

Section

2.3 Tensile Tests

2.3.1 Tensile test method

The tensile test method does not have variations amongst the classification societies, as all
of them extract information on the method by appropriate Recognized Standards, which are
ISO 6892-1° and ASTM EB8. Both international standards (International Standards
Organization-1SO6892-1 : 2016 @ Met a-Tknsile tegtirg,tPart 1t Methad of test at
room t e mp e rAmérioan 8ooietyean Testing and Materials-ASTM E8: 2016
Test Methods for Tension Testing o f Metallic
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materials in any form at room temperature and the methods of determination of yield strength,
yield point elongation, tensile strength, elongation, and reduction of area.

2.3.2 Normal Strength Steel Rules and Properties (TT: Tensile Test)
2321 Ll oydos NSsSgh)ster (

According to LR and Rules for the Manufacture, Testing and Certification of Materials (July
2018) Ch.3 Sec. 2 the results of all tensile tests are to comply with the appropriate
requirements given in Table 2.3.1 Mechanical properties for acceptance purposes (LR).

Table 2.3. 1 Mechanical properties for acceptance purposes (LR)

Yield
stress )
i Elongation on 5,65
Grade N/ Tensile strength N/mm? o
mm?2mini vS0% minimum
mum

400 - 520 22

A.B.D.E 235 (see Note 1) (see Note 2)

Note 1. For sections in Grade A, the upper limit of the tensile strength range may be
exceeded at the discretion of the Surveyor.

Note 2. For full thickness tensile test specimens with a width of 25 mm and a gauge
length of 200 mm, the minimum elongation is to be as in Table 2.3.2 Elongation (%) on a
gauge length of 200 mm for thickness t (mm) (LR)

Table 2.3. 2 Elongation (%) on a gauge length of 200 mm for thickness t (mm) (LR)

Th'ﬁi‘;ess >5 >10 >15 >20 >25 >30 >35
<5 <10 <15 <20 <25 <30 <35 <50
E'°”g)at'°" 14 16 17 18 19 20 21 22

2.3.2.2 American Bureau of Shipping (NSS-TT)

A B S @Rsles for Materials and Welding (January 2018), Ch.1 Sec. 2 does not present
differences on the values of the mechanical properties. In the notes, however, ABS adds that
minimum elongation for alternative A flat test specimen or alternative C round specimen is to
be in accordance to Table 2.3.1 Tensile properties for acceptance purposes (LR) and for
alternative B flat specimen is to be accordance to Table 2.3.3 Elongation (%) on a gauge length
of 200 mm for thickness t (mm) (ABS) (figure of specimens and Table 2.3.3 are presented
below).
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As you see in Table 2.3.3 Elongation (%) on a gauge length of 200 mm for thickness t (mm)
(ABS), ABS suggests different limits on the last two columns of the first row, which are marked
with red letters. Also ABS differs as shown in the following notes:

 Being specific about the upper limit of the tensile strength of Grade A. For Grade A
sections, the upper limit of tensile strength may be 550 N/mm?.

1 Suggesting a lower quality material. Steel ordered to cold flanging quality may have
tensile strength range of 380-450N/mm? and a yield point of 205N/mm? minimum.

Table 2.3. 3 Elongation (%) on a gauge length of 200 mm for thickness t (mm) (ABS)

Thlfrlfrr:]ess >5 >10 >15 >20 >25 >30 >40
05 010 015 020 025 030 040 050
Eloné:]A)atlon 14 16 17 18 19 20 21 22

11—t -— Round Specimen
|
|
I
d = diameter in mm ! :
a = thickness in mm | | ~| —— - —— Flat Specimen
b =width in mm | * |
L, =(2005) original gauge ‘ ‘
length in mm ‘ | b ‘
L: =(2005) parallel length | ‘ |
in mm
A =(2005) original cross ‘ —L,— ‘
sectional area in mm? | |
R =transition radius in mm [ L |
d a b L, L, R
Flat specimen _ +@ 25 56544 L +244 25
Altemative A - Y o Y
Flat specimen @ a4z A 95
- t 2 00 225 25
Alternative B
Round specimen _ _ :
Alternative C 14 70 85 10
Notes:
1 Standard specimen in accordance with ASTM ES/ESM or A370 will also be acceptable in conjunction with the
corresponding elongation requirements in 2-1-2/Table 2 or 2-1-3/Table 2.
2 f is the full thickness of the material as produced. If the capacity of the testing machine does not allow full
thickness specimens to be broken, the thickness may be reduced by machining one surface only.
3 (2005) L,. the proportional gauge length, is to be greater than 20 mm.

Figure 2.3. 1 Standard Tension Test Specimen (ABS)°

2.3.2.3 Bureau Veritas (NSS-TT)

Rules on Rules on Materials and Welding for the Classification of Marine Units (January
2018) Ch. 2 Sec.1 of BV provides the same numerical values and amount of notes as LR, but
the notes differ on detail s. orAdl thiokneBsMensile test ongat i
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specimens with a width of 25 mm and a gauge length of 200 mm, the minimum elongation is
to be as in Table 2.3.3 Elongation (%) on a gauge length of 200 mm for thickness t (mm) (ABS).

1 Being specific about the upper limit of the tensile strength of Grade A. For sections in
grade A of all thicknesses, the upper limit for the specified tensile stress range may be
exceeded up to a maximum of 540 N/mm?. (Note : 10 N/mm?| ess t han ABSG6s)

2.3.2.4 Det Norske Veritas Germanischer Lloyd i DNV-GL (NSS-TT)

Although DNV-G L @Rslles for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2 mechanical
properties of normal strength steels coincide with the rest, DNV-GL is the only one not to
suggest a Grade A steel of a greater tensile strength than 520 N/mm?. In addition DNV-GL
agrees with BV and ABS, on elongation requirements for full thickness tensile test specimens
with a width of 25 mm and a gauge length of 200 mm that the minimum elongation is to be as
in Table 2.3.3 Elongation (%) on a gauge length of 200 mm for thickness t (mm) (ABS).

2.3.2.5 Registro Italiano Navale (NSS-TT)

RINA in Rules for the Classification of Ships (January 2018) in Pt. D of Materials and Welding
Ch. 2, Sec.1 is identical to BV. Thus, no further comments are referred.

2.3.2.6 Conclusion (NSS-TT)

Comparing the tensile properties of normal strength steels that each classification society
suggests, significant differences among them could not be found. However, ABSO6 ab
classify higher (Grade A) and lower (ordered to cold flanging) quality products should be
underlined, as it can be quite useful.

2.3.3 Higher Strength Steel Rules and Properties (TT: Tensile Test)

2331 Ll oydbs HEsSgN)ster (

The results of all tensile tests are given by LR in Rules for the Manufacture, Testing and
Certification of Materials (July 2018) Ch.3, Sec. 3 and are imprinted in the following Table 2.3.4
Tensile properties of higher strength steels for acceptance purposes (LR).
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Table 2.3. 4 Tensile properties of higher strength steels for acceptance purposes (LR

Yield Tensile Elongation on
Stress Strength 5, 65 KSo % min.
N/mmumin. | N/mmumin. (see Note 2)

Grades
(see Note 3)

AH 27S
q R =25 mm
DH 27S a—»| |-_

265 400-530 22 }2

EH 27S —
25 mm[ .

FH27S '
AH32 1
DH32 L 200 rmm

EHa2 315 440-570 22

FH32
AH36
DH36 355 490-630 21 . . ’ . . .
EH36 Figure 2.3.2 Note 2 Test specimen dimensions for plates, strip and sections
FH36
AH40
DH40
EH40
FH40

Approx. 212,5 mm

a = thickness of material

390 510-650 20

EH47 460 570-720 17

Note 1. The requirements for products thicker than those detailed in the table are subject to agreement. For greater thicknesses, variations in
the requirements may bepermitted or required for particular applications but a reduction of the required impact energy is not allowed.

Note 2. For full thickness tensile test specimens with a width of 25 mm and a gauge length of 200 mm, see Figure 2.3.2 Note 2 Test specimen
dimensions for plates, strip and sections, the minimum elongation is to be:

Thickness mm b <\5 <‘10 <\15 <\20 <\25 <\30 <‘4O <50
010 015 020 025 030 040 050
Strength
levels 14 16 17 18 19 20 21 22
27S,32
Elongation | SUendh 13 15 16 17 18 19 20 21 To be specifically
level 36 agreed
Strength 12 14 15 16 17 18 19 20
level 40
Note 3. Subject to special approval by LR, the minimum tensile str
FH36, in the TM condition when micro-alloying elements Nb, Ti or V are used singly and not in combination and provided the yield to tensile
strength ratio does not exceed 0,89. For plates with a thicknes

2.3.3.2 American Bureau of Shipping (HSS-TT)

As it was mentioned in the chemical composition segment 2.2.3.2 American Bureau of
Shipping (HSS), ABS does not include rules on strength level 27 and grade EH47 steels.
Another deviation is that ABS suggests different ranges of tensile strength for strength level
32 and 36 steels, as it presented in Rules for Materials and Welding (January 2018),Ch.1
Sec.3.. For strength levels 32 and 36 ABS determines tensile strength of 440-590 N/mm? and
490-620 N/mm? respectively, instead of 440-570N/mm? and 490-630 N/mm? that LR does.
Additional differences are not observed between the two classification societies.
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2.3.3.3 Bureau Veritas (HSS-TT)

Bureau Veritas does not include rules on strength level 27 steels, either. In addition,
compared to LR, Rules on Materials and Welding for the Classification of Marine Units
(January 2018) by BV stipulates different upper limit of the tensile strength range for strength
level 40 steels, as in, it suggests 660 N/mm? rather than 650 N/mm? that LR does. Other
indications seem to be identical to LR.

2.3.3.4 Det Norske Veritas Germanischer Lloyd (HSS-TT)

DNV-GL, according to Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2, totally
agrees on the mechanical properties of higher strength steels with LR, except for the upper
limit of the tensile strength range for strength level 40 steels, as it is suggested 660 N/mm? like
BV rather than 650 N/mm? that LR does.

2.3.3.5 Registro Italiano Navale (HSS-TT)

RINA indications in Rules for the Classification of Ships (January 2018) in Pt. D of Materials
and Welding Ch. 2, Sec.1 are identical to BV. Thus, no further comments are reported.

2.3.3.6 Conclusion (HSS-TT)

Rules and regulations on the tensile properties seem to be quite similar among the five
classification societies, as only small discrepancies are observed on the tensile strength of the
order of 10-20N/mm?2. Besides this, the guidelines of the five classifications societies should
be considered as equally valid for steels of similar grade.

2.3.4 Steels for Low Temperature Service Rules and Properties (TT: Tensile Test)

2341 Ll oydbés RegTl)lster (SLTS

The results of all tensile tests of steels for low temperature service are stipulated by LR in
Rules for the Manufacture, Testing and Certification of Materials (July 2018) in Ch.3 Sec. 6.
Subsequently they are to comply with the appropriate requirements given in Table 2.3.5
Mechanical properties for acceptance purposes (LR). As LR indicates, the ratio between the
yield stress and the tensile strength is not to exceed 0,9 for normalised and TM
(thermomechanically controlled-rolled) steels or 0,94 for QT steels.
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Table 2.3. 5 Mechanical properties for acceptance purposes (LR)

Yield Tensile Elongation on
Grades of steel Stress. Strengtl_'\ 5, 65 KS0 % min.
N/mmumin. | N/mmunmin.
27S 265 400 - 530 22
32 315 440 - 590 22
LT-AH
36 355 490 - 620 21
40 390 510 - 650 20
27S 265 400 - 530 22
32 315 440 - 590 22
LT-BH
36 355 490 - 620 21
40 390 510 - 650 20
27S 265 400 - 530 22
32 315 440 - 590 22
LT-EH
36 355 490 - 620 21
40 390 510 - 650 20
27S 265 400 - 530 22
32 315 440 - 590 22
LT-FH
36 355 490 - 620 21
40 390 510 - 650 20
loy bA 275 490 - 640 22
20 b A 275 490 - 640 21
ooy bi? 285 450 - 610 21
5Ni 390 540 - 740 21
ONi 490 640 - 790 18
Note 1. These requirements are applicable to products not exceeding 40
mm in thickness. The requirements for thicker products are subject to
agreement.

According to LR austenitic steels and duplex, after special consideration, can be used for
low temperature service. Each tensile properties are given in Rules for the Manufacture,
Testing and Certification of Materials (July 2018) in Ch.3 Sec. 7 and are listed in Table 2.3.6
Mechanical properties for acceptance purposes (LR).
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Table 2.3. 6 Mechanical properties for acceptance purposes (LR)

Type and grade of steel | 0,2% Proof stress (N/mm?) | 1% Proof stress (N/mm?2) Tensile strength (N/mm2) | Elongation on 5,65 J,‘% %
minimum minimum minimum minimum

Austenitic
304L 170 210 485 40
304LN 206 245 515 40
316L 170 210 485 40
316LN 206 245 515 40
317L 206 245 515 40
317LN 240 280 550 40
321 205 245 515 40
347 206 245 515 40

Duplex

UNS S 31803 450 - 620 25
UNS S 32750 550 - 795 15

2.3.4.2 American Bureau of Shipping (SLTS-TT)

ABS does not classify low temperature service steels but refers to its own article, RULES
FOR BUILDING AND CLASSING MARINE VESSELS (July 2018) Pt. 5 Ch. 8 Sec. 6, which is
essentially the sixth chapter of the IGC code (Int. Code for the Construction and Equipment of
Ships Carrying Liquefied Gases in Bulk). This chapter sets requirements that a material must
meet, depending on the design temperature, in order to be accepted for use in hull construction
of such vessel.

2.3.4.3 Bureau Veritas (SLTS-TT)

Bureau Veritas stipulates requirements on mechanical properties of steels for low
temperature service in Rules on Materials and Welding for the Classification of Marine Units
(January 2018) Ch. 2 Sec.1. With to regards nickel alloy steels, BV presents no divergences
compared to LR requirements, except grade 2 1  WHere BV suggests minimum elongation
of 22 instead of 21.

As it was mentioned in 2.2.4.3 Bureau Veritas (SLTS), BV classifies distinct carbon and
carbon-manganese steel grades from LR, whose tensile properties are meant to comply with
the requirement given in Table 2.3.7 Carbon and carbon manganese steels - Mechanical
properties A (BV) and Table 2.3.8 Carbon and carbon manganese steels - Mechanical
properties B (BV). It is observed that BV gives yield stress requirements dependent on the
thickness of the material, where LR does not present such feature.

Also, the carbon and carbon-manganese steel grades that the two classification societies
classify may be distinct, but they present similar yield stress and tensile strength.
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Table 2.3. 7 Carbon and carbon manganese steels - Mechanical properties A (BV)

Yield stress ReH (N/n#jrmin. Tensile
Steel grade for thickness t (mm) strength Elong. .
~ — — A5 (%) min
G 16Kk | 16<G X nn ¢ G| Rm(N/mnd)
410 LE 265 255 245 410-530 23
410 LF 290 280 270 410-530 23
460 LE 295 285 270 460- 580 22
460 LF 320 310 300 460-580 22
510 LE 355 345 335 510- 630 21
510 LF 355 345 335 510- 630 21
550 LE 390 380 375 550-670 20
550 LF 390 380 375 550-670 20

Table 2.3. 8 Carbon and carbon manganese steels - Mechanical properties B (BV)

Yield stress ReH (N/nfjrmin. Tensile Elon
Steel grade for thickness t (mm) strength ong.
- - A5 (%) min
G X N 16<d >k | Rm(N/mm)
390 LT 275 265 390-510 24
490 LT 355 345 490- 630 22

Note 1:These requirements are applicable to products with thickness up to 40
For thicknesses ereding 40 mm, the requirementshall be agreed with the
Society.

In terms of austenitic and duplex steels, the two classification societies, BV and LR, may
have common grade (BV classifies one grade more that LR, see 2.2.4.3 Bureau Veritas
(SLTS)) but they do not agree on the tensile properties. BV suggests mainly higher minimum
values on tensile strength, 0,2% and 1% proof stress.

Furthermore BV does not provide minimum values for tensile strength, as LR, but provides
strength ranges. The highest discrepancies occur for 0,2% proof stress of grades 304LN,
316LN and 317LN, where BV gives 270, 300 and 300 N/mm? respectively, while LR gives 205,
205 and 240 N/mm? and for 1% proof stress of the same grade where BV gives 310, 340 and
340 N/mm? respectively, while LR gives 245, 245 and 280 N/mm?.

The requirements on the tensile properties, suggested by BV, are presented in Table 2.3.9
Tensile properties (BV), where the points of deviation from LR are marked as red and the
grades that are not included by LR are marked as blue.
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Table 2.3. 9 Tensile properties (BV)

0,2% Proof stress (N/mm2) | 1% Proof stress (N/mm2) | Tensile strength (N/mm?2) Elongation on 5,65 So %
Type and grade of steel . . . .
minimum minimum minimum minimum

Austenitic
304 L 175 215 470-670 45
304 LN 270 310 570-790 40
316 L 195 235 490 - 690 45
316 LN 300 340 590 45
317 L 195 235 490 - 690 40
317 LN 300 340 580 45
321 205 245 500 - 750 40
347 205 245 500- 750 40

Duplex

UNS S 31803 470 - 660 - 800 25
UNS 532550 490 - 690 - 890 25
UNS 532750 530 - 730-930 25

2.3.4.4 Det Norske Veritas Germanischer Lloyd (SLTS-TT)

In 2.2.4.4 Det Norske Veritas Germanischer Lloyd (SLTS), it was shown that DNV-GL and
LR include the same nickel alloy steel grades, beyond the two extra grades that DNV-GL
presents, with some discrepancies on the chemical composition.

Similarly, discrepancies are observed concerning the tensile properties on the common
grades. The highest is presented on the yield stress of 3oyNi grade, which is indicated at 285
N/mm? by LR and VL 3.5Ni at 355 N/mm? and 345 N/mm?, for thicknesst Oan@3D< t
respectively, by DNV-GL.

DNV-GL in Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.3 gives requirements on
the mechanical properties of the nickel alloys steels and the austenitic manganese steel, which
are given in Table 2.3.10 Nickel alloy steels and austenitic manganese alloy steels for low
temperature service. Mechanical properties (DNV-GL). In this table, alike BV, DNV-GL gives
yield stress requirements depending on the thickness of the material. Also, it is interesting that
grade VL 1.5Ni is furtherly subcatecorised to VL 1.5Ni/a and VL 1.5Ni/b, which did not happen
with chemical composition requirements. Lastly on the referenced table, the points of deviation
from LR are marked with red colour.

29

40



Table 2.3. 10 Nickel alloy steels and austenitic manganese alloy steels for low temperature service.
Mechanical properties (DNV-GL)

Yield stress ReH Tensil Elong.
(N/mm2) min. ensiie A5
Steel grade for thickness t (mm) strength (%)
(N/mm?) °
min
G Xl on ¢ @
VL 0.5Ni/a 285 275 420-530 24
VL 0.5Ni/b 355 345 490-610 22
VL 1.5Ni/a 275 265 470- 640 22
VL 1.5Ni/b 355 345 490- 640 22
VL 2.25Ni 305 295 500- 660 22
VL 3.5Ni 355 345 540- 690 22
VL 5Ni 390 380 570-710 21
VL 9Ni 490 480 640- 840 19
VL Mn 400 400 800-970 22
1) these requirements are applicable to products up
maximum 40 mm thicknesBor thicknesses exceeding 40 m]
the requirements shall be agreed

In the same section, Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.3, DNV-GL
specifies, also, the mechanical properties that carbon and carbon-manganese materials are
ought to comply with. These are given in Table 2.3.11 Carbon-manganese steels for low
temperature service. Mechanical properties (DNV-GL), below. Similarly to the previous table,
yield stress varies for different thicknesses.

Lastly, DNV-GL carbon and carbon manganese steel grade seem to have a little lower
minimum yield stress and tensile strength than the products that LR and BV classify.

30



Table 2.3. 11 Carbon-manganese steels for low temperature service. Mechanical properties (DNV-GL)

Yield stress ReH Tensile Elong
(N/mm?2) min. :
Steel grade for thickness t (mm) strength A5 '(%)
(N/mm?) min
G X mc r
VL 362FN | 235 215 360- 480 26
VL 22 265 255 400- 490 24
VL 23 265 255 400-490 24
VL 24 265 255 400-490 24
VL2-4L 265 255 400- 490 24
VL 42 335 325 490- 610 21
VL 43 335 325 490- 610 21
VL 44 335 325 490- 610 21
VL 44L 335 325 490- 610 21
1) these requirements are applicable to products up to
maximum 40 mm thicknesEor thicknesses exceeding 40 m
the requirements shall be agreed

In the following section, Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.4, tensile
properties of austenitic and duplex steels are reported, which are listed in Table 2.3.12
Austenitic and duplex stainless steel. Mechanical properties (DNV-GL).
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DNV-GL requirements present similarities with BV, thus, there a lot of discrepancies with LR,
see 2.3.4.3 Bureau Veritas (SLTS-TT). DNV completely agrees with BV on the proof stress
properties of austenitic steels and with LR on its minimum elongation. The only discrepancy
with LR, in terms of duplex steels, is on the tensile strength of grade UNS S 32750, where
DNV-GL gives minimum 690 N/mm?instead of 795 N/mm? and its minimum elongation. On the
respective table, the points of deviation from LR are marked with red colour.

Table 2.3. 12 Austenitic and duplex stainless steel. Mechanical properties (DNV-GL)

Type and grade of steel 0,2% Proof.s’Fress (N/mm2) | 1% Proof ?tr.ess (N/mm2) | Tensile str.erTgth (N/mm2) E\ongatio.n .on 5,65 50 %
minimum minimum minimum minimum

Austenitic
VL 304 L 175 215 450 -700 40
VL 316 L 195 235 450 -700 40
VL 316 LN 300 340 600 - 800 40
VL317 L 195 235 500-700 40
VL 317 LN 300 340 600 - 800 40
VL 321 205 245 500-750 40
VL 347 205 245 500-750 40

Duplex

UNS § 31803 450 - 620 25
UNS 532750 550 - 690 25

2.3.4.5 Registro Italiano Navale (SLTS-TT)

RINA, by Rules for the Classification of Ships (January 2018) in Pt. D of Materials and
Welding Ch. 2, Sec.1 contains rules and requirements on the same steel grades that Bureau
Veritas gives, except for grades 390 LT, 490 LT of carbon and carbon-manganese steels and
21 bF inickel alloy steels, without differentiations on the rest, see 2.3.4.3 Bureau Veritas
(SLTS-TT).

2.3.4.6 Conclusion (SLTS-TT)

At this point it is obvious that LR, DNV-GL and BV rules are superior to RINA and ABS. The
requirements set by RINA are similar to BV, but do not constitute the same number of grades
and ABS does not present additions on the matter. However, it is unclear whether any of the
three classification societies has an advantage over the other two.

LR rulebook contains the most grades with compact and clear information, but classifies the
least strong austenitic and duplex steels. BV rules are quite easily read and include strong
carbon, carbon-manganese and austenitic, duplex stainless steels. Also, the featuring of a
variety tensile properties depending on the thickness should prove quite helpful for a
shipbuilder. Lastly, DNV-GL may contains the least strong carbon and carbon i manganese
steels, but gives class to the biggest variety of nickel steels, while also placing an austenitic
manganese steel among them. Furthermore DNV-GL provides different tensile properties6
values depending on the thickness as BV and is the only Society, in which the rule section on
steels for low temperature service, guides the reader to the relevant section of austenitic steels.
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235 AZo Grade Steel s wi t h speci fied through t h

Properties (TT: Tensile Test)

2351 Ll oyddés Regi sT®Br (AnZo Grade

Provision is made by LR, in Rules for the Manufacture, Testing and Certification of Materials
(July 2018) in Ch.3 Sec. 8, for the two quality classes Z25 and Z35. Common areas for Z-grade
steels are areas where plates are subjected to significant tensile stress in the through thickness
direction. The three through thickness tensile test specimens are to be tested at ambient
temperature and for acceptance they are to give a minimum average reduction of area value
of not less than a standard value shown in Table 2.3.13 Reduction of area acceptance values
(LR).

Table 2.3. 13 Reduction of area acceptance values (LR)

Grade 725 735
Minimum average 25% 35%
Minimum individual 15% 25%

Unless otherwise agreed, through thickness tensile tests are only required for plate materials
where the thickness exceeds 15 mm for carbon and alloy steels.

Moreover, as in chemical composition, a AZo grade maniplg withathe
requirements of 2.3.2 Normal Strength Steels Rules and Properties (TT: Tensile Test), 2.3.3
Higher Strength Steels Rules and Properties (TT: Tensile Test, 2.3.4 Steel for Low Service
Temperature Rules and Properties (TT: Tensile Test) and/or other kinds of steel that are not a
part of this thesis, along with additional

2.3.5.2 American Bureau of Shipping( A Z06 -BGI) ad e

In Rules for Materials and Welding (January 2018), Ch.1 Sec.1, there are no differences
presented by ABS compared to LR rules and properties. Thus no further comments are
included.

2.3.5.3 Bureau Veritas( " Z0 -G ade

In Rules on Materials and Welding for the Classification of Marine Units (January 2018) Ch.
2 Sec. 1., BV presents no differences nor additions to the impact properties compared to LR
and Rules for the Manufacture, Testing and Certification of Materials (July 2018).
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2.3.5.4 Det Norske Veritas Germanischer Lloyd ( A Z06 -Gl ad e

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2., DNV-GL presents no
differences nor additions to the impact properties compared to LR and Rules for the
Manufacture, Testing and Certification of Materials (July 2018).

2.3.5.5 Registro ltalianoNavale ( " Z 6 -GIf) ade

RINA requirements given in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 are identical to BV. Thus no further comments are
included.

2356 Conclusion-T)AZo6 Grade

Obviously, the classification societies do not present any kind of differences, deficiencies or
additions on the matter and can be considered as equally valid.

2.3.6 Aluminum Alloys Rules and Properties (TT: Tensile Test)

2361 Ll oydbés Relg)i ster (AA

Ll oyddés RRugsfarthe Manudfagture, Testing and Certification of Materials (July
2018) in Ch.8 Sec. 1 sets the minimum mechanical properties, provided by tensile tests, of
rolled and extruded aluminum alloys, which are listed in Table 2.3.14 Minimum mechanical
properties for acceptance purposes of selected rolled aluminium alloy products (LR) and Table
2.3.15 Minimum mechanical properties for acceptance purposes of selected extruded
aluminium alloy products (LR), respectively.

The data of the mechanical characteristics are given in relation with the thickness of the
product and temper condition that they are supplied.

The Aluminium 5000 series alloys, capable of being strain hardened, are to be supplied in
any of the following temper conditions:

O annealed
H111 annealed with slight strain hardening
H112 strain hardened from working at elevated
temperatures
H116 strain hardened and with specified resistance to

exfoliation corrosion for alloys where the
magnesium content is 4 per cent or more
H321 strain hardened and stabilised.

The Aluminium 6000 series alloys, capable of being age hardened, are to be supplied in
either of the following temper conditions:
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T5
T6

hot worked and artificially aged.
solution treated and artificially aged.

Table 2.3. 14 Minimum mechanical properties for acceptance purposes of selected rolled aluminium alloy
products (LR)

0,
Atltle%pag:d Thickness, t, Olzst/(r)egr;mf Tensile strength Elongation Elongation
condition, see mm R p, N|7 m 2 4d, % ons, 605 KSo
Note 3 N/mm?2 mm 5d,%
5083-0 3 0 t 125 275-350 16 14
(see Note 2)
5083-H111 3 0 t ¢ 125 275-350 16 14
5083-H112 3 0 t 125 275 12 10
5083-H116 3 0 t 215 305 10 10
5083-H321 3 0t 215-295 305-380 12 10
5086-0 3 0 t ( 100 240-305 16 14
5086-H111 3 0 t 100 240-305 16 14
5086-H112 3 0t ( 125 250 8 -
12,5 < 105 240 - 9
5086-H116 3 0 t 195 275 10 (see Note 1) 9
5059-0 3 0 t 160 330 24 24
5059-H111 3 0 t ( 160 330 24 24
5059-H116 3 0t 270 370 10 10
20 < t 260 360 10 10
5059-H321 3 0t 270 370 10 10
20 < t 260 360 10 10
5383-0 3 0 t 145 290 17 17
5383-H111 3 0 t 145 290 17 17
5754-H111 3 0 t ¢ 80 190-240 18 17
5383-H116 3 ©® 50 220 305 10 10
5383-H321 3 0 t 220 305 10 10
5456-0 3 0t ( 130-205 290-365 16 -
6,3 O t 125-205 285-360 16 14
5456-H116 3 0 t 230 315 10 10
30 < t 215 305 - 10
40 < t 200 285 - 10
5456-H321 3 0t ( 230-315 315-405 12 -
12,5 O 215-305 305-385 - 10
40 < t 200-295 285-370 - 10
5754-0 3 0 t ( 80 190-240 18 17

Note 1. 8% for thickness up to and including 6,3 mm.
Note 2. For application to liquefied natural gas carriers or liquefied natural gas tankers where thicknesses are
in excess of 50 mm, the mechanical properties given in this table are, in general, to be complied with.

Note 3. The mechanical properties for the O and H111 tempers are the same for all alloys shown in this Table.
However, they are separated in this Table as they are made using different manufacturing processes
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Table 2.3. 15 Minimum mechanical properties for acceptance purposes of selected extruded aluminium
alloy products (LR)

0,2% proof . .
Atlg%/paer:d Thickness, t, stregs Tensn; sntqrength Elongation Oﬁlg?ggt"?go
condition mm R D, N/mm? 4d, % 5d,%
N/mm? ’
5083-0 3 0 t 110 275-350 14 12
5083-H111 3 0 t 165 275 12 10
5083-H112 3 0t 110 270 12 10
5086-0O 3 0 t 95 240-315 14 12
5086-H111 3 0t 145 250 12 10
5086-H112 3 0t 95 240 12 10
5059-H112 3 0 t 200 330 10 10
5383-0 3 0t 145 290 17 17
5383-H111 3 0 t 145 290 17 17
5383-H112 3 0t 190 310 13 13
6005A-T5 3 0t 215 260 9 8
6005A-T6 3 0t 215 260 8 6
10 < t 200 250 8 6
6061-T6 3 0t 240 260 10 8
6082-T5 3 0t 230 270 8 6
6082-T6 3 0t 250 290 6 -
5 < t 260 310 10 8
Note 1. The values are applicable for longitudinal and transverse tensile test specimens as well.
Note 2. The mechanical properties for the O and H111 tempers are the same for all alloys shown in this Table.
However, they are separated in this Table as they are made using different manufacturing processes.

2.3.6.2 American Bureau of Shipping (AA-TT)

American Bureau of Shipping presents a lot of differences compared to LR rules on
aluminium tensile properties. First of all ABS indicates different tensile test specimens
according to thickness of the material to be tested. A segment from ABS Rules for Materials
and Welding (January 2018), Ch.5 Sec.5 is presented below explaining this division.

oProportional test specimens with a gauge length: 0 u@ v “Y can be used or preferably 5d can be used as the
gauge length, 0 should preferably be greater than 20 mm. The gauge length may be rounded off to the nearest 5
mm provided that the difference between this length and 0 is less than 10% of U .

Flat tensile test specimens shall be used for specified thicknesses up to and including 12,5 mm. The tensile test
specimen shall be prepared so that both rolled surfaces are maintained. For thicknesses exceeding 12,5 mm, round
tensile test specimens will be used. For thicknesses up to and including 40 mm, the longitudinal axis of the round
tensile test specimen shall be located at a distance from the surface equal to half of the thickness. For thicknesses
over 40 mm, the longitudinal axis of the round tensile test specimen shall be located at a distance from one of the

surfacesequalt o one quarter 50f the thickness. o

The dimensions of the test specimens are similar with those in Figure 2.3.1 Standard Tension
Test Specimen (ABS), see Flat specimen Alternative A and Round specimen Alternative C.

Concerning rolled aluminium alloy products ABS includes grades 5052 and 5454 as it was
mentioned in previous sub-section 2.2.6.2 American Bureau of Shipping (AA), that LR does
not. ABS includes all the grades in any temper condition that LR gives but there differentiation
that are presented in the next paragraph.
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There are discrepancies on the tensile properties of some common grades, between ABS
and LR, as they are presented in Rules for Materials and Welding (January 2018), Ch.5 Sec.5.
While LR gives properties, mostly, in a thickness range of 3Q(60, ABS divides this range to
smaller ones case by case. In these sub-ranges ABS gives different properties for the same
grade, thus, the discrepancies occur when comparing to LR. The alloy temper grades that are
falling to this category are the following: 5059-O, 5059-H111, 5083-H112, 5086-H112, 5754-
O and 5754-H111.

Another point of deviation concerns 5383-H116 and 5383-H321 alloy temper grades, where
LR suggests Rp= 220 N/mm? and Rm=305 N/mm? for both, while ABS gives Rp=230 N/mm?
and Rm= 330-400 N/mm? respectively. Quite similar to this is the fact that for the tensile
strength of aluminum 5456 i H116 LR gives a minimum value and ABS gives a tensile strength
range while for aluminum 5456 H-321 the two classification societies reverse their guideline
method. Lastly, ABS includes two grades that both societies have, but ABS stipulates tensile
properties for a temper condition, on each of the grades, that LR misses. These grade are
5456-H112 and 5083-H128.

Definition on temper condition H128 is given below. ABS data, which differ from LR are listed
in Table 2.3.16 Mechanical Property Limits of Non-Heat-Treatable Sheet and Plate Aluminum
Alloys A (ABS) and Table 2.3.17 Mechanical Property Limits of Non-Heat-Treatable Sheet and
Plate Aluminum Alloys B (ABS).

The aluminum 5000 series can be supplied in the following temper condition.

H128 Strain hardened with exceptional resistance to corrosion

H32 Work hardened then stabilised by low-temperature heat treatment to quarter
hard

H34 Stabilised, Half Hard - A low temperature thermal treatment or heat

introduced during manufacture which stabilises the mechanical properties
and relieves residual internal stress, usually improves ductility. Only applied
to alloys which, unless stabilised, gradually age-soften at room temperature.
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Table 2.3. 16 Mechanical Property Limits of Non-Heat-Treatable Sheet and Plate Aluminum Alloys A

(ABS)1

Alloy and Thickness, t, 0’2,;1/?62;00]: Tensile strength Elongation Elongation
temper Rm on 5, 65 KSo
condition mm (1) Rp, N/mm? 4d, % 5d,%
N/mm? '
5052-0 3 0 13 65 170-215 16 -
630 t ( 65 170-215 18 16
5052-H32 (4) 3 0 % 160 215-265 7 -
6,30 8§ 160 215-265 11 -
1250 t 160 215-265 11 10
5052-H34 (4) 3 0 % 180 235-285 6 -
630 t ( 180 235-285 10 9
5052-H112 6,30 8§ 110 190 7 -
1250 t 65 170 - 10
40 O t 65 170 - 14
5059-0 3 0 t 160 330 24 24
20 O t 160 330 - 20
40 O t 145 300 - 17
5059-H111 3 O t 160 330 24 24
20 O t 160 330 - 20
5083-H112 3 O t 125 275 12 10
40 O t 115 270 - 10
5086-H112 3 t0 12 125 250 8 -
1250 t 105 240 - 9
40 O t 95 235 - 12
5454-0 3 0 % 85 215-285 16 -
630 t ( 85 215-285 18 16
5454-H32 (4,5) 3 0 2 180 250-305 8 -
630 t ( 180 250-305 12 10
5454-H34 (4,5) 3 O t 200 270-325 6 -
4 O 2 200 270-325 6 -
6.30 t 200 270-325 10 9
5454-H112 (5) 6.30 5§ 125 220 8 -
12.50 t 85 215 - 9
40 O t 85 215 - 13
5456-H112 630 t ( 130 290 12 10
40.10 t 125 285 - 10
5754-0 3 0 66 ( 80 200-270 19 -
12.60 t 80 190-240 18 17
5754-H111 3 0 t ( 80 200-270 19 -
126 0 t 80 190-240 18 17
Notes:

1 Type of test specimen used depends on thickness of material.
2 (2011) Values applicable to longitudinal test specimens.

3 (2011) Use of the latest ASTM B209/209M specification may be approved upon application.

4 (2011) For the corresponding H2x temper, the maximum tensile strength and minimum yield strength do not

apply.

5 (2013) 5454 is recommended for service applications where exposed t o

(150AF) .

temperatures e X

6 (2014) The mechanical properties for the O and H111 tempers are the same. However, they are separated
to discourage dual certification as these tempers represent different processing.
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Table 2.3. 17 Mechanical Property Limits of Non-Heat-Treatable Sheet and Plate Aluminum Alloys B

(ABS)*?
Alloy and 0,2% proof . .
temper Thickness, t, stress Tensile strength Elongation Elongation
e Rm on 5, 65 KSo
condition, see mm R p, N/mm?2 4d, % 5494
Note 3 N/mm? 70
5083-H128 4 O 6B ( 215 305-385 10 -
1250 40 ( 215 305-385 - 10
40 080t 200 285-385 - 10
5086-H116 3 0638 ( 195 275-360 8 -
6.30 t 195 275-360 10 9
5086-H321 3 0638 ( 195 275-360 8 -
6. 308t 195 275-360 9 -
5383-H116 3 Os5a 230 330-400 10 10
5383-H321 3 Q@50 230 330-400 10 10
5456-H116 3 O1ug, 230 315-405 10 -
1250 t 230 315-385 - 10
30 O t 215 305-385 - 10
40 O t 200 285-370 - 10
5456-H321 3 O t 235 330-405 10 -
4 O t ( 230 315-405 12 -
1250 t ( 215 305-385 - 10
40 O t 200 285-370 - 10
Notes:
1 Type of test specimen used depends on thickness of material.
2 (2011) Values applicable to longitudinal test specimens.
3 (2011) Marine Grade sheet and plate as shown in Table 2.3.17 Mechanical Property Limits of Non-Heat-
Treatable Sheet and Plate Aluminum Alloys B (ABS)are to be capable of passing an appropriate test for
resistance to exfoliation and intergranular corrosion.
4 (2013) Use of the latest ASTM B 928/928M specification may be approved upon application.

Discrepancies occur concerning extruded aluminium products as well. To begin with, ABS
does not include properties on the 5000 series for extruded products, only for the 6000 series.
Also, ABS gives different elongation for grade 6005A i T5 for thicknesses 3mm Ot
and different tensile strength for grade 6005A iT6 f or thicknesses
Interestingly ABS provides properties on grade 6082 1 T6 for thickness up to 150mm. Lastly
ABS includes grade 6063, which LR does not and common grades in specific temper
conditions that any other classification does not include. The data of extruded aluminum
products are listed on Table 2.3.18 Mechanical Property Limits of Heat-Treatable Aluminum
Alloys for Extruded Products (ABS).

The aluminum 6000 series can be supplied in the following temper condition.

T451 For sheet and plate that are stress relieved by stretching after solution heat
treatment.

T4511 For extruded bars, rods or shapes that are stress relieved by stretching after
solution heat treatment.

T651 For sheet and plate that are stress relieved by stretching after solution heat
treatment and then artificially aged.

T6511 For extruded bars, rods or shapes that are stress relieved by stretching after

solution heat treatment and then artificially aged.
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Table 2.3. 18 Mechanical Property Limits of Heat-Treatable Aluminum Alloys for Extruded Products

(ABS)®
- -
Alloy and temper Thickness, t, O’iﬁegrsf)Of ;f::gﬁ] Elongation Elongation
-7 on 5, 65 KSo
condition, see Note 3 mm R p, Rm 4d, % 5d.%
N/mm? N/mm? ’
6005A-T5 3 O t 215 260 7 -
6.30 t 215 260 9 8
6005A-T6 3 0t 215 260 8 -
10 O t 200 260 8 6
6005A-T61 3 O t 240 260 8
6.40 t 240 260 10 9
6061-T4/T4511 (4),(5) All 110 180 16 14
6061-T6 (4),(5), -T62 3 0t 240 260 8 -
(3) and -T6511 (4),(5) | 6.3 and over 240 260 10 9
6063-T6, -T62 (3) 3 0t 170 205 8
3.20 t 170 205 10 9
6082-T6, -T6511 3 O t 250 290 6 -
5 O t 260 310 10 8
50 O t 260 310 - 8
Notes:
1 Type of test specimen used depends on thickness of material;
2 (2011) Values applicable to long transverse test specimens.
3 (2011) These properties apply to samples of material, which are solution heat treated or solution and
precipitation treated from O or F temper by the producer to determine that the material will respond to proper
heat treatment. Properties attained by the user, however, may be lower than those listed if the material has
been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution heat
treatment.
4 For stress-relieved tempers, characteristics and properties other than those specified may differ somewhat
from the corresponding characteristics and properties of material in the basic temper.
5 Upon artificial aging, T4 and T4511 temper material are to be capable of developing the mechanical
properties applicable to the T6 and T6511 tempers, respectively.
6 (2011) Use of the latest ASTM B221/221M specification may be approved upon application.

2.3.6.3 Bureau Veritas (AA-TT)

Bureau Veritas does not present differentiations on aluminum alloy grades properties
compared t o LI ThysdBY sespBcvg faldet oeRules on Materials and Welding
for the Classification of Marine Units (January 2018) Ch. 3 Sec. 2. | s rpr@@dented in this
section.

2.3.6.4 Det Norske Veritas Germanischer Lloyd (AA-TT)

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.10, by DNV-GL, all grades and
tempers examined by LR and ABS are included here, as well. As it was shown in segment
2.2.4.6, DNV-GL includes the most grades of aluminum alloys. However most of the grades
that are commonly included by LR and DNV-GL, do not present differences on the tensile
properties given by both. The only exception to this is 5086-O and 5086-H111 when produced
as rolled, for which DNV-GL suggests Rp = 95N/mm? instead of 100N/mm?2.

Considering rolled aluminum alloys, DNV-GL includes grades 5052 and 5454 that ABS does,
but, as ABS, classifies them in more thickness ranges, differences occur i also DNV-GL does
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not include 5052-H112. The rest of the grades that are presented in Table2.3.19 Mechanical
properties for rolled aluminium alloys (DNV-GL) are included only by DNV-GL.

Table 2.3. 19 Mechanical properties for rolled aluminium alloys (DNV-GL)

Alloy and_ temper Thickness, t, mm O,Z%Rp rpolo(flitress Tenspltliqst(rle)ngth Elongatioon 2) %r?r]s?aégozs(?
condition 1) N/mm? N/mme 4d, % 5d.%
VL 5052-O t O 50 65 165 - 215 19 18
VL 5052-H32 t O 6 130 210 - 260 10 -
6 < t O 130 210 - 260 12 12
VL 5052-H34 t O 6 150 230 - 280 7 -
6 < t O 150 230 - 280 9 9
VL 5083-H128 4 < t ( 215 305 - 385 10 -
VL 5086-O t O 50 95 240 - 305 16 14
VL 5086-H111 t O 50 95 240 - 305 16 14
VL 5454-0O t O 50 85 215 - 285 17 16
VL 5454-H32 t O 6 180 250 - 305 8 -
6 < t O 180 250 - 305 10
VL 5454-H34 t O 50 200 270 - 325 8
VL 5154A-O0 t O 50 85 215 - 275 17 16
VL 5154A-H32 t O 6 180 250 - 305 8 -
6 < t O 180 250 - 305 10 9
VL 5154A-H34 t O 50 200 270 - 325 8 7
VL 5754-H32 t O 50 130 220 - 270 10 9
VL 5754-H34 t O 6 160 240 - 280 8 -
6 < t O 160 240 - 280 10 8
1) specified minimum where one value is given. Specified minimum to maximum value where a range is specified
2) elongation in 4d mm applies for thicknesses up to and including 12,5 mm and in 5d for thicknesses over 12,5 mm.

In terms of extruded aluminium alloy products DNV-GL agrees with LR on the tensile
properties on all of LR listed grades. Compared to ABS the only discrepancy lies on the
different elongation of grade 6061-T4. On this category DNV-GL is the only one to include the
following grades: 6005A-T4, 6060-T4, 6060-T5, 6060-T6, 6061-T5 and 6082-T4. Data of the
above are liste on Table 2.3.20 Mechanical properties for extruded aluminium alloys (DNV-
GL) below.
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Table 2.3. 20 Mechanical properties for extruded aluminium alloys (DNV-GL)

0, H .
Alloyé:r:]éjit}gnmper Thickness, t, mm 0.2% pquog’f stress Tensllg ?Tt]rength E|0n‘?§tlogon 1) If)lrc:rgaglsofrls(i)
N/mm? N/mm? ' 5d,%
VL-6005A-¢ 4 t O 50 90 180 15 13
VL-6060-T4 t 50 60 120 16 14
VL-6060-T5 t O 50 100 140
VL-6060-T6 t O 50 140 170 8
VL-6061-T4 t O 50 110 180 15 13
VL-6061-T5 t O 50 205 240 6 7
VL-6063-T4 t O 50 65 130 14 12
VL-6063-T5 t O 50 110 150 8 7
VL-6063-T6 t O 50 170 205 10
VL-6082-T4 t O 50 110 205 14 12
1) elongation in 4d applies for thicknesses up to and including 12,5 mm and in 5d for thicknesses over 12,5 mm.

2.3.6.5 Registro Italiano Navale (AA-TT)

RINA requirements in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 3, Sec.2 are identical to BV. Thus no further comments are
reported.

2.3.6.6 Conclusion (AA-TT)

As in chemical composition relevant section, LF
tensile properties should be considered equal. This does not apply to ABS and DNV-GL 6 s
rules, as they are more analytical, including, not only more grades, also temper conditions of
some common grades that the others are missing. Furthermore, both ABS and DNV-GL are
more precise on the values they present by dividing thicknesses in to more ranges and
correlating them with the appropriate property value.

Section

2.4 Impact Tests

2.4.1 Impact test method

The impact test method that is commonly used by all of the classification societies is the
Charpy V-notch impact test. The average value of three test specimens shall be determined
and meet the specified minimum requirement. One individual value may be below the specified
value, provided that it is not less than 70% of the specified minimum. The dimensions of a test
specimen, on which dimensions every classification agrees, are shown in Table 2.4.1
Dimensions and tolerances for Charpy V-notch impact test specimens (LR). Also, where
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standard subsidiary Charpy V-notch test specimens are necessary, the minimum energy
values required are to be reduced as follows:

A Specix¥é&mm:is® of tabulated energy.
A Speci nbamm: 2130f tabulated energy.

Table 2.4. 1 Dimensions and tolerances for Charpy V-notch impact test specimens (LR)

Dimension Nominal Tolerance
Length, in mm 55 +0,60
Height, in mm, see Note 1 10 +0,075
Width , in mm, ses Note 1
- standard specimen 10 +0,11
- standard subsidiary 7.5 +0,11
specimen
- standard subsidiary 5 +0,06
specimen
Angle of notch 45° +2°
Height below notch, in mm 8 +0,075
Roct radius, mm 0,25 +0,025
Eios:t:r;ce of plane of symmetry of notch from ends of test piece, in mm, see 97 5 +0,42 see
Note 2
Angle between plane of symmetry of notch and longitudinal axis of test piece ane +2°
Angle between adjacent longitudinal faces of test piece a0° +2°

St [Feiart

Note 1 The test piece is to have a surface roughness better than Ra 5 ym except for the ends.

Note 2 For machines with automatic positioning of the test piece the tolerance is to be taken as £0,165
.

2.4.2 Normal Strength Steels Rules and Properties (IT: Impact Test)

2421 Ll oydbés Redl) ster (NSS

In Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch.3 Sec. 2,
it is indicated that the average value, of a normal strength steel material, from each set of three
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impact tests are to comply with the appropriate requirements given in Table 2.4.2 Impact
properties for acceptance purposes (LR).

Table 2.4. 2 Impact properties for acceptance purposes (LR)

Charpy V-notch impact test
(see Notes 3, 4, 5, 6)
Grade _ Average energy J
Thickness minimum
mm
Longitudinal | Transverse
050 27 20
A /B,DE >50070 34 24
>700100 41 27
A grade not required
Impact tests are to be made on the B grade 0AC
various grades at the following
temperatures: D grade 20AC
E grade 40AC
Note 1: Generally, impact tests are not required when the thickness of the material is less
than 6 mm.

The Table 2.4.2 Impact properties for acceptance purposes (LR) is supplemented by the
following regulations, which are listed in same section of Rules for the Manufacture, Testing
and Certification of Materials (July 2018).

1 Considering Grade A steel: Charpy V-notch impact tests are not required when the
thickness does not exceed 50 mm, or up to 100 mm thick if the material is supplied in
either the normalised or thermomechanically controlled-rolled condition and has been
fine grain treated. However, the manufacturer should confirm, by way of regular in-
house checks, that the materi al wi | | me et a I
of these checks shall be reported to the Surveyor. The frequency of these checks
should as a minimum be every 250 tonnes.

1 Considering Grade B steel: Impact tests are not required for Grade B steel of 25 mm
or less in thickness. However, the manufacturer is to confirm, by way of regular in-
house tests, and on occasional material selected by the Surveyor, that the material
meets the requirement in Table 2.4.2 Impact properties for acceptance purposes
(LR). The results of the tests are to be reported to the Surveyor. The frequency of the
in-house checks are to be, as a minimum, one set of three impact test specimens for
every 250 tonnes.

2.4.2.2 American Bureau of Shipping (NSS-IT)

In Rules for Materials and Welding (January 2018), Ch.1 Sec.2, there are no differences
presented by ABS compared to LR6s rules and pr
reported | oc adcomedpondingdtable. ABS O

1 Requlating a smaller subsize specimen: For a subsidiary specimen, measured 10 x
2,5 mm, a Charpy- V notch test would return 1/2 of tabulated energy.
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1 Note for acceptance purposes: ABS clarify that either longitudinal or transverse
direction of testing will be acceptable.

2.4.2.3 Bureau Veritas (NSS-IT)

In Rules on Materials and Welding for the Classification of Marine Units (January 2018) Ch.
2 Sec. 1., BV presents no differences nor additions to the impact properties compared to LR
and Rules for the Manufacture, Testing and Certification of Materials (July 2018).

2.4.2.4 Det Norske Veritas Germanischer Lloyd (NSS-IT)

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2., DNV-GL presents no
differences nor additions to the impact properties compared to LR Rules for the Manufacture,
Testing and Certification of Materials (July 2018).

2.4.2.5 Registro Italiano Navale (NSS-IT)

RINA requirements given in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 are identical to BV. Thus no further comments are referred.

2.4.2.6 Conclusion (NSS-IT)

No differences are presented concerning the impact properties of normal strength steels. As
a result, the rules of the five classifications societies should be considered as equally valid for
steels of similar grade.

2.4.3 Higher Strength Steels Rules and Properties (IT: Impact Test)

2431 Ll oydbés relg)ister (HSS

Higher strength steels classified by LR in Rules for the Manufacture, Testing and Certification
of Materials (July 2018) in Ch.3 Sec. 3 shall comply with requirements of Table 2.4.3 Impact
properties for acceptance purposes (LR).
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Table 2.4. 3 Impact properties for acceptance purposes (LR)

Charpy V-notch impact tests (see Notes 1 and 2)
Average energy
Grades J minimum
t O 50mm 50 < t O 7 70 < t 0 1
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
AH 27S
DH 27S
27 20 34 24 41 27
EH 27S
FH 27S
AH32
DH32
31 22 38 26 46 31
EH32
FH32
AH36
DH36
34 24 41 27 50 34
EH36
FH36
AH40
DH40
39 26 46 31 55 37
EH40
FH40
) ) 64 (see 42 (see
ER47 53 35 Note 1) Note 3)
Impact tests are to be made on the various grades at the following temperatures:
AH grades O0AC
DH grades -2 0 A C
EHgrades-4 0 AC
FH grades -6 0 AC
Note 1. The requirements for products thicker than those detailed in the table are subject to
agreement
Note 2. Generally, impact tests are not required when the thickness of the material is less than 6
mm.
Note 3. The Charpy V-notch impact energy for EH47 in thickness between 85 mm and 100 mm are
to be 75J in the longitudinal direction and 50J in the transverse direction

2.4.3.2 American Bureau of Shipping (HSS-IT)

As it was mentioned in the chemical composition segment 2.2.3.2 American Bureau of
Shipping (HSS), ABS does not include rules on strength level 27 and grade EH47 steels.
Beyond this, t her e ar e Rules for Matetials @and Welding {Jantiaryo n
2018), Ch.1 Sec.3..

2.4.3.3 Bureau Veritas (HSS-IT)

Neither Bureau Veritas includes rules on strength level 27 steels or grade EH47. Beyond this
in Rules on Materials and Welding for the Classification of Marine Units (January 2018) Ch. 2
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Sec. 1., BV presents no differences nor additions to the impact properties compared to LR and
Rules for the Manufacture, Testing and Certification of Materials (July 2018).

2.4.3.4 Det Norske Veritas Germanischer Lloyd (HSS-IT)

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2., DNV-GL presents no
differences nor additions to the impact properties compared to LR and Rules for the
Manufacture, Testing and Certification of Materials (July 2018).

2.4.3.5 Registro Italiano Navale (HSS-IT)

RINA requirement given in Rules for the Classification of Ships (2018) in Pt. D of Materials
and Welding Ch. 2, Sec.1 are identical to BV. Thus no further comments are reported.

2.4.3.6 Conclusion (HSS-IT)

No differences are presented concerning the impact properties of higher strength steels. As
a result, the rules of the five classifications societies should be considered as equally valid for
steels of similar grade.

2.4.4 Steel for Low Service Temperature Rules and Properties (IT: Impact Test)

2441 L1l oydbés ReglT)ster (SLTS

The average values of three impact test, for carbon, carbon-manganese and nickel alloy
steels, are to comply with the requirements listed in Table 2.4.4 Impact properties for
acceptance purposes (LR), as it is stated in Rules for the Manufacture, Testing and
Certification of Materials (July 2018) in Ch.3 Sec. 6..
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Table 2.4. 4 Impact properties for acceptance purposes (LR)

Charpy V-notch impact tests
Grades of steel (see Notes 3)
Test temp.
Impact energy
AcC
27S
32
LT- AH 0
36
40
27S
32
LT-BH -20
36 Plates - transverse tests
40 Average energy
27S 27 I min
32
LT-EH -40
36
40
27S ] o
- Sections and bars - longitudinal tests
LT-FH -60
36 Average energy
40 41 J min
loy b A -65
20 bA -70
ooy bA -95
5Ni -110
ONi -196
Note 1. The minimum design temperatures at which plates of different
thicknesses in the above grades may be used are given in Figure 2.4.1
Minimum design temperatures for carbon-manganese grades (LR) and Figure
2.4.2 Minimum design temperatures for nickel grades (LR). Consideration will
be given to the use of thicknesses greater than those in the Tables or to the
use of design temperatures belowil 6 5 AC.
Note 2. Impact tests are not required when the nominal material thickness is
less than 6 mm.

. LT- AH L
G 0 0
° o
-]
8 5l LD L
2 . 20
48]
g ]
® 35| LT-EH -
o
£ ] —40
3
E ]
cC
L
20 25 40
Thickness in mm .

Figure 2.4. 1 Minimum design temperatures for carbon-manganese grades (LR)
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Figure 2.4. 2 Minimum design temperatures for nickel grades (LR)

Concerning austenitic steels, in Rules for the Manufacture, Testing and Certification of
Materials (July 2018) in Ch.3 Sec. 7, LR states that unless otherwise agreed, impact tests are
not required for the austenitic grades of steel given in this Section. As for the duplex grades,
one set of three Charpy V-notch impact test specimens machined from the longitudinal
direction for each tensile testisto betestedati2 0 AC. The average energy V.
specimens is to be not less than 41 Joules.

2.4.4.2 American Bureau of Shipping (SLTS-IT)

ABS does not classify service low temperature steels but refers to its own article, RULES
FOR BUILDING AND CLASSING MARINE VESSELS (July 2018) Pt. 5 Ch. 8 Sec. 6, which is
substantially the chapter 6 of the IGC code (Int. Code for the Construction and Equipment of
Ships Carrying Liquefied Gases in Bulk). This chapter sets requirements that a material must
meet, depending on the design temperature, in order to be accepted for use in hull construction
of such vessel.

2.4.4.3 Bureau Veritas (SLTS-IT)

BV requirements on the impact properties carbon, carbon-manganese and nickel steels,
presented in Rules on Materials and Welding for the Classification of Marine Units (January
2018) Ch. 2, Sec. 1., are similar to LR but they do not agree completely. Firstly, the two
classification societies may classify distinguish grades of carbon and carbon-manganese
steels, though the impact properties of those are similar, as grades XXX LE and XXX LF of
BVés are testad@AQ eaplerfad urreespectively and both F
energy 27 J at the transverse and 41 J at the longitudinal direction, like the corresponding LT-
EH and LT-FH grades, as designated by LR and show in Table 2.4.4 Impact properties for
acceptance purposes (LR).
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However the grades 390 LT and 490 LT are presented separately as its impact test
temperature varies with thickness. Ni ckel all oy
while LR gives only one test temperatures for each grade. Nevertheless BV does not provide
the minimum design temperature as LR.

Nickel alloy grades and grades 390 LT and 490 impact requirements are listed in Table 2.4.5
Nickel, carbon and carbon manganese steels T Impact properties (BV).

Table 2.4. 5 Nickel, carbon and carbon manganese steels - Impact properties (BV)

Average impact energy (J) min.
Steel Thickness a ,
grade (mm) ¢ SYLJ ¢ KVT| KVL
390 LT G K H 55 27 | 41
Hp § -60
on f -65
35<tK nn -70
490 LT G XK Hi 55 27 | 41
Hp £ -60
on £ -65
op f -70
1,5 Ni G X Hi 65 27 | 41
Hp § -70
on £ -75
op f -80
2.25 Ni 6 XK ni 70 27 | 41
Hp £ -75
on £ -80
35<tK nn -85
3,5Ni G K H 95 27 | 41
Hp § -100
on f -105
op f -110
5,0 Ni G X Hi 110 27 | 41
Hp § -115
on £ -120
op f -125
9,0 Ni 0 X nJ L mdc| 27 | 41
Note 1: These requirements are applicable to products w
thickness up to 40mm. For thicknesses exceeding 40 mm
requirements shall be agreed with the Society.

As for austenitic steels BV, in contrast with LR, considers impact tests necessary. The same
applies for duplex steels. Both impact properties are listed in Table 2.4.6 Austenitic and duplex
steels. Impact properties (BV).
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Table 2.4. 6 Austenitic and duplex steels. Impact properties (BV).

Type and grade of
steel

Average impact energy (J) mi

KVL

KVT

Austenitic

4 bwmd

F4 bwmo

304 L

41

27

304 LN
316 L
316 LN
317 L
317 LN
321
347
Duplex Fd tw|] G bH
UNS S 31803 41 27
UNS S 32550
UNS S 32750

2.4.4.4 Det Norske Veritas Germanischer Lloyd (SLTS-IT)

Similar to BV, DNV-GL in Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec. 3,
determines the impact properties of carbon manganese and nickel steels at an impact test

temperature that varies with thickness. Carbon

the requirements of Table 2.4.7 Carbon-manganese steels for low temperature service. Impact
properties (DNV-GL). DNV-GL does provide minimum design temperature the materials as
LR.

In terms of nickel alloy steels, DNV-GL completely agrees with BV, see Table 2.4.5 Nickel,
carbon and carbon manganese steels - Impact properties (BV), and its data are not repeated
on this segment. In addition DNV-GL suggests the same design temperature for nickel steels
as LR, see Figure 2.4.2 Minimum design temperatures for nickel grades (LR). Although impact
properties of grades VL 0.5Ni/a, VL 0.5Ni/b and the austenitic manganese VL Mn 400 will be
listed in Table 2.4.8 Nickel alloy steels and austenitic manganese alloy steels. Impact
properties (DNV-GL),a s t hmetypdrtrofeLR or BV regulations.
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Table 2.4. 7 Carbon-manganese steels for low temperature service. Impact properties (DNV-GL)

Charpy Whotch impact energy, minimum average 2
Min. design
Steel grade temperature,
Test 6¢c/ 0
Thickness Temp | Transverse| Longitudinal
(mm) oc/ 0 J) J)
5)
G X § -20
viseern | PP T 025 27 41 15
on f | -30
op f -35
G X o -20
VL 22 Hpofo @ 25 27 41 15
on f -30
op f -35
G X § -40
Hp f -45
VL 23 30<i XK 50 27 41 -35
op f -55
G X § 55
VL 24 AL B 27 a1 50
on f | -65
op f | -70
i X § -60
viaaL | PTG 65 27 41 55
on f | -70
op f -75
0 X o -20
VL 42 25<0 K| 25 27 41 15
on f -30
op f -35
G X { -40
VL 43 AL B 27 41 35
on f | -50
op f -55
G X H§ 55
VL 44 AL 27 41 50
on f -65
op f -70
G X { -60
Hp f -65
VL 44L ) 27 41 -55
on f | -70
op f -75
1) these requirements are applicable to products up to maximum 40 mm thicknesd
thicknesses exceeding 40 mm the requirements shall be agreed
2) the specified impadbughness requirements also apply in the heat affected zone
welded connections and it is recommended that the steel is ordered with sufficient}
margin
3) materials for tanks or parts of tanks completely thermally stress relieved after
weldingmay foralli KA O1ySaasSa G XX nn YY 0S5 (Sa
minimum design temperature
4) materialdor liquefied gas carriers
p0 F2NJ GKAOlySaa wup ¢ G X nn YY GKS
products and stated in the certificate.
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Table 2.4. 8 Nickel alloy steels and austenitic manganese alloy steels. Impact properties (DNV-GL)

Charpy Whotch impact energy, minimum
average 2) Min. design
Steel grade temperature,
oc/ 0
Thickness Test Transverse| Longitudinal
mm) | TP ) ®)
oc/
G X | -60
. Hp f -65
VL 0.5Ni/a 27 41 -55
on f -70
op f -75
G X | -60
. Hp f -65
VL 0.5Ni/b 27 41 -55
on f -70
op #0| -75
VL Mn 400 0 X | -196 27 41 -165

1) these requirements are applicable to products up to maximum 40 mm thickne
For thicknesses exceeding 40 mm the requirements shall be agreed

2) the specified impact toughness requirements also apply irhda affected zone
of welded connections and it is recommended that the steel is ordered with
sufficient margin

3) materials for tanks or parts of tanks completely thermally stress relieved after
gSERAYI Yl & F2NIF&f (KAOILSONIABHENSG pig
minimum design temperature

4) materials for liquefied gas caers

po F2NJ GKAOlyS&aa wp ¢ G X nn YY (KS
products and stated in the certificate.

Lastly, DNV-GL presents no differences from BV on the impact properties of austenitic and
duplex steels.see Table 2.4.6 Austenitic and duplex steels. Impact properties (BV). To remind
grade 304L and UNS S 32550 are not part of DNV-GL rules and regulations.

2.4.45 Registro Italiano Navale (SLTS-IT)

RI NAds Rul es f or t helamdrya2618)iinfPi. [ ch Matedals and Weldhp i p s
Ch. 2, Sec.1 contains rules and requirements on the same steel grades that Bureau Veritas
gives, except grades 390 LT, 490 LT of carbon and carbon-manganese steels and 2 1 ofi
nickel alloy steels, without differentiations on the rest, see 2.4.4.3 Bureau Veritas (SLTS-IT).

2.4.4.6 Conclusion (SLTS-IT)

On this matter, LIl oydés Register is appeared
provides minimum design temperatures for nickel and carbon-manganese steels. Meanwhile
BV and RINA are more thorough by adding different test temperatures that vary with thickness,
for nickel alloy and carbon-manganese steels and by considering the impact test for austenitic
steels as necessary. DNV-GL, however, combines both these elements and its list should be
considered superior as more complete.
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245 AZoO Grade Steel s wi t h speci fied t hrnodugh

Properties (IT: Impact Test)

2451 L1 oyddés Regi der (AnzZo Grade

AAZOo gr ade nomphewith tiee krequirameritsmf 2.2 Normal Strength Steels Rules
and Properties (IT: Impact Test), 2.4.3 Higher Strength Steels Rules and Properties (IT: Impact
Test), 2.4.4 Steel for Low Service Temperature Rules and Properties (IT: Impact Test) and/or
other kinds of steel that are not a part of this thesis, along with additional requirements
concerning AZOo grade steel s.

No further requirements are indicated by
steels.

2.4.5.2 American Bureau of Shipping( A Z6 -8y ade

In Rules for Materials and Welding (January 2018),Ch.1 Sec.1, there are no differences
presented by ABS compared to LR rules and properties. Thus, no further comments are
reported.

2.45.3 Bureau Veritas( A Z0 -8y ade

In Rules on Materials and Welding for the Classification of Marine Units (January 2018) Ch.
2 Sec. 1., BV presents no differences nor additions to the impact properties compared to LR
and Rules for the Manufacture, Testing and Certification of Materials (July 2018).

2.4.5.4 Det Norske Veritas Germanischer Lloyd ( i Zrade-@3)

In Rules for classification: Ships (July 2018) Pt.2 Ch.2 Sec.2., DNV-GL presents no
differences nor additions to the impact properties compared to LR and Rules for the
Manufacture, Testing and Certification of Materials (July 2018).

2.45.5 Registro ltalianoNavale ( A Z 6 -8y ade

RINA requirements given in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 are identical t o B V 6 s no fuherucemments are
reported.

2456 Conclusion( A Zzo -By ade

Obviously, the classification societies do not present any kind of differences, deficiencies or
additions on the matter and can be considered as equally valid.
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2.4.6 Aluminum Alloys Rules and Properties (IT: Impact Test)

2.4.6.1 General (AA-IT)

No requirements are set by any classification society for aluminium impact testing. This is
reasonable as one of the goals of a Charpy-V notch test is to determine whether the materials
are ductile or brittle in the presence of the notch, while aluminium is ductile and remains so
even in lower temperatures.

Section

2.5 Other Testing Procedures for Metallic Materials

2.5.1 Bend Testing Procedure (BT: Bend Test)

2511 Ll oydbés Register (BT)

According to Rules for the Manufacture, Testing and Certification of Materials (July 2018)
Ch. 2, Sec. 7 a test specimen shall be of rectangular cross-section with dimensions as defined
in Figure 2.5.1 Bend test specimen (LR), while the edges on the tension side of bend samples
are to be rounded to a radius of 1 to 2 mm.

Specifically, for plates, sections and strip the dimensions shall be full thickness and width 30
mm. Where the rolled thickness exceeds 25 mm the compression face may be reduced to 25
mm.

Also, butt weld face and root bend test specimens are to be 30 mm in width and of the full
plate thickness. Where the thickness exceeds 12mm, two side bend test specimens may be
tested in place of the face and root specimens specified. The side bend specimens should be
10 mm minimum thickness. The upper and lower surfaces of the weld are to be filed, ground
or machined flush with the surface of the plate.

/é,D —

‘(ﬁa)or(ga+D)‘ / \

1-2 mm 1-2 mm

af

Figure 2.5. 1 Bend test specimen (LR)

The testing procedure is described also by LR in the same section, as a bend sample that is
plastically deformed by plunging a mandrel between two fixed points as shown in Figure 2.5.2
Bend test (LR). Especially for alumimium welds, LR proposes a guided weld test to ensure
even deformation, as in Figure 2.5.3 Guide bend test (LR). LR also suggests that bend tests
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are to be conducted at ambient temperature at the highest convenient rate of bending (but not

impact).

O

f

O D+ 3a

LP R»‘ [~

‘

thickness of bend sample
radius of roller
outside diameter of former

[wiss ]

B

Figure 2.5. 2 Bend test (LR)

a = plate tickness
D = mandrel diameter
R = former radius

Figure 2.5. 3 Guide bend test (LR)

2.5.1.2 American Bureau of Shipping (BT)

ABS does not make provisions considering the bend testing procedure of materials for hull
construction in Rules for Materials and Welding (January 2018).
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2.5.1.3 Bureau Veritas (BT)

In Rules on Materials and Welding for the Classification of Marine Units (January 2018) Ch.
1 Sec. 2, BV includes rules on the bend test specimens that are almost similar to LR respective
ones.

Small divergences are observed concerning butt weld face and root bend test specimens. In
terms of transverse testing, BV indicates that if the thickness is greater than 25 mm, it may be
reduced to 25 mm by machining on the compression side of the bend specimen, while LR
suggested full plate thickness. Also, for transverse side bend test on butt welds, BV adds that
if the thickness of welded plates is equal or greater than 40mm, the side bend test specimen
may be subdivided, each part being at least 20mm wide. Lastly, BV recommends that test
specimens for longitudinal face and root bend test on butt welds are to be in accordance with
an appropriate recognised standard.

As per the testing procedure BV just refers that is to be performed by applying a continuous
mechanical compressive action on one of the surfaces of the test specimen.

2.5.1.4 Det Norske Veritas Germanischer Lloyd (BT)

DNV-GL regulations on bend testing combine BV and LR indications on the subject. As, in
Rules for classification: Ship (July 2018) Pt.2 Ch.1 Sec.3, DNV- GL completely agrees with BV
notes on butt weld face and root test specimens (see 2.5.1.3 Bureau Veritas (BT)) and with LR
on general test specimen dimensions and test methods (see25. 1. 1 LI oyddosA Regi st
small but important difference with LR is that DNV-GL recommends guided bend test (or wrap
around test) generally for low strength materials (e.g. by DNV-GL aluminum alloys) and not
just aluminium welds.

As an addition to the previous guidelines, DNV-GL indicates the size/diameter of the mandrel
depending on specified minimum yield stress and elongation of the material as follows:

flnless otherwise detailed in the respective rules or standard, the ma ndr e | di amet e(four intes | | be 4
specimen thickness) for materials with SMYS <550 MPa,and5 1T a for materials with SMYS (

For materials with specified elongation < 20% the mandrel diameter calculated in accordance with ISO 15614-1 is
accepted as an alternative.

The bending angd*e shall be 180A.

2.5.1.5 Registro Italiano Navale (BT)

RINA requirements in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 and Ch.5 Sec. 2 are identical to BV. Thus, no further
comments are reported.
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2.5.1.6 Conclusion (BT)

LR rules are the most well-presented, providing explanatory figures of the test and including
information about various matters of bend testing. BV and RINA are more explicit and
thorough, especially in terms of butt weld root and face tests. DNV-GL provides the most
complete rules and regulation on bent testing procedure, as it was mentioned in the relevant
subsection, as it combines all of the aforementioned attributes.

2.5.2 Embrittlement Tests (ET: Embrittlement Tests)

2521 Ll oydbés Register (ET)

In Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch. 2, Sec.
5, LR states regulations on three tests, which are temper embrittlement test, strain age
embrittlement test and hydrogen embrittlement test.

Conducting the first one, the material to be tested is to be split in half and to be heat treated.
Half of the material is to be water quenched and the other half is to be cooled from the
tempering temperature to 300AC ad. a rate not exc

Impact tests in accordance with Ch. 1, Sec. 4 Impact tests are to be made on the material in
each condition at temperatures over a range wide enough to establish the upper and lower
shelf energies and temperatures, tests being made at no less than three intermediate
temperatures.

A set of three specimens is to be tested at each temperature. The results are to be plotted
separately for each condition, in the form illustrated in Figure 2.5.4 Idealized transition curve
(LR). In addition, the test temperatures, proportions of crystallinity and absorbed energies for
all the specimens tested are to be reported. The transition temperature for each condition is to
be taken as the mid-temperature of the fracture transition zone. The difference between the
two transition temperatures is to be reported.
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Figure 2.5. 4 Idealized transition curve (LR)

In strain age embrittlement test, according to LR, the test material is to be heat treated in
accordance with the specification and then subjected to five per cent (5%) strain. The test
materi al is then to be heat e8ubsequentd e frc@edarend hel d
described in the previous two paragraphs shall be followed.

Hydrogen embrittlement test also requires two specimens to be tested. The specimens are
to be of a diameter of 20 mm. Where this is not practicable a diameter of 14 mm may be
accepted. One specimen is to be tested within a maximum of 3 hours after machining. Where
the specimen diameter is 14 mm, the time limit is 1,5 hours. Alternatively, the specimen may
be cooledtoi6 0 AC i mmeftei nmc¢hieihgyand&ept at that temperature for a maximum
period of 5 days before being tested. The other specimenisto be tested after bak
for 4 hours. Where the specimen diameter is 14 mm the baking time is to be 2 hours.

A strain rate not exceeding 0,0003 i is to be used during the entire test, until fracture
occurs. Tensile strength, elongation and reduction of area are to be reported. Lastly the ratio
Z1/Z2 is to be reported, where Z1 is the reduction in area without baking and Z2 the reduction
in area after baking.

2.5.2.2 American Bureau of Shipping (ET)

ABS does not make stipulations on embrittlement test of materials for hull construction in
Rules for Materials and Welding (January 2018).
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2.5.2.3 Bureau Veritas (ET)

Bureau Veritas, in Rules on Materials and Welding for the Classification of Marine Units
(January 2018) Ch. 1 Sec. 2, includes only the strain age embrittlement test and its description
is a little different than the one that LR proposes.

BV indicates that the material, that the test specimens are to be obtained from, is to be
deformed, generally by compression (in special cases, deformation under tension may be
permitted) until the required shortening (or elongation) (usually 3%, 5% or 10%) is attained.
Then the materialistobe heat treated i n & urlessrotheavase ageeed.
Lastly the test specimen is to be Charpy impact tested and broken at the specified temperature.

BV also notes that when the deformation is reached by lateral compression, the procedure
of artificial aging described above may be applied directly to the individual test specimens.

2.5.2.4 Det Norske Veritas Germanischer Lloyd (ET)

DNV-GL does not make provisions on embrittlement test of materials for hull construction in
Rules for classification: Ship (July 2018) Pt.2.

2.5.2.5 Registro Italiano Navale (ET)

RINA requirement Rules for the Classification of Ships (January 2018) in Pt. D of Materials
and Welding Ch. 2, Sec.1 are identical to BV. Thus, no further comments are reported.

2.5.2.6 Conclusion (ET)

Only LR, BV and RINA includes regulation on embrittlement test. Among them, clearly, LR
indications are superior to the other as it includes two embrittlement tests, which are also
presented in detail.

2.5.3 Crack Tip Opening Displacement Tests (CTOD)

2531 Ll oydbés Register (CTOD)

Rules and regulations on CTOD tests are given by LR in Rules for the Manufacture, Testing
and Certification of Materials (July 2018) Ch. 2, Sec. 6, where indications on test specimens
and procedure are presented.

According to LR, unless agreed otherwise, tests are to be made on specimens of the full
section thickness and which conform to a nationally agreed standard. The dimensions of the
test specimen are given in Figure 2.5.5 Outline dimensions of the preferred specimen (LR),
normally rectangular and are to be tested in three point bending. LR provides also a subsidiary
guideline that may be used after agreement as in Figure 2.5.6 Outline dimensions of the
subsidiary specimen (LR).
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Figure 2.5. 5 Outline dimensions of the preferred specimen (LR)
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Figure 2.5. 6 Outline dimensions of the subsidiary specimen (LR)

In each case the notch is to be positioned at the centre of the loading span; its root radius is
not to exceed 0,10 mm. The notch is to be extended by the generation of a fatigue crack to
give an effective crack length of the dimension a. For this purpose, the fatigue stress ratio, R1,
is to be within the range 0 to 0,1 and the fatigue intensity is not to exceed 0,63, where
is the 0,2 per cent proof stress at the test temperature.
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LR state that a CTOD test is to take place at recognized test houses with a nationally
accepted standard, providing also additional indications concerning welds and supplementary
comments on the testing procedure as presented below:

flUnless otherwise agreed, all tests on unwelded wrought material are to be made on specimens taken transverse
to the principal working direction and are to be through thickness notched.

Where tests are made on weld material, the fatigue crack should be arranged to sample the maximum amount
of unrefined weld metal.

Where tests are made on the Heat Affected Zone (H.A.Z.) of a weld, a K or single bevel weld preparation is
recommended. The region of lowest fracture toughness in the Heat Affected Zone should be identified for the
particular steel and weld procedure by means of preliminary tests. The fatigue crack is to be accurately positioned
to sample as high a proportion of this critical region as possible and after testing has been completed, the specimen
is to be sectioned to check that this has been achieved. Sufficient tests should be made to ensure that the critical
region has been sampled in at least three specimens.

At least three valid tests are to be made for each material condition. Invalid tests are to be disregarded and the
tests repeated.

Local pre-compression of the test specimen ahead of the notch is acceptable in order to provide an acceptably
even fatigue crack front.

The temperature of the test piece igetmibheasmadshCed ot e2@0
towi t hin N5AC outside this range. The t empémeanotfartteertsahoul d be

2 mm away from the crack tip.o*

2.5.3.2 American Bureau of Shipping (CTOD)

American Bureau of Shipping is does not have particular regulations as per CTOD in Rules
for the Classification of Ships (January 2018) in Pt. D of Materials and Welding. Generally for
fracture toughness testing, as in Ch.1 Sec. 1, ABS suggests that tests are to be carried out as
per BS 7448 Parts 1'% & 2/ASTM E1820% specification or any other recognized standard.

2.5.3.3 Bureau Veritas (CTOD)

Similarly to ABS, BV plainly states that unless otherwise agreed, the test is to be performed
on test specimens of full thickness according to appropriate national or international standards
like BS 7448 Part 1:1991% and ASTM E 1290%. A slight difference is that BV in Rules on
Materials and Welding for the Classification of Marine Units (January 2018) Ch. 1 Sec. 2 refers
to it uniquely for CTOD and not generally for fracture testing.

2.5.3.4 Det Norske Veritas - Germanischer Lloyd (CTOD)

DNV-GL does not make provision for CTOD tests, but in Rules for classification: Ship (July
2018) Pt.2 Ch.1 Sec. 3includes a subsection dedicate to fracture mechanics testing, indicating
test to be carried out according to ISO 12135 (for base material) 1’ and ISO 15653 (for welded
joints) using 3-point bend specimens (SENB) 8, or another recognized standard as agreed
with the Society.
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The referenced ISOs may not regulate the CTOD test, however DNV-GL states that test may
be required for the base material or for a welded connection. For base metal at least three
valid CTOD tests shall be obtained. For welded plates for each required crack tip position at
least three valid CTOD tests shall be obtained. The test results report shall contain the
information as given in ISO 12135 (paragraph 8 Test report) and in ISO 15653 (paragraph 13
Test report), the force (F) - notch opening displacement (V) records and photographs for the
fractured surfaces on which the crack lengths are measured.

2.5.3.5 Registro Italiano Navale (CTOD)

RINA requirements in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding Ch. 2, Sec.1 are identical to BV. Thus, no further comments are
reported.

2.5.3.6 Conclusion (CTOD)

While most of the classification societies suggest appropriate recognized standards, LR is
the only one to set requirements itself (dimensions, indications on the procedure, specifications
for welds) to ensure the normality and validity of the crack tip displacement tests.

2.5.4 Hardness Testing Procedure (HT: Hardness Test)

2541 Ll oydbés Register (HT)

Hardness testing is to be carried out according to ISO 6506-1'°, ISO 6507%°, which are
correspond to Brinell and Vickers tests respectively or equivalent for the type of hardness test,
as stated by LR in Rules for the Manufacture, Testing and Certification of Materials (July 2018)
Ch. 2, Sec. 8.

2.5.4.2 American Bureau of Shipping (HT)

While in Rules for Materials and Welding (January 2018),Ch.1 Sec.2 the hardness test
method is not regulated, ABS suggest Brinell and Rockwell test for forgings and anchor chains,
which do not constitute part of this thesis.

2.5.4.3 Bureau Veritas (HT)

BV does not make provisions considering the bend testing procedure of materials for hull
construction in Rules on Materials and Welding for the Classification of Marine Units (January
2018) Ch. 1 Sec. 2 (2018).
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2.5.4.4 Det Norske Veritas - Germanischer Lloyd (HT)

Similarly to LR, DNV-GL in Rules for classification: Ships (July 2018) Pt.2 Ch.1. Sec. 3 (2018)
suggests where hardness test is required, the test to be performed in accordance with a
recognized standard as the following:

d IS0 6506 Brinell hardness test
d IS0 6507 Vickers hardness test
8 1SO 65082 Rockwell hardness test.

DNV-GL also, cautionary states that a hardness test is in principle not considered to be a
substitute for tensile test.

2.5.4.5 Registro Italiano Navale (HT)

RINA does not make provisions considering the bend testing procedure of materials for hull
construction in Rules for the Classification of Ships (January 2018) in Pt. D of Materials and
Welding Ch. 1 Sec. 2 (2018).

2.5.4.6 Conclusion (HT)

Except RINA and BV, the classification societies suggest similar and standard ISO tests. Only
LR and DNV-GL dedicate a subsection in their guidelines to hardness tests and to refer to
relevant 1ISOs.

2.5.5 Corrosion Test and Procedure (CT: Corrosion Test)

2551 Ll oydbés Register (CT)

Provisions made by LR on corrosion test, in Rules for the Manufacture, Testing and
Certification of Materials (July 2018) Ch. 2, Sec. 9, concern two separate tests, intergranular
corrosion test and pitting corrosion test.

As per intergranular test, the procedure described by LR as follows:

fFor all products other than pipes, the material for the test specimens is to be taken adjacent to that for the tensile
test and is to be machined to suitable dimensions for either a round or rectangular section bend test. The diameter
or thickness is to be not more than 12 mm, and the total surface area is to be between 1500 mm? and 3500 mm?2.

Specimens are to be heated to a temper &yrapideooliodin wat@r0
They are then to be placed on a bed of copper turnings (50 g per litre of test solution) and immersed for 15 to 24
hours in a boiling solution of the following composition:

A 100 g of hydrated coppé&HOsul phate granules (CuSO
A 184 g (100 idensitsl8s gnh)addedadromwise to distilled water to make 1 litre of solution.
Precautions are to be taken during boiling to prevent concentration of the solution by evaporation.

After immersion, the test specimens are to be bent, at ambient temperature, thr ough 900U over
diameter equal to twice the diameter or thickness of the test specimen.
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After bending, the test specimens are to be free from cracks on the outer, convex surface.o?!

(Note: Comments on pipes have been exclude as they are not part of this thesis)

Subsequently, the pitting corrosion test procedure is described by LR in the relevant section
as follows:

firhe material for the test specimens is to be taken adjacent to that for the tensile test and is to be machined to a
round or rectangular test piece of thickness approximately 6 mm with total surface area between 1500 mm? and
3500 mm?2. Any deformed material at the edges is to be removed.

All surfaces of the specimen are to be polished to a uniform finish using 120 grit abrasive paper. Sharp edges are
to be removed and, after polishing, the specimen should be thoroughly washed and dried.

The dimensions of the surface are to be measured in order to calculate the exposed area.
The specimen is to be weighed to an accuracy of 0,001g or greater.

For the corrosive media 100g of reagent grade ferric chloride, FeCls.6Hz0, is dissolved in 900ml of de-ionised
water and filtered to remove insoluble particles.

At least 250ml of ferric chloride solution is to be added to a glass test container. The container is to be placed in
a water bath and allowed to reach the required test temperature. The bath temperature shall be monitored and
recorded in order to ensure that the temperature is satisfactorily maintained throughout the test. Once the test
temperature has been achieved, the test piece is to be placed in a glass cradle and lowered into the solution.

A glass cover is to be placed over the vessel to allow the test piece to remain undisturbed throughout the duration
of the test. The standard duration of the test is 72 hours.

At the end of the test, the specimen is to be removed from the solution. It shall be rinsed with water, scrubbed
with a nylon bristle brush under running water to remove corrosion products, and then dried.

The surface of the specimen is to be thoroughly inspected to a magnification of x20 and the specimen is weighed
to an accuracy of 0,001 g or better.

The results obtained shall be recorded and these shall include the weight loss expressed as g/m2 and a
description of the surface appearance, noting any evidence of pitting corrosion.

Unless otherwise agreed, the acceptance criteria for the test are that there shall be no evidence of pitting at x20
1

magnification and that the maximum weight loss shall be 0,8 g/m2.0

Requirements on corrosion resistance ability of aluminium products are set LR in Ch. 8, Sec.
1 of the previous referenced Article. Specifically, for Rolled 5xxx alloys of type 5083, 5383,
5059, 5086 and 5456 in the H116 and H321 tempers intended for use in marine hull
construction or in marine applications where frequent direct contact with seawater is expected
are to be corrosion tested with respect to exfoliation and intergranular corrosion resistance. In
addition, the procedure described by LR below, is to be followed in order of material approval:

firhe manufacturers have to establish the relationship between microstructure and resistance to corrosion when the
above alloys are approved. A reference photomicrograph taken at 500x, under the conditions specified in ASTM
B928'2 Section 9.4.1, is to be established for each of the alloy tempers and thickness ranges relevant. The
reference photographs are to be taken from samples which have exhibited no evidence of exfoliation corrosion at
a pitting ration of PB or better, when subjected to the test described in ASTM G66 (ASSET)?2. The samples are
also to have exhibited resistance to intergranular corrosion at a mass loss not greater than 15 mg/cm?, when
subjected to the test described in ASTM G67 (NAMLT)Z3. Upon satisfactory establishment of the relationship
between microstructure and resistance to corrosion, the master photomicrographs and the results of the corrosion
tests are to be submitted to the Society for approval.
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The manufacturer is responsible to maintain the production practices unchanged after approval of the reference

micrographs.

Other test methods may also be accepted at the discretion of the Society.c‘>l

As per aluminium, when the products have been tested with satisfactory results, the mark

fi Mie to be added after the temper condition

2.5.5.2 American Bureau of Shipping (CT)

In Rules for Materials and Welding (January 2018) ABS does not include rule on corrosion
test methods. However, in Appendix 8 of Rules for Materials and Welding (2018), ABS states
that it may give approval for steel with enhanced corrosion resistance properties. A
manufacturer has to submit to ABS a request for approval, which is to include the following:

i) Corrosion test plan and details of equipment and test environments.

i) Technical data related to product assessment criteria for confirming corrosion

resistance

iif) The technical background explaining how the variation in added and controlled

elements improves corrosion resistance.
iv) The grades, the brand name and maximum thickness of steel with enhanced
properti es t oesigrationsfopsteels/watid .
enhanced corrosion resistance properties are given in Table 2.5.1 Designations for
Steels with Enhanced Corrosion Resistance Properties (ABS).

corrosion resistan c e

v) The welding processes and the brand name of the welding consumables to be used

for approval.

Table2.5. 1 Designations for Steels with Enhanced Corrosion Resistance Properties (ABS)

Enhanced Corrosion

bottom plating

Type of Sreel Location where Steel is Effective Resistance Properties
Designation
Rolled steel for hull For strength deck, ullage space. RCU
For inner bottom RCB
For both strength deck and inner RCW

ABS also includes requirement on the corrosion resistance of aluminium and demands a
certain procedure for material approval, both in the same manner as LR, see 25 . 5.

Register (CT).
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2.5.5.3 Bureau Veritas (CT)

BV does not directly regulates corrosion test, but proposes appropriate international
standards for various products in Rules on Materials and Welding for the Classification of
Marine Units (January 2018).

In Ch. 1, Sec. 2 of the referenced article, stipulations are made for normal and higher strength
corrosion resistant steels for cargo oil tanks. Such steels comply with the requirement of normal
and higher strength steels and are designated as in Table 2.5.1 Designations for Steels with
Enhanced Corrosion Resistance Properties (ABS). The suffix is given to any steel grade which
has been tested according to the present Article and to the corrosion testing procedure defined
in the Appendix of the Annex to Performance Standard for Alternative Means of Corrosion
Protection for Cargo QOil Tanks of Crude Oil Tankers MSC.289(87)%.

In the same section, considering kind of steel, pipes and forgings, which may not be part of
this thesis, BV proposes ASTM A262%, for various corrosion tests such as intergranular
corrosion test, nitric acid test etc.

Requirements on corrosion resistance ability of aluminium products are set BV in Ch. 3, Sec.

2 in exact similarwaytoLR,see25. 5. 1 Ll oydds Register (CT).

2.5.5.4 Det Norske Veritas - Germanischer Lloyd (CT)

When intercrystalline corrosion test on a steel is required, according to Rules for
classification: Ship (July 2018) Ch. 2 Sec. 3, the test shall be carried out according to 1SO
3651-226 (ferritic, austenitic and ferritic-austenitic stainless steel), ASTM A262, Practice E,
Copper i Copper Sulphate - Sulphuric Acid Test (austenitic stainless steel), or to another
recognised standard. Also, in case requirements for pitting or crevice corrosion resistance are
specified, appropriate corrosion tests should be carried out in accordance with an agreed
standard, e.g. ASTM G48 method A%’

In terms of aluminum products, DNV-GL requirements are similar to LR, see25. 5. 1
Register (CT), except the fact that DNV-GL does not define a designation mark.

2.5.5.5 Registro Italiano Navale (CT)

RINA requirement in Rules for the Classification of Ships (January 2018) in Pt. D of Materials
and Welding are identical to BV. Thus, no further comments are reported.

2.5.5.6 Conclusion (CT)

While the rules on corrosion testing present a lot of similarities among the five classification
societies, LR rules and regulations stand out as they include analytical description of the testing
procedures (intergranular and pitting corrosion tests), being immediately informative. Besides
that, the rules of the five classification societies should be considered equally reliable as they
all suggest appropriate International Standards.
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2.5.6 Drop Weight Testing Procedure (DW: Drop-weight)

256.1 Ll oyddés Register (DW)

LR does not involve any requirements or indication on drop-weight testing in Rules for the
Manufacture, Testing and Certification of Materials (July 2018).

2.5.6.2 American Bureau of Shipping (DW)

While ABS does not dedicate any reference to the matter on relevant testing section, in Rules
for Materials and Welding (January 2018), considering specified material, such as low
temperature materials, suggest ASTM E20828 when drop-weight testing is required.

2.5.6.3 Bureau Veritas (DW)

When the NDT (nil ductility transition) temperature is to be determined, BV suggests drop
weight test according to ASTM Standard E 208, in Rules on Materials and Welding for the
Classification of Marine Units (January 2018) Ch.1 Sec.2. The NDT is the maximum
temperature where the drop weight test specimen breaks when tested according to the
provisions of the standard.

BV sets requirements also on the dimension of the drop weight test specimens as follows
(thickness by width by length, in mm?3):

1 type P1: 25 x 90 x 360
T type P2:19 x50 x 130
1 type P3:16 x50 x 130

2.5.6.4 Det Norske Veritas - Germanischer Lloyd (DW)

Similarly to BV, in Rules for classification: Ship (July 2018) Ch. 1 Sec. 3, DNV-GL suggests
ASTM E208 for drop-we i ght testing and includes similar r
dimensions.

Furthermore, DNV-GL gives the flexibility of testing specimens of lower thickness than the
three referenced types, see 2.5.6.3 Bureau Veritas (DW), by adding the following:

AWhen drop weight test is required for materi al thickness
specimen machined down to 12 mm thickness shall be used. For material thicknesses below 12 mm down to and
including 10 mm, the thickness of the test specimen shall be that of the material. Other dimensions and requirements
for test specimen with thickness below 16 mm shall be as for test specimen no. 3 above, except that a stop distance

of 2,3 mm shal l* be used. o
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2.5.6.5 Registro Italiano Navale (DW)

RINA requirements in Rules for the Classification of Ships (January 2018) in Pt. D of
Materials and Welding are identical to BV. Thus, no further comments are reported.

2.5.6.6 Conclusion (DW)

With LR standing aside, all the other classification societies are equally valid suggesting the
same international standards on drop weight testing.

2.5.7 Determination of Grain Size (DGZ)

2571 Ll oydbés Register (DG2Z)

Determination of gr ai n Rudes foretheiManufactre, Testing and
Certification of Materials (July 2018).

2.5.7.2 American Bureau of Shipping (DGZ)

While in Rules for Materials and Welding (January 2018), ABS does not include a passage
dedicated to the determination of grain size, in ordinary and higher strength steels relevant
sections here ABS suggest ASTM E1122° in order to determine that a fine grain practice has
been achieved

2.5.7.3 Bureau Veritas (DGZ)

Bureau Veritas does not presents either an exclusive segment on determination of grain size
in Rules on Materials and Welding for the Classification of Marine Units (January 2018)
However, in Ch.1 Sec.2, among other test, ASTM E 112 58 T Standards is suggested for the
evaluation of the primary austenitic grain size. For fine grained steels, the "fine grain" condition
is considered satisfied when the grain size is 5 or finer according to BV. Also, other recognized
standards may be accepted by agreement with BV.

2.5.7.4 Det Norske Veritas - Germanischer Lloyd (DGZ)

DNV-GL is the only one to refer explicitly to the determination of grain size in Rules for
classification: Ship (July 2018) Ch. 1 Sec. 3, which is the relevant test method segment.
However, like the rest, DNV-GL recommends ASTM E112 where the austenitic grain size
specification is required, or other recognized standards.

2.5.7.5 Registro Italiano Navale (DGZ)

RINA requirement in Rules for the Classification of Ships (January 2018) in Pt. D of Materials
and Welding are identical to BV. Thus, no further comments are reported.
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2.5.7.6 Conclusion (DGZ)

LR standing aside, all the other classification societies are equally valid suggesting the
same international standards on determination of grain size.
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Chapter

3 Composite Materials (Fibre Reinforced Plastics)

Section

3.1 Introduction

3.1.1 Scope

Composite materials are defined as materials consisting of two or more components, which
combine to achieve specific properties and characteristics, which none of the participating
components alone can achieve.

The composites are characterized by the coexistence of at least two macroscopically distinct
components, one of which, designated as a the reinforcing material, gives improved, mainly
mechanically related, properties to the composite material. The second component, called the
matrix, is usually low density and its involvement in the material ensures maximum utilization
of the reinforcement properties.*°

At this Chapter, rules on the properties of raw materials (reinforcements, resins, core
materials) will be explored as well as those of laminates. Each raw material will be examined
separately quoting rules of the five classification societies. Rules contained in Hull in
Composite Materials and Plywood, Material Approval, Design Principles, Construction and
Survey (November 2018)*! by Bureau Veritas are quoted first, as they seem more complete,
followed with supplements of the other societies.

Section

3.2 Reinforcements

3.2.1 General

Mainly the reinforcing material is used in the shape of continuous fibres and less often as
di scontinuous fibres. These fibres are arranged
and handled.

The reinforcing fibers, while capable of carrying only tensile loads in non-resin yarn form,
contribute to the bulk of the tensile, compressive, flexural and shear stiffness and durability of
a fibrous multilayer material. So, in this section the most important rules on the mechanical
characteristics of the five classification societies are presented.
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3.2.2 Bureau Veritas (R)

The mechanical characteristics of fibres, as raw materials, are given by the classification
society of Bureau Veritas in Hull in Composite Materials and Plywood, Material Approval,
Design Principles, Construction and Survey (November 2018) Sec. 4. This section contains
requirements for glass (E and R types), carbon (HS: High Strength, IM: Intermediate Modulus,
HM: High Modulus) and para-aramid fibres. Minimum values of the mechanical characteristics
are presented by the rule 3.2.4 of the previous referenced section:

3.2.4 Mechanical characteristics of fibre types

As a general rule, the mechanical characteristics of fibres to be taken into account for laminate calculations are to
be submitted by the manufacturer and/or are given by mechanical tests. The minimum mechanical characteristics
are given in Tab 2, for information.

The data odéd BYlbes @fb ov T a bnth dollowiagTable 8.2.% Mechandtal i
properties of fibres (BV).

Table 3.2. 1 Mechanical properties of fibres (BV)

Glass Carbon
c R s M) M Para-aramid

Density py 2,57 2,52 1,79 1,75 1,88 1,45

Poisson coefficient v¢ 0,238 0,20 0,30 0,32 0,35 0,38
Tensile in fibre | Young modulus Eg (N/mm?) | 73100 86000 238000 350000 410000 129000
direction breaking strain (%) 3,8 4,0 1,5 1.3 0,6 2,72

breaking stress (N/mm?) 2750 3450 3600 4500 4700 2850

Poisson coefficient 0,238 0,20 0,02 0,01 0,01 0,015
Tensile normal | young modulus Egge (N/mm2) | 73100 86000 15000 10000 13800 5400
ffirﬂkg;in breaking strain (%) 2,40 2,40 0,90 0,70 0,45 0,70

breaking stress (N/mm?) 1750 2000 135 70 60 40
Compression in | breaking strain (%) 2,40 2,40 0,90 0,60 0,45 0,40
fibre direction | preaking stress (N/mm?) 1750 2000 2140 2100 1850 500

Modulus G; (N/mm?) 30000 34600 50000 35000 27000 12000
Shear breaking strain (%) 5,6 5,6 2,4 3,0 3,8 4,0

breaking stress (N/mm?) 1700 1950 1200 1100 1000 500
(1) Taking into account the large diversity of IM and HM carbons, the values given in this Table are for general guidance only.

(HS: High Strength, IM: Intermediate Modulus, HM: High Modulus)

3.2.3 American Bureau of Shipping (R)

A B SRules for Materials and Welding (2018) Ch. 6 Sec. 1 does not provide rules on the
mechanical characteristics of reinforcements, nor does it requires data for their approval.
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3.2.4 Det Norske Veritas - Germanischer Lloyd (R)

DNV-GL like BV includes rules for glass, carbon and aramid reinforceme nt s 6 pandperti e
declared properties to be determined for approval purposes by Table 3.2.2 Glass fibre
reinforcements (DNV-GL), Table 3.2.3 Physical requirements for carbon fibre reinforcements
(DNV-GL) and Table 3.2.5 Requirements for aramid reinforcements (DNV-GL) respectively.

However in DNV i G L 6Rslles for classification: Ships (October 2015) Pt. 2, Ch. 3, Sec. 2
requirements for the fibre products are not given in numerical values, but ISO-tests are
suggested for the determination of the properties. Only one table concerning carbon fibre yarns
corresponds to tensile strength, tensile modulus and elongation with values and the
corresponding ISO-standard and is presented in Table 3.2.4 Tensile testing of carbon fibre
yarns (DNV-GL).

Intrestingly that most of the 1SO tests that DNV-GL suggests, could be applied on various
forms of reinforcement products, such as continuous-filament yarn, staple fibre yarn, rovings,
chopped strands mats, fabrics etc.

Table 3.2. 2 Glass fibre reinforcements (DNV-GL) 32 33, 34, 35,36,37

Property Test method 1) Acceptance criteria
Moisture content 2) ISO 3344 Maximum 0.2% on delivery
Loss on ignition 2) ISO 188 ¢. KS ¥ ll. y dz¥ b O U dzN5 NIIa_ y2YAylt
various materials are subject to approval in each separate ¢
Linear density (tex) ISO 1889 ¢ KS | NRA UKY Stanfatd d&vigtiory B H

AKFtt 0S8 gAlGKAY GKS Yy
' SN 3S RALY ISO 1888 mean

Tensile strength of
impregnated rovings

ISO 9163 YIydzFl OG0 dzZNBNDE aLISOATA

¢ KS | NRX {KY Standla@l dagidtlory 5 H

Mass per unit area 2) ISO 3374 AKFEE 0S8 BAGKAY GKS Yy

1) other standards may be used if agreed upon with the Society prior to testing
2) unless otherwise agreed, these parameters shall be tested and documented in W certificate

Table 3.2. 3 Physical requirements for carbon fibre reinforcements (DNV-GL) 32 34 37,38

Propertyl) Test method 2) Acceptance criteria
Moisture content ISO 3344 YI ydzF+F O dzZNBNDa alIS oA
Sizecontent ISO 10548 YIydzFl OG0 dzZNBENDE &aLISOA
Linear density of the yarn ISO 1889 al ydzFl OG0 dzZNBENWa y2YAYL
Weight per unit area of the al ydzFl O dzZNBENRa y2YAY
. ISO 3374 o
fabric 5  M-figlhrics, weaves, etc.

1) unless otherwisagreed, these parameters shall be tested and documented in W certificate
2) other standards may be used if agreed upon with the Society prior to testing
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Table 3.2. 4 Tensile testing of carbon fibre yarns (DNV-GL) 3°

Fibre type Test method ¥ Acceptance criteria
Tenslile strength 3000
MPa
HT Tensile modulus 235000
Elongation % 1.4
ISO 10618
Tenslle strength 2000
MPa
HM Tensile modulus 350000
Elongation % 0.4
1) other standards may be agreed upon with the Society prior to testing

(HT: High Tensile Strength, HM: High Modulus)

Table 3.2. 5 Requirements for aramid reinforcements (DNV-GL)32 40

Property 1) Testmethod 2) Acceptance criteria
Moisture content ISO 3344 YIydzZFlF Ol dzNBNRE &LISOA
. YSty 5 H &RSOI gAl
Mass per unit area ISO 4605 Y ydzZAl OG dINENRE Y2 YAy

1) unless otherwise agreed, these parameters shall be tested and documemedW certificate
2) other standards may be used if agreed upon with the Society prior to testing

325 Ll oydés Register (R)

LR is lacking rules about the properties of fibre reinforcements, but on Rules for the
Manufacture, Testing and Certification of Materials (July 2018) Ch. 14 Sec. 2 it dictates the
requirements data to be provided on the society for materials approval and/or inspection
purposes with the rule 2.4.1:

2.4.1 The following data is to be provided, where applicable, for each type of reinforcement:

(a) Reinforcement type.

(b) Fibre type for each direction.

(c) Fibre tex value.

(d) Fibre finish and/or treatment.

(e) Yarn count in each direction.

(f) Width of manufactured reinforcement.

(g) Weight per unit area of manufactured reinforcement.

(h) Weight per linear metre of manufactured reinforcement.
(i) Compatibility (e.g. suitable for polyesters, epoxides, etc.)
(i) Constructional stitching i details of yarn, specific gravity, type, frequency and direction.
(k) Weave type.

() Binder type and content.

(m) Density of the fibre material.
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3.2.6 Registro Italiano Navale (R)

RINA Rules for the Classification of Pleasure Yachts (January 2019)** Pt. D, Ch. 6, Sec. 2
deals with the subject in the same fashion as LR. The corresponding rule is the 4.1.1 of the
referenced section:

4.1.1 The following data are to be provided, where applicable, according to the type of reinforcement, for
each type of reinforcement:

a) Reinforcement type

b) Diameter and length of fibres

c¢) Type of dressing and bonding for fibre treatment

d) Linear mass or mass per area

e) Moisture content

f) Solubility in styrene

g) Content of combustible materials

h) Compatibility (e.g. suitable for polyesters, epoxides, etc.)
i) Tensile strength

j) Resistance to temperature

k) Surface treatment, in particular against oxidation.**

3.2.7 Conclusion (R)

Among the five classification societies DNV-GL seem to be more complete and explicit as
they are including, not only the requirements to be provided for every distinct type of
reinforcement, as do LR and RINA, but also specifies the exact ISO tests to be performed.
Al t hough, Bureau Ver it gatudsispuitousafus DNV/+GE rulesrshoadd ni mu m
be considered superior.

Section

3.3 Resins

3.3.1 General

If the fibers contribute to the high mechanical strength of the compound, the matrix ensures
it. The mechanical stresses exerted on the composite material are transferred through the
matrix to the fibers. In addition, the spread of cracks, which start from broken fibers, is stopped
by the matrix material. Resin is the material that most often used for matrix purposes.

Resins mainly are distinguished in two categories, thermoplastic and thermosetting resins
and in this section the most significant mechanical characteristics of them are going to be
examined, as given by the five classification societies.
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3.3.2 Bureau Veritas (Res.)

Bureau Veritas guidelines concern only systems of thermosetting resins, polyester, vinylester
and epoxy resin systems. Mechanical characteristics of them can be found in Hull in Composite
Materials and Plywood, Material Approval, Design Principles, Construction and Survey
(November 2018) Sec. 4 under guideline numbers 2.3.1 and 2.3.2:

2.3 Resin mechanical characteristics

2.3.1 General
As a general rule, the resin mechanical characteristics to be taken into account for laminate calculation are to be
given by the manufacturer and/or by mechanical tests.

2.3.2 The minimum mechanical characteristics are given in Tab 1, for information.3?

The data of BV6s above rul e of TalkadhlMechanca n

characteristics of resins (BV).

Table 3.3. 1 Mechanical characteristics of resins (BV).

Polyester Vinylester Epoxy
Density p, 1,20 1,10 1,25
Poisson coefficient v, 0,38 0,26 0,39
Tg (°C) around 60° around 100° between 80° and 150° (1)
Tensile Young modulus E, (N/mm?) 3550 3350 3100
Tensile or compression breaking stress (N/mm?) 55 75 75
Tensile or compression breaking strain (%) 1,8 2,2 2,5
Shear modulus G, (N/mm2) 1350 1400 1500
Shear breaking stress (N/mm?) around 50 around 65 around 80
Shear breaking strain (%) 3,8 3,7 5,0
(1) The actual value of Tg is depending on the polymerisation process used and, in particular, the temperature used in post-cure.

The rest of the classification societies use more analytical tables which usually correspond
to the property measured with values and the suitable National or International Test.

3.3.3 America Bureau of Shipping (Res.)

ABS, besides vinylester, polyester and epoxy resins, acknowledges gel coats and phenolic
resins, noting that the latter have superior properties for fire resistance, but minimum values
for the mechanical characteristics of resins are not presented. Instead ABS indicates data of
properties to be provided for any type of resin in Materials and Welding (2018) Ch. 6 Sec. 1
with the following rule:

1.11 Resin Properties

The properties of a resin are to be for the final form of the resin actually used in production with all additives and
fillers included. The amount of silicon dioxide or other material added to provide thixotropy is to be the minimum
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necessary to resist flowing or draining. The following liquid and cured condition properties of resins are to be
provided for the gel coat resin and laminating resin, and if different, for the skin coat:

A Liquid Properties (at 25AC)

Monomer Content %

Viscosity T Brookfield (Spindle No. & RPM) CPS

Thixotropic Index, Minimum

Specific Gravity

Flash Point, Closed Cup

Fillers (type and amount)

A Cure Characteristics (at 25AC)

Gel Time, Minutes (indicate initiator (catalyst) and activator (promoter) and %)
Gel to Peak, Minutes

Peak Exotherm

A Cured Properties for Resin Clear Casting
Barcol Hardness

Heat Deflection Temperature

Tensile Strength and Tensile Modulus

Tensile Elongation at Break, %

Flexural Strength & Modulus

Volume Shrinkage

Water Absorption

A Chemical analysis and shelf [|ife.

For polyester resins, the tensile elongation at break is generally not to be less than 1.0% for laminating resins and
is to be generally not less than 2.0% for gel coat resins. Elongation of other resins will be specifically considered.®

3.3.4 Det Norske Veritas - Germanischer Lloyd (Res.)

Similarly to BV, in DNV-GL guidelines for polyester, vinyl ester and epoxy resins can be
found. It is worth noticing that polyester and vinyl ester share a common segment in Rules for
classification: Ships (October 2015) Pt. 2, Ch. 3, Sec. 2, while guidelines for epoxy resins
systems are in the following one.

DNV-GL, already, setsrequi r ement s t hat concern the manuf ac
incompliance can affect the final product, with Table 3.3.2 Manuf acturer 6s qual it
polyester and vinyl ester in liquid condition (DNV-GL) and Table 3.3.3 Manufacturer's quality
control for epoxy resins (DNV-GL).
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Table3.3.2Manuf acturerds quality control for pol ye-6lt)ye%
44, 45, 46
Control on Test method ¥ Acceptance criteria
Density I1SO 1675 msv
Viscosity 2 1SO 2555 & msv +£250 mPas
Monomer content ISO 3251 msv + 2%
Mineral content 2 DIN 16945, item 4.10 msv = 1%

For curing time at room temperature:
Gel time ¥ IS0 2535 < 60 minutes: msv £ 5 minutes

el time
60 to 120 minutes: msv £ 10 minutes

>120 minutes: msv = 15 minutes

1) other standards may be used if agreed upon with the Society prior to testing
2) unless otherwise agreed, these parameters shall be tested and documented in W certificate

3) for polyester and vinyl ester, the following parameters shall be used; Viscometer type A, rotational frequency 10,
temperature 23°C. Viscosity can be accepted with msv £ 20%

4) specify activator and initiator and % of each

Table 3.3. 3 Manufacturer's quality control for epoxy resins (DNV-GL)#7: 48. 49, 45,50

Control on 2 Test method Acceptance criteria
Epoxy equivalent I1SO 3001 msv (g/mol)
Viscosity ISO 3219 msv (mPas) £ 20%
Density I1SO 1675 msv (g/cm3)
Gel Time DIN16945,section msv
(temperature increase) 6.26.3, DIN EN ISO 2535

1) the table is relevant for both epoxy resin (A component) and curing agent (B component) in liquid condition,
separately, for the basic epoxy resin system and each of any variants, ref. ISO 3673-1, Table 1

2) unless otherwise agreed, all parameters shall be tested and documented in W certificate

3} other standards may be used if agreed upon with the Society prior to testing

Another point of deviation from BV is that DNV-GL, besides the minimum value of a property,
refers to the International Standard document of the test method, as you can see in Table 3.3.4
Polyester and vinyl ester products, cured not reinforced resin (DNV-GL) and Table 3.3.6
Testing of mechanical properties of the cured epoxy system (DNV-GL), which correspond with
rule 5.1.7 and 6.3.1, of the referenced section, respectively. Also, in terms of polyester and
vinyl ester resins, DNV-GL includes two grades of products and sets requirements of grade 1
polyester base gelcoats and topcoats in Table 3.3.5 Properties of gelcoat / topcoat (DNV-GL).
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5.1.7 Requirements for cured resin are given in Table 11 (see Table 3.3.4 Polyester and vinyl ester products,
cured not reinforced resin (DNV-GL) of this document). Comment: unless anything else is specified by the
manufacturer, the following curing procedure shall be used:

& standard MEKP (active oxygen 9.0 - 9.2%)

0 curing:24 hour s

0 post curing

at 23AcC

: 24 hours at B5O0AC.

Curing systems requiring high temperature may be approved after special consideration.*

Table 3.3. 4 Polyester and vinyl ester products, cured not reinforced resin (DNV-GL)** 5152, 53,5455

Property Test method ¥ Acceptance criteria %

Grade 1 Grade 2
Volumetric curing shrinkage ISO 3521 msv (%) msv (%)
Ultimate tensile strength 304) ISO 527-1,2 mean minimum 55 MPa mean minimum 45 MPa
Tensile modulus ¥ ISO 527-1,2 msv minimum 3000 MPa msv minimum 2700 MPa
Fracture elongation 4 ISO 527-1,2 mean minimum 2.5% mean minimum 1.5%
Ultimate flexural strength ISO 178 mean minimum 100 MPa mean minimum 80 MPa
Flexural modulus ISO 178 msv minimum 2700 MPa msv minimum 2700 MPa
Barcol hardness * *) EN 59 msv minimum 35 msv minimum 35
Heat deflection temperature ISO 75-1,2 mean minimum 70°C mean minimum 60°C
Water absorption 8 IS0 62 mean maximum 80 mg mean maximum 100 mg

1) other standards may be used if agreed upon with the Society prior to testing

2) — msv verified to be within £ 10% of m of type test results
— msmy verified to be below m - 2 sdev of type test results

3) test samples for tensile testing ISO 527-2/1B/50; test specimen 1B and test speed 50 mm/minute

4) unless otherwise agreed, these parameters shall be tested and documented in W certificate. Barcol hardness shall
be measured on each specimen and shall comply with manufacturer’s specified value

5) resin may deviate from these values, provided a minimum value of 30 is met and the manufacturer can demonstrate
adequate cure

6) test sample 50 x 50 x 4 mm (£ 1 x 1 x 0.2). Distilled water. Exposure time 28 days at 23°C. Resin may deviate
from these values, provided the water ageing properties are documented

Table 3.3. 5 Properties of gelcoat / topcoat (DNV-GL)5!
Property Test method n Acceptance criteria

Fracture elongation

150 527-1,2 2

Minimum 3.0%

Covering

Complete covering shall be achieved within a thickness of maximum 400 pm of cured resin

1)
2)

other standards may be

the procedure in [5.1.7]

used if agreed upon with the Society prior to testing

a test sample shall be made of base resin covered with 400 uym cured gel coat on each side and cured according to
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6.3.1 Requirements for cured resin are given in Table 16 (see Table 3.3.6 Testing of mechanical properties of

the cured epoxy system (DNV-GL) of this document). Unless otherwise agreed, the curing time and temperature

shall be:

87 days at 23AC (normally considered to be full curing)
8 curing procedures requiring higher temperature or longer time for full curing may be approved upon special
consideration

8 the manufacturer shall specify a curing procedure giving properties that can realistically be achieved at a

production site.*

Table 3.3. 6 Testing of mechanical properties of the cured epoxy system (DNV-GL)** 51,52, 54,55

2)

Property Test method Acceptance criteria %
Volumetric curing shrinkage I1SO 3521 msv %
Tensile strength * % ISO 527-1,2 mean min. 55 MPa
Tensile modulus > ISO 527-1,2 msv min. 2700 MPa
Fracture elongation %) [SO 527-1,2 mean min. 2.5 %
Ultimate flexural strength IS0 178 mean min. 100 MPa
Flexural modulus IS0 178 msv min. 2700 MPa
ﬂga_art deflection temperature, 1SO 75-1,2 mean min. 65 oc
Water absorption 6) IS0 62 mean max. 65 mg

1) the table applies to components A + B mixed and fully cured, see. 1SO 3673-2, Table 2
2) other standards may be agreed upon with the Society prior to testing
3) — msyv verified to be within + 10% of m of type test results
— msmv verified to be below m - 2 sdev of type test results
4) test samples for tensile testing IS0 527-2/1B/50; test specimen 1B and test speed 2 to 5 mm/min

5) unless otherwise agreed, these parameters shall be tested and documented in W certificate

6) test sample 50 x 50 x 4 mm (*+ 1 x 1 x 0.2). Distilled water. Exposure time 7 days at 23°C. Resin may deviate from
these values, provided the water ageing properties are documented

As regards polyester and vinyl ester resins containing other substances, DNV-GL proposes
a delamination test, in order for this quality to be acceptable, with Table 3.3.7 Interlaminar
strength of LSE resins, double cantilever beam test (DNV-GL) and the rule 5.1.8 of the previous
references section:

5.1.8 Resins containing waxes or other substances (like DCPD resins or blends of DCPD), which might lower
external adhesive capacity shall be subjected to the delamination test according to Table 12 (see Table 3.3.7
Interlaminar strength of LSE resins, double cantilever beam test (DNV-GL) of this document).

Preparation of test piece:

1) a primary laminate consisting of five (5) layers of 450 g/m? emulsion/powder bounded mat with excess polyester
in the upper surface. Curing procedure: 48 h at 23AC. The

2) a secondary laminate consisting of five (5) layers of 450 g/m? emulsion/powder bounded mat is built on the first
without any form of upper surface treatment. Curing procedure as selected in [5.1.7]. The fibre weight fraction shall
be 50% N 5 %.

Preparation of reference piece:

1) alaminate consisting of ten (10) layers of 450 g/m? emulsion/powder bounded mat. Curing procedure as
selected in [5.1.7].%
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Table 3.3. 7 Interlaminar strength of LSE resins, double cantilever beam test (DNV-GL)5%¢

Property u Test method % Acceptance criteria

Interlaminar fracture | ASTM D5528, Mode 1 * Minimum 80% of mean strength in reference piece

toughness, DCB The fracture shall not be a typical brittle fracture with smooth
surfaces.

1) shall be tested and documented in W certificate, unless otherwise agreed
2) other standards may be used if agreed upon with the Society prior to testing
3) double cantilever beam test with high loading rate

Further expanding on resins, DNV-GL adds requirements for fire retardant material that are
also missing from BV. DNV-GL suggests that under circumstances polyester, vinyl ester and
epoxy resins can be approved as fire retardant resins.

As in Rules for classification: Ships (October 2015) Pt. 2, Ch. 3, Sec. 2, polyester and vinyl
ester ought to comply with the requirements of grade 2, Table 3.3.2 Manuf acturer ds (!
control for polyester and vinyl ester in liquid condition (DNV-GL), Table 3.3.7 Interlaminar
strength of LSE resins, double cantilever beam test (DNV-GL) and Table 3.3.8 Combustibility
testing of fire retardant resins (DNV-GL) and as for epoxy resins, they shall comply with Table
3.3.3 Manufacturer's quality control for epoxy resins (DNV-GL), Table 3.3.6 Testing of
mechanical properties of the cured epoxy system (DNV-GL) and Table 3.3.9 Testing of fire
retardant epoxy system (solid material) (DNV-GL). Also, all of them should be in compliance
with the following:

The hull and canopy material shall be flame tested to determine its fire-retarding characteristics by placing a test
specimen in a flame. After removal from the flame the burning time and burning distance shall be measured and

shall be to the satisfaction of the administration (IMO Res. A.689(17) Part 1, 6.2.1) 4

Lastly, DNV-GL states for the polyester and vinyl ester products that fire retardant gel-coat
and topcoat shall be produced of base resin that fulfils the requirements of fire retardant resins
and shall be able to withstand long term exposure to weathering without any visible signs of
crazing, outwash of matter or significant colour change.

Table 3.3. 8 Combustibility testing of fire retardant resins (DNV-GL)>7: 58 59

Property Test method v Acceptance criteria
Combustibility 2 ASTM D2863 Oxygen index minimum 23
Fire retardant test 3 I1SO 5660-1, Cone calorimeter | Average ignition time > 40 s
method
Also ref. LSA Code, MSC/
Circ.1006
LSA Code, MSC/Circ.1006 Area of flame impingement shall not support combustion more

than 30 sec. after being removed from the burner

1) other standards may be used if agreed upon with the Society prior to testing
2) shall be tested and documented in W certificate, unless otherwise agreed
3) laminates to be prepared as per LSA Code, MSC/Circ.1006
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Table 3.3. 9 Testing of fire retardant epoxy system (solid material) (DNV-GL) 57:58.59

Property Test method Acceptance criteria

Combustibility 2 ASTM D2863 or equivalent standard Oxygen index min. 23

ISO 5660-1, Cone calorimeter method

Average ignition time > 40 s
Also ref. LSA Code, MSC/Circ.1006

Fire retardant test 2

Area of flame impingement shall not
LSA Code, MSC/Circ.1006 support combustion more than 30 s
after being removed from the burner

1) unless otherwise agreed, this parameters shall be tested and documented in W certificate
2) laminates to be prepared as per LSA Code, MSC/Circ. 1006

335 Ll oydds HReg)i ster

In Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch. 14 Sec.
2, LR rules on thermoplastic polymers, which are not part of BV, ABS or DNV-GL rules, can
be found along with thermosetting resins. In addition LR does not suggest rules and tests
based on the resin systems, but generally for thermoplastic and thermosetting resins. In the
latter phenolic resins and gel coats are included, also guideline 2.3.5 of the referenced section
corresponds to DNV-GL rule 5.1.8 that was discussed on Ch. 2 sub-section 3.3.4 Det Norske
Veritas - Germanischer Lloyd (Res.) of this document.

Firstly, LR indicates data and requirements, to be provided for approval with guidelines of
segments 2.2 and 2.3 of the referenced section for thermoplastic polymers and thermosetting
resins respectively. The guidelines of this sort are presented below:

2.2 Thermoplastic polymers

2.2.1 The following data is to be provided by the manufacturer for each thermoplastic polymer:
(a) Melting point.

(b) Melt flow index.

(c) Density.

(d) Bulk density.

(e) Filler content, where applicable.

(f) Pigment content, where applicable.

(g) Colour.t

2.2.2 Samples for testingl; are to be prepared by moulding or extrusion under the polymer manufacturer's
recommended conditions.

2.2.3 The following tests are to be carried out on these samples:
(a) Tensile stress at yield and break.

(b) Modulus of elasticity in tension.

(c) Tensile strain at yield and break.

(d) Compressive stress at yield and break.

(e) Compressive modulus.

(f) Temperature of deflection under load.

(g) Determination of water absorption.1
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2.3 Thermosetting resins

2.3.1 The data listed in Table 14.2.1 Data requirements for thermosetting resins (see Table 3.3.10 Data
requirements for thermosetting resins (LR) of this document) is to be provided by the manufacturer for each

thermosetting resin.t

2.3.2 Cast samples are to be prepared in accordance with the manufacturer's recommendations and are to be cured
and post-cured in a manner consistent with the intended use. The curing system used and the ratio of curing agent
(or catalyst) to resin are to be recorded. Where post-cure conditions equivalent to ambient-cure conditions apply,
see Ch 14, 3.2 Preparation of test samples 3.2.2 and Ch 14, 3.2 Preparation of test samples 3.2.3 (these segments

are not presented on this document).l

2.3.3 The following are to be determined using these samples:

(a) Tensile strength (stress at maximum load) and stress at break.

(b) Tensile strain at maximum load.

(c) Tensile secant modulus at 0,5 per cent and 0,25 per cent strain respectively.
(d) Temperature of deflection under load.

(e) Barcol hardness.

(f) Determination of water absorption.

(g9) Volume shrinkage after cure.
(h) Specific gravity of cast resin.t
2.3.4 In addition, for gel coat resins the stress at break and modulus of elasticity in flexure are to be determined.*

2.3.5 Where resins which have been modified by the addition of waxes or polymers, for exampl e 61 ow st yr en:
emissionorairi nhi bi tedé materials, it is to be confirmednat hat t he
adhesion when interruptions to the laminating process occur. The test procedure is to be as follows:

(a) A conventional room temperature curing catalyst/ accelerator system is to be used with the resin for laminate
preparation.

(b) A laminate of 25 to 35 per cent glass content in mass is to be prepared using two plies of 450 g/m2 chopped
strand mat.

The laminate is to be prepared at ambient lawedtoswmddotair e ( 18A
minimum of four days but no longer than 6 days at ambient temperature.

(c) A further two plies of 450 g/m2 chopped strand mat are to be laminated onto the exposed surface and cured at
ambient temperature for 24 hours. The finished laminate is thentobe post-c ur ed at 4 0. Chefrished1 6 hou
laminate is to have a glass content of 25 to 35 per cent.

(d) After cooling, the apparent interlaminar shear strength of the laminate is to be determined in accordance with

ISO 14130; the minimum value is given in Ch 14, 5.11 Minimum tested requirements for material approval 5.11.4.

Before testing the sampless hal | be conditioned at 23AC and relative humid
before testing.

(e) | f the tests are undertaken at t he r estvalnes aneaato bef act ur er
reported and the broken test specimens retained for examination by LR.

Alternative test procedures will be considered with prior agreement.l
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Table 3.3. 10 Data requirements for thermosetting resins (LR)

Data Type of resin
F’olyestef (See Note 3 for Epoxide Phenolic
vinylester)
Specific gravity of liquid resin required required required
Viscosity required required required
Gel time required required not applicable
Appearance required required required
Mineral content required required not applicable
(see Note 1) (see Note 2)
Volatile content required not applicable not applicable
Acid value required not applicable not applicable
Epoxide content not applicable required not applicable
Free phenal not applicable not applicable required
Free formaldehyde not applicable not applicable required
Note 1. This is to be the total filler in the system, including thixotrope, filler, pigments, etc. and is to be expressed in parts by
weight per hundred parts of pure resin.
Note 2. If the resin is pre-filled, the mineral content is required.
Note 3. Vinylesters are to be treated as equivalent to polyesters.

Alike DNV-GL, LR, in Rules for the Manufacture, Testing and Certification of Materials (July
2018) Ch. 14, Sec. 3, correlates the resin data requirements to be provided with the appropriate
International Standard. The two classification societies suggest similar tests, albeit with the
differentiation that LR indicates test on compressive properties and DNV-GL test on volumetric
curing shrinkage. Also on Ch. 14, sec. 5 LR provides minimum values of the properties.

Concerning thermoplastic and thermosetting resins, test methods for each material are
presented on Table 3.3.11 Tests for unreinforced thermoplastic resins (LR) and Table 3.3.12
Tests for unreinforced thermosetting resins (LR) respectively. Thermosetting resins when
tested accordingly, Table 3.3.13 Gel coat resins, minimum property values (LR) for gel coats
and Table 3.3.14 Laminating resins, minimum property values (LR) for laminating resins
provide their minimum property values.
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Table 3.3. 11 Tests for unreinforced thermoplastic resins (LR)5%: 52 55 54,60

Test Standard

Tensile properties 1SO 527-2 Test speed = 5 mm/min

Specimen 1A or 1B
Flexural properties IS0 178 Test speed = Thickness mmmin

2

Water absorption 1ISO 62 Method 1
Temperature of deflection under | I1SO 75-2 Method A
load
Compressive properties 1ISO 604 Test speed - as for ductile materials

Note 1. Water absorption - result to be expressed as miligrams.

MNote 2. Tensile modulus values are to be determined using an extensometer which may be removed for strain to failure.

Table 3.3. 12 Tests for unreinforced thermosetting resins (LR) 515255 54,60

Test Standard
Tensile properties 1ISO 627-2 Test speed = 5 mm/min
Specimen 1A or 1B
Flexural properties IS0 178 Test speed = Thickness rm/min
Water absorption ISO 62 Method 1
Temperature of deflection under load ISO 75-2 Method A
Compressive properties 1SO 604 Test speed = 1 mm/min

Note 1. ISO 62:2008 - where resins are intended for use under ambient conditions to avoid additional post-curing, the requirement in 130

62:2008 for pre-drying the test specimen at 50°C is to be omitted. The test result is to be expressed as mg of water.

Note 2. ISO 527-2:1993 - tensile properties are to be measured using extensometry.

Table 3.3. 13 Gel coat resins, minimum property values (LR)

Properties

Minimum value

Tensile strength (stress at maximum load)
Tensile stress at break

Tensile strain at maximum load

Modulus of elasticity in tension

Flexural strength (stress at maximum load)

Modulus of elasticity in flexure

40 N/mm?
40 N/mm?
2,5%

As measured
80 N/mm?

As measured

Barcol hardness

Water absorption

As measured at full cure

70 mg (max)
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Table 3.3. 14 Laminating resins, minimum property values (LR) for laminating resins (LR)

Properties Minimum value
Tensile strength (stress at maximum 40 N/mm?
load)
Tensile stress at break 40 N/mm?
Tensile strain at maximum load 2,0%
Modulus of elasticity in tension As measured
Barcol hardness As measured at full cure
Temperature of deflection under load 55°C
Note These minimum value are for the recommended glass content
by weight of 0,3.

3.3.6 Registro Italiano Navale (Res.)

RINA guidelines on resins has similar structure and guidelinesaswithL | oy ddés .TR@gi st er

present section points out only the discrepancies and similarities between the two.

The data of thermoplastic polymers and thermosetting resins required by RINA for approval
are exactly the same as LR and are presented in Rules for the Classification of Pleasure
Yachts (January 2019) Pt. D, Ch. 6, Sec. 2. The only difference is the rule 2.3.5 of LR about
resins which have been modified by the addition of waxes or polymers, which RINA does not
include and is presented in the previous sub section3.3. 5 Ll oydds Resi st

With regards to tests for unreinforced thermoplastic resins and cast thermosetting resins,
while LR presents them in a separate table with specific notation for each material, RINA in
Rules for the Classification of Pleasure Yachts (January 2019) Pt. D, Ch. 6, Sec. 3 give a
common table without further notes. As indicated by Table 3.3.15 Test standards on for
unreinforced thermoplastic resins and cast thermosetting resins (RINA) RINA suggests the
exact same ISO tests adding ASTM alternates.

Table 3.3. 15 Test standards on for unreinforced thermoplastic resins and cast thermosetting resins
(R|NA) 51, 52, 55, 54, 61

Test Standard
Tensile strength ISO 527-2 (speed =5
mm/1',specimen 1A or 1B)
Flexural strength ISO 178 (speed= /2 mm/1')
Water absorption SO 62 - Method 1, or ASTM
D 570
High temperature deflection ISO 75-2 Method A
Compressive properties I1SO 604
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In Rules for the Classification of Pleasure Yachts (January 2019) Pt. D, Ch. 6, Sec. 3, RINA
gives minimum property values on gel coat and laminating resins. On this occasion RINA does
not completely agree with LR, as there are some discrepancies on the properties and on the
corresponding values. However they agree on the minimum tensile strength of the material.
Data of RINA are presented on Table 3.3.16 Minimum property values of gel coat resins (RINA)
and Table 3.3.17 Minimum property values of laminating resins (RINA) below.

Table 3.3. 16 Minimum property values of gel coat resins (RINA)

Properties Standard
Tensile strength 40 N/mm?
Tensile strain >3,0%
Flexural strength 80 N/mm?
Water absoption <60 mg
High temperature deflection >60 °C

Table 3.3. 17 Minimum property values of laminating resins (RINA)

Properties Standard
Tensile strength 40 N/mm?
Tensile strain >2,5%
Flexural strength 70 N/mm?
Wiater absoption <60 mg
High temperature deflection >60 °C

3.3.7 Conclusion (Res.)

LR and RINA guidelines on resins, which are quite similar, seem to be the most complete,
being the only ones to provide rules on thermoplastic resins. However, DNV-GL wide and
analytical indications on thermosetting resin, as by regulating various grades and fire retardant
materials, should be underlined. ABS rules are a few and minimum property values, set by BV,
may be quite useful but are insufficient in contrast to the amount of information that the other
classification societies provide.

Section

3.4 Core Materials

3.4.1 General

The aim of a core material in a laminate is to increase the laminate stiffness by increasing
its thickness. The core material acts similar to the web of a beam, and so is basically subject
to shear forces.
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3.4.2 Bureau Veritas (CM)

Bureau Veritas provides the most complete guidelines considering core materials as it
includes ones for foam cores, wooden cores and honeycombs. The most common are PVC
(PolyVinyl Chloride) and PUR (polyurethane) foams and balsa wood cores. However, BV
includes guidelines also for SAN (Styrene Acrylo Nitrile), PMI (Polymethacrylimide) foams and
Red Cedar cores.

In Hull in Composite Materials and Plywood, Material Approval, Design Principles,
Construction and Survey (November 2018) Sec. 4, tables are given with the mechanical
characteristics of the above materials. The related guidelines of the referenced section are
presented below. Such rules are 4.2.2 on generally on foam cores, 4.3.2 on balsa wood, 4.3.3
on red cedar and 4.4.2 meta-aramid honeycombs.

4.2.2 Mechanical characteristics of foam cores

As a general rule, mechanical characteristics of the foam cores to be taken into account for sandwich calculations
are to be given by the manufacturer and/or are given by mechanical tests. Standard mechanical characteristics of
different types of foam cores in relation to their density are given in Tab 3 (See Table 3.4.1 Foams (BV) of this

document) , for information only. 3!
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Table 3.4. 1 Foams (BV)

) Modulus Poisson Breaking stresses
Faam Density Tensile Compression Shear coefhcient Tensile | Compression Shear
type () b E E; Gz, G, Gy Vi, Vo Gy Oz Gy, Oy Tiz, Tis o Tog
{Nfmm) (N/mm) N/} (Nmm®) | (Nfmm® | (Nimm®) (1)

50 21 18 8 0,36 0,7 0.3 03

60 79 28 T 0,31 0,9 0,4 05

70 37 18 14 0,27 1 0,6 0.7

g 80 44 49 18 0,25 1.3 0.7 0.8
= 90 52 59 2 0,24 1.4 0,9 1.0
£ 100 59 69 24 0,23 16 1,0 1.2
110 67 79 77 0,22 1.8 12 13

120 82 90 4 0,21 2,2 15 17

140 89 109 37 021 2,4 1,6 19

50 37 40 18 0,02 1.0 0,6 0.6

&0 7 51 2 0,05 1.4 0,8 0.8

70 57 61 77 0,07 1.8 1,1 1.0

80 67 75 3 0,08 2.2 1.4 1

g 90 78 88 36 0,09 2.5 17 13
= 100 55 102 40 0,10 2,9 1.9 15
= 110 98 116 44 011 3,3 2,2 16
I 130 118 145 53 0,12 3,9 1,8 2.0
= 140 129 161 57 0,12 43 3,0 2.2
170 159 209 71 0,13 5,2 3,8 2.7

190 180 743 79 0,13 5,8 44 3.0

200 190 260 84 0,13 6,1 a7 32

250 241 352 105 0,14 7.4 6,0 41

50 52 29 13 0,11 0,9 0,4 0,7

) 65 17 16 0,18 1.2 0,5 0.8

70 78 7 18 0,20 1.5 0,6 0,9

) 92 50 71 0,19 1,7 0,8 1.0

90 107 3 73 0,17 1.9 0,9 1

z 100 122 60 26 0,15 2,0 11 12
b 110 137 o4 79 0,12 2.2 12 13
130 168 71 34 0,06 2.5 1.6 15

140 154 74 36 0,03 2.6 1.8 16

170 234 a3 43 0,03 2,9 2,4 14

190 268 8 48 0,03 31 2,8 21

200 285 90 51 0,03 31 3,0 21

0 54 ) 1) 0,40 1.9 0,8 0.8

60 69 76 24 0,60 2,1 1,1 1.0

70 B4 94 28 0,60 2.3 1,5 12

80 101 12 33 0,70 2.6 1.9 15

3 90 119 132 39 0,70 2,9 23 1.8
= 100 137 152 45 070 312 27 A
110 155 173 52 0,60 3,6 3,2 24

130 195 217 71 0,50 45 42 1

140 215 219 &3 0,40 5,0 4.8 35

170 250 311 131 0,20 6,8 6,7 47

{1} Ty and Ty; are identical to, respectively, Ty and 7.

Maote 1: The values given in this Table are for general guidance only.

89




4.3.2 Balsa

The main mechanical characteristics of balsa are:
A high compression
wher e

A high stability
Balsa is available in a large range of densities and thicknesses. Where balsa with high density and thickness is

and

shear

strength
heated.

used, the grain may be transversely solicited by the global sandwich bending.

Standard mechanical characteristics of balsa core materials, in relation to their density, are given in Tab 4 (See

Table 3.4.2 Balsa (BV) of this document) for information.

Table 3.4. 2 Balsa (BV)

i o Density (kg/m?)
Main characteristics
80 96 112 128 144 160 176 192 240
H 2
Young.moldull (N/mm?), parallel to 23 13 42 51 61 71 80 a9 116
sandwich in-plane E, , E,
2
Young modulus (Nfmm?), normalto |y o5 | 5145 | 2768 | 3460 | 4083 | 4706 | 5328 | 5882 | 7750
sandwich in-plane E,
Sh duli (N/mm? | t
ear moduli (N/mm?), normal to 57 80 103 127 150 174 197 218 286
sandwich in-plane G, , G,,
2
Shear modulus (N/mm), parallel to 40 55 70 90 105 120 140 150 200
sandwich in-plane G,
Paisson coefficients
s 0,015 | 0,015 | 0,015 | 0,015 | 0,015 | 0,015 | 0,015 | 0,015 | 0,015
125 V21
T H 2
Breaking compression (N/mm?) 3,53 5,12 5,95 8,17 9,60 | 11,35 | 12,80 | 14,32 | 18,96
normal to sandwich in-plane o,
T H 2
Breaking tensile (N/mm?), parallelto | 00 | 54 | 040 | 051 | 056 | 064 | 069 | 078 | 1,00
sandwich in-plane o, , G,
H H 2
Breaking compression (N/mm?), 0,48 0,58 0,71 0,87 0,95 1,10 1,17 1,33 1,70
parallel to sandwich in-plane o, , o,
Breaking shear (N/mm?), through
sandhwich thickness T, , 1, (1) 0,94 1,10 1,33 1,62 1,73 1,93 2,05 2,33 2,93
T 2
Breaklr}g shear (N/mm?), parallel to 0,7 0,9 12 15 18 20 23 25 34
sandwich in-plane 1y,
(1) Breaking shear stresses 1, and 1y, are identical to, respectively, ;5 and 1,.
Note 1: The values given in this Table are for general guidance only.
4.3.3 Red cedar
Red cedar is generally used intypicalc onst ructi on, named fAstrip plankingo.

the sandwich plane, the cedar is also participating to bending stress located perpendicular to the cedar grain where

its resistance is weaker.

The main mechanical characteristics of different types of red cedar are given in Tab 5
(See Table 3.4.3 Red Cedar (BV) of this document), for information. 3!
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Table 3.4. 3 Red Cedar (BV)

Main characteristics Density (kg/m’

0,33 0,40 0,46
Young modulus (N/mm?), parallel to grain E, 7160 8730 10000
Young moduli (N/mm?), perpendicular to grain E; , E; 310 440 560
Shear modulus (N/mm?) G, 620 710 775
Shear modulus (N/mm?) G,, 110 160 200
Shear modulus (N/mm?) G, 580 720 850
Poisson coefficient vy, 0,48 0,47 0,47
Poisson coefficient v, 0,02 0,02 0,03
Breaking tensile (N/mm?), parallel to grain direction o, 50 60 70
Breaking tensile (N/mm?), perpendicular to grain direction o, 2 2 2
Breaking compression (N/mm?), parallel to grain direction o, 28 34 39
Breaking compression (N/mm?), perpendicular to grain direction o, 4 5 7
Breaking shear (N/mm?) ty5, 113 (1) 7 8 9
Breaking shear (N/mm?) 1,3 (1) 8 10 11
(1)  Breaking shear stresses 1., and 1 are identical to, respectively, 1,3 and Tos.
Note 1: The values given in this Table are for general guidance only.

4.4.2 Thermoplastic honeycombs

The most common polymers used for thermoplastic honeycombs are polyethylen, polycarbonate and
polypropylene.

As a general rule, these thermoplastic honeycomb cores have relatively low stiffness and mechanical characteristics
and are difficult to bond with the sandwich skins.

The cell shape may be diverse due to the fact that these honeycomb cores are obtained by extrusion process. The
use of thermoplastic honeycombs is submitted to a special examination on a case-by-case basis due to the
important diversity of these cores and their temperature sensitiveness. Special examination is mainly carried out
through mechanical tests to estimate the interface and shear resistance of the core in a sandwich construction (see

Sec 11). 3

4.4.3 Meta-aramid honeycombs
The meta-aramid honeycomb cores are obtained from an aramid paper, dipped in resin system. Standard

mechanical characteristics of meta-aramid honeycombs in relation to their density, cell size, and thickness are given

in Tab 6 (See Table 3.4.4 Meta-aramid honeycombs (BV) of this document) for information. 31
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Table 3.4. 4 Meta-aramid honeycombs (BV)

Density Hexagonal
e/ dﬁ]re“crtllzﬁ) cliErzeggoLn; Gz G O e v dir:e?ti(g:nLu) di:éét(ilonn\;\ii)
48 13,0 16 3,0 37 25 0,82 0,82 1,2 0,70
50 13,6 17 3,3 39 26 0,82 0,82 1,3 0,75
56 14,0 18 4,1 46 30 0,82 0,82 1,5 0,85
64 17,0 20 5,0 59 38 0,82 0,82 1,8 1,00
96 21,0 27 6,0 87 57 0,82 0,82 3,0 1,70
Density . A Rectangular _ .
g/ dﬁlé!:?.lﬁ ) d:grzetc[tr: oLn} Cua Gra Cas Y | drecion )L(1 ) di:;f:t(ilgn\;\in
48 105 12,5 1,5 19,0 36,0 0,263 0,263 0,75 0,80
50 108 12,8 1,6 19,5 37,0 0,263 0,263 0,80 0,85
56 114 13,0 1,9 21,0 40,0 0,263 0,263 0,95 0,90
64 135 13,5 2,1 23,5 43,5 0,263 0,263 1,10 1,00
96 180 15,5 3.3 31,0 58,0 0,263 0,263 1,90 1,50
(1)  Breaking shear stresses T, and 7, are identical to, respectively, 1,3 and t,;.
Note 1: The values given in this Table are for general guidance only. The mechanical characteristics given by the supplier and taking
into account the cell size and paper thickness of the honeycombs are to be taken into account for rules calculations.

3.4.3 American Bureau of Shipping (CM)

American Bureau of Shipping give guidelines on a small variety of materials compared to
BV. Rule for Materials and Welding (January 2018) Ch. 6 Sec. 1 contains guidelines on PVC,
cross-linked and linear, and balsa wood. Nevertheless ABS may accept different core
materials after special consideration as it is made clear in segment five (5 Core Materials) of
the referenced section, which is presented below.

Properties of the materials are presented in Table 3.4.5 Properties of Core Materials (ABS).
In addition ABS suggest test ASTM C273 to determine the shear strength and modulus.

Table 3.4. 5 Properties of Core Materials (ABS)

Density Minimum Shear Strength

Material kg/m? Ib/fF N/mm? kgf/mm’ psi
Balsa, end-grain 104 6.5 1.6 M 0.16 1 225 M)
Balsa, end-grain 144 9 25M 0.25M 360 (D
PVC, crosslinked 180 5 0.9 0.09 122
PVC, crosslinked 100 6.25 1.4 0.14 200
PVC, linear @ 80-96 5-6 1.2 0.12 170

Notes:
1 These values are for Ecuadorian balsa.
2 Caution is fo be taken when linear PVC cores are used in areas that are

susceptible to high temperatures because of their low heat distortion
temperature.

92



3.4.4 Det Norske Veritas - Germanischer Lloyd (CM)

In Rules for classification: Ships (October 2015) Pt. 2, Ch. 3, Sec. 2, DNV-GL propose test
methods and presents general requirements that consider most grades of closed cell polymeric
foams and end grain balsa core. But, as it is stated in the rulebook i F o r
particular composition or structure, e.g. honeycombs, other/additional requirements may be

core

i nt r o dpuobablygalter a special agreement with the classification society.

As for closed cell polymeric foam and end grain balsa wood cores, each property is related
to the appropriate International Standard as they presented in Table 3.4.6 General
requirements for all core materials (Made of Closed Cell Foam) (DNV-GL) and Table 3.4.7

Requirements for balsa wood core materials (DNV-GL), respectively.

Table 3.4. 6 General requirements for all core materials (Made of Closed Cell Foam) (DNV-GL) 62 63, 64, 65,66,
67

Water absorption

Duration: 1 week in salt
water (DIN 50905} at 40°C

Property Test method Acceptance criteria
Density for materials
with sdev/mean < 5% 2 i
IS0 845 msmy in kg/m
Density for materials
with sdev/mean > 5%
IS0 2896

1.5 kg/m2

Tensile - strength

m - 2 sdev > 1.6 msmv
shear strength in MPa

shear - strength

ASTM C297
Tensile - modulus mean > 1.7 msv shear modulus in MPa
- > 1.
Compressive - strength m - 2 sdev > 1 0 msmy
ISO 844 shear strength in MPa
Compressive - modulus mean > 2.5 msv shear modulus in MPa
Block shear - strength 2) msmyv > 0.4 MPa
Block shear - modulus 2 IS0 1922 msv > 9 MPa
Block shear - elongation msmv
Four point bend ASTM C393 =10% of msmv shear strength

Heat resistance - strength

Heat resistance - modulus

Conditioned to heat resistance
temperature, then ASTM C393

all values > 80% of msmv shear strength

mean > 80% of msv shear modulus

Water resistance - strength

Water resistance - medulus

Conditicning: 4 weeks in
salt water (DIN 50905)
at 40°C, then ASTM C393

all values > 80% of msmv shear strength

mean > 80% of msv shear modulus

1) other standards may be used if agreed upon with the Society prior to testing
2) unless otherwise agreed, these parameters shall be tested and documented in W certificate
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Table 3.4. 7 Requirements for balsa wood core materials (DNV-GL)

Property Test method Acceptance criteria
Raw density DIN 5218, 3 samples min. 96 kg/m3
Moisture content ISO 3130, 3 samples 12 £ 2%.

Compressive strength II, #

DIN 5218, 6 samples

II, min. 5.0 MPa
#, min. 0.4 MPa

Modulus of elasticity II, #

DIN 5218, 6 samples

11, min. 2275 MPa
#, min. 35 MPa

Shear strength

DIN 5329, 6 samples

min. 1.1 MPa

Shear modulus

DIN 5329, 6 samples

min. 105 MPa

II is parallel to the grain, and
# is perpendicular to the grain of the wood

1) other standards may be used if agreed upon with the Society prior to testing

* unless otherwise agreed, these shall be tested and documented in W certificate.

345 Ll oydbés Register

LR provides rules on several types of core materials such as end-grain balsa, rigid foams

(CM)

(PUR, PVC etc.) and synthetic felt type materials with or without microspheres.

In Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch. 14 Sec.
2, LR determines the data to be provided generally for core materials with rule 2.7.1. Additional
requirements for rigid foams are given with rule 2.9.4 and for synthetic felt type materials are
given with rules 2.10.1 and 2.10.3 of the previous referenced section. These rules are

presented below:

2.7.1 General requirements. The following data is to be provided for each type of core material:

(a) Type of material.
(b) Density.

(c) Description (block, scrim mounted, grooved).

(d) Thickness and tolerance.

(e) Sheet/block dimensions.

(f) Surface treatment.t

2.9.4 The following test data is to be submitted for each type of foam:

(a) Density.

(b) Tensile strength (stress at maximum load).

(c) Tensile modulus of elasticity.

(d) Compressive strength (stress at maximum load).

(e) Compressive modulus of elasticity.

2.10.1 For materials of this type, the following data is required in addition to the requirements 2.7.1:

(a) Fibre type.
(b) Width.
(c) Width of finished material.
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(d) Weight per unit area of the manufactured material.
(e) Weight per linear metre of the manufactured material.
() Compatibility.

(g9) Details of the method of combining.1

2.10.3 The following properties are to be determined:

(a) Tensile strength (stress at maximum load).

(b) Tensile strain at break.

(c) Modulus of elasticity in tension or secant modulus at 0,25 per cent and 0,5 per cent strain.
(d) Compressive strength (stress at maximum load).

(e) Compressive modulus.

(f) Flexural strength (stress at maximum load).

(9) Modulus of elasticity in flexure.

(h) Fibre content.

(i) Water absorption.t

Furthermore, like DNV-GL, LR provides a table with test methods that correspond to
properties, in Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch.
14 Sec. 3. Data of this table are presented on Table 3.4.8 Test on end-grain balsa (LR).

The referenced section contains also supplementary rules on testing of the material, with
rules 3.8.1, 3.8.3, 3.8.4 and 3.8.5, which are also presented below. In this rules is indicated
that rigid foams and synthetic felt type materials shall be tested according with the
requirements of Table 3.4.8 Test on end-grain balsa (LR). Also, in terms of synthetic felt type
materials, it is suggested that similar tests of laminate specimens, which are presented in the
following 3.5 Laminates section, are to be conducted.

3.8.1 Initially, the core shear strength and modulus are to be determined by ISO 1922 or ASTM C273/C273M. Test
sandwich panels are then to be prepared and subjected to four-point flexural tests to determine the apparent shear
properties according to
(&) ASTM C393/C393M (short beam) at two representative thicknesses (i.e. 15 mm and 30 mm). Testing is
to be carried out at ambientt e mper at ure and at 70AC. The following regq
(b) Each skin is to be identical and have a thickness not greater than 21 per cent of the nominal core thickness.
For hand laid constructions, each skin is to comprise a lightweight chopped strand mat reinforcement (300
g/m2) consolidated at a glass content, by weight, of 0,3 against the core, plus the required number of
woven reinforcements consolidated, using an isophthalic polyester resin, to give a minimum glass content,
by weight, of 0,5.
(c) The method of construction of the sandwich laminate is to reflect the core material manufacturer's
instructions for use, i.e. application of bonding paste, surface primer or any other recommended system.
(d) Where vacuum bagging techniques or equivalent systems are used, these will be subject to individual
consideration.
(e) Allresins and reinforcements are to hold current LR approval.
(f) Curing conditions are to be in accordance with Ch 14, 3.2 Preparation of test samples 3.2.3 and Ch 14,
3.2 Preparation of test samples 3.2.4 (these segments are not presented in this document).
() (f) The dimensions of the test samples should be based on the requirements of ASTM C393 Paragraph
5.1, and the ratio parameters as indicated in ASTM C393 Paragraph 5.2, using a proportional limit stress

(F) for the woven roving skins of 130 N/mm?2 and a span (a 2) of not less than 400 mm.*
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3.8.3 The following requirements apply to end-grain balsa:

@)

(b)
(©

The data requirements of 2.7.1 are to be provided, where applicable, according to suitable National or
International Standards.

The balsa is to be tested according to the requirements of 3.8.1.

The test methods for balsa are given in Table 14.3.4 Tests on end-grain balsa (see Table 3.4.8 Test on

end-grain balsa (LR) of this document).1

Table 3.4. 8 Test on end-grain balsa (LR)5% 64 6566

Test Standard

Density ISO 845
Tensile properties ASTM C297/C297M

Test speed = w mim/min
Comprassive ISO 844
properties

Test speed = W mim/min
Shear properties SO 1922

Test speed = 1 mm/min

3.8.4 The following requirements apply to rigid foams:

@)

(b)
(©

The data requirements of 2.7.1 are to be provided in accordance with a suitable National or International
Standard.

The foam is to be tested according to the requirements of 3.8.1.

The test methods for rigid foams are to be in accordance with Table 14.3.4 Tests on end-grain balsa (see

Table 3.4.8 Test on end-grain balsa (LR) of this document).

3.8.5 The following requirements apply to synthetic felt type materials:

(@)

(b)
o)

0
0

(©)
(d)

The data requirements of 2.10.1 are to be provided according to suitable National or International
Standards.

The material is to be tested according to the requirements 3.8.1, with the following modifications:

The core of the laminate test sandwich panel is to be prepared with a fibre content as recommended by
the manufacturer.

The felt fibre/resin ratio is to be stated.

The required test thicknesses of the cores are to be changed from 30 mm and 15 mm to 12 mm and 6 mm
respectively.

The prepared laminate of the base material is to be of minimum thickness 3,5 mm with a minimum of three
layers.

The specified tests on the laminate (see 2.10.3) are to be conducted according to the requirements of

Table 14.3.3 Tests on laminate specimens ( see Table 3.5. 14 Tests on laminate specimens (LR) of
this document)l

Lastly in Rules for the Manufacture, Testing and Certification of Materials (July 2018) Ch. 14
Sec. 5 tables with minimum mechanical characteristics of certain core materials of PUR, PVC
and end grain balsa, data of which are presented in Table 3.4.9 Minimum characteristics and

mechani cal properties of ri giaml Table .40 dManichumf o a ms
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characteristics and mechanical properties of end-grain balsa (LR). At the same section though
it is stated that other types of foam will be subjected to individual consideration and that a
minimum core shear strength of 0,5 N/mm? is to be achieved.

Table 3.4. 9 Minimum characteristics and mechanical proper t i es of rigid expanded
Material Apparent density Strength (stress at maximum load) (N/mm?2) Modulus of elasticity (N/mm?)
kg/m? 2 ) .
Tensile Compressive Shear Compressive Shear
Polyurethane 96 0,85 0,60 0,50 17,20 8,50
Polyvinylchloride 60

Table 3.4. 10 Minimum characteristics and mechanical properties of end-grain balsa (LR)

Apparent Strength (stress at maximum load) (N/mm?2) Compressive modulus of Shear
density c . Tonsil elasticity (N/mm?) modulus of
(ka/m) ompressive ensile clasticity

Direction of stress Direction of stress {(N/mm?)
Shear
Parallel to Permpendicular Parallel to Perpendicular to Parallel to Perpendicular to
grain to grain grain grain grain grain
96 50 0,35 9,00 0,44 1,10 2300 35,2 105
144 10,6 0,57 14,6 0,70 1,64 3900 67,8 129
176 12,8 0,68 20,5 0,80 2,00 5300 89,6 145

3.4.6 Registro Italiano Navale (CM)

RI NAds r ul e asmarealmostddenticalttoel R.iA major difference though, is that
RINA excludes the rules on synthetic felt type materials. In Rules for the Classification of
Pleasure Yachts (January 2019) Pt. D, Ch. 6, Sec. 2 the data to be provided are determined,
which are same as LR indicates and are not presented here presented, s ee 3. 4.
Register (CM). Likewise in Rules for the Classification of Pleasure Yachts (January 2019) Pt.
D, Ch. 6, Sec. 3, RINA describes the test methods and suggests the International Standard to
be followed, which are also identical to LR and are not presented either.

One point of deviation from LR that presents interest is that RINA gives rigid foams minimum
values of mechanical properties (compressive and shear strength and corresponding moduli
of elasticity) in the form of figures. These figures are Figure 3.4.1 Compressive Properties of
PVC type expanded foam plastics (RINA), Figure 3.4.2 Shear Properties of PVC type
expanded foam plastics (RINA), Figure 3.4.3 Compressive Properties of PUR type expanded
foam plastics (RINA) and Figure 3.4.4 Shear Properties of PUR type expanded foam plastics
(RINA) and are presented below.

Last |l y, notihgdhat RiNA aldo provides Table 3.4.11 Mechanical properties of balsa
wood (RINA) which is similar to Table 3.4.10 Minimum characteristics and mechanical
properties of end-grain balsa (LR), but with some discrepancies on the values of compressive
modulus at direction parallel to fibres.
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Table 3.4. 11 Mechanical properties of balsa wood (RINA)

Ultimate strength (N/mm?) Compressive modulus Shear
. Compressive Tensile o modu-
Density L Stress direction lusof
(kg/m?) Stress direction Shear elastic-
Parallel to Perpendicu- Parallel to Perpendicu- Parallel to Perpendicu- ity
fibres lar to fibres fibres lar to fibres fibres lar to fibres | (N/mm?)

96 5,00 0,35 9,00 0,44 1,10 22,75 35,20 105
144 10,6 0,57 14,6 0,70 1,64 39,00 67,8 129
175 12,80 0,65 20,60 0,80 2,10 52,90 98,60 145

3.0 /,/

2.0 d

L~
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(N/mm?) L~
1.0 //
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30 50 70 90 110 130
Density (kg/m=>)
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160 ///
L~ “
. 120 W
Compressive L~
modulus of /
elasticit e
N/mmd)  eo ]
40 /
0
30 50 70 90 110 130

Density (kg/m?)

Figure 3.4. 1 Compressive Properties of PVC type expanded foam plastics (RINA)
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Figure 3.4. 2 Shear Properties of PVC type expanded foam plastics (RINA)
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Figure 3.4. 3 Compressive Properties of PUR type expanded foam plastics (RINA)
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Figure 3.4. 4 Compressive Properties of PUR type expanded foam plastics (RINA)

3.4.7 Conclusion (CM)

L R6 a n d rulRrs dd Aore material are the most analytic and precise on the requirements
needed for approval, regulating various types of products and proposing appropriate test
standards to be conducted. DNV-GL rules presents similar attributes but the small variety of
products immediately regulated makes them inferior to LR and RINA. On the other hand, BV
may not indicate the test methods to be conducted, but includes the most core materials than
any other classification society, also specifying their minimum characteristics for various
densities.
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Section

3.5 Laminates

3.5.1 General (L)

A composite laminate is a combination of fibrous composite materials (fibers in a matrix) that
are bonded together layer by layer to obtain the required engineering properties, such as
bending stiffness, strength, and in-plane stiffness.

3.5.2 Bureau Veritas (L)

In order to determine mechanical characteristics of an individual laminate, BV provides a
methodology that consists of analytical calculations taking into account the type of raw
materials, the fibre/resin mix ratio and the type of stress in relation to the reinforcement
orientation.

The Hull in Composite Materials and Plywood, Material Approval, Design Principles,
Construction and Survey (November 2018) Sec. 4 deals with the methodology to determine
the theoretical breaking stresses of the individual layers. Firstly, specifications on resin/fibre
mix ratios are to be made, which express the amount of fibres and/or resins in an individual
layer, usually determined by the shipyard.

However BV presents common values of contents in mass and in volume of fibres, 0 ®w¢& @
respectively, which are presented in Table 3.5.1 Resin/fibre mix ratios (in %) (BV). The
corresponding resin values can be calculated by subtracting the fibre values from a unit.

Table 3.5. 1 Resin/fibre mix ratios (in %) (BV).

M
Laminating process Vi :
Glass Carbon Para-aramid
CSMm from 15 to 20 from 25 to 35
Hand lay-up WR from 25 to 40 from 40 to 60 from 35 to 50 from 30 to 45
ubD from 40 to 50 from 60 to 70 from 50 to 60 from 45 to 55
CSM 20 30
Infusion 55 50
WR or UD 45 60
Pre-pregs from 55 to 60 from 60 to 70 from 65 to 70 from 60 to 65

In the sequence of the methodology, elastic coefficients of individual layers are calculated.
In these calculations, whatever is the type of reinforcement making up of the individual layer
is (CSM, WR or UD), the first step of the methodology demands the estimation of the elastic
coefficients of an equivalent unidirectional (UD). The elastic coefficients of a woven roving
(WR) or a chopped strand mat (CSM) are calculated on the basis of the elastic coefficients of
the equivalent UD.
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Finally the theoretical individual layer breaking stresses are calculated based on the elastic
coefficients, a resin system coefficient and theoretical breaking strains. The resin system
coefficient is a factor of breaking stress and can take the value of 0,8, 0,9 and 1 for polyester,
vinylester and epoxy respectively, indicating that epoxy resin system may withstand higher

stresses.

The theoretical breaking strains are given in Table 3.5.2 Theoretical breaking strains, in %
(BV) and their definitions in Figure 3.5.1 Definitions of theoretical breaking strains in % (BV),
as in Hull in Composite Materials and Plywood, Material Approval, Design Principles,
Construction and Survey (November 2018) Sec. 4, by BV.

Table 3.5. 2 Theoretical breaking strains, in % (BV)

Suai Reinforcement fibre type
rains
E Glass R Glass HS Carbon | IM Carbon | HM Carbon | Para-aramid
Ehrt1 2,70 3,10 1,20 1,15 0,70 1,70
Tensile
2 b 0,53 0,44 1,00 0,80 0,50 0,80
g Ehrel 1,80 1,80 0,85 0,65 0,45 0,35
+ | Compression
g hrca 1,55 1,10 2,30 2,30 2,10 2,00
g Yri2 1,80 1,50 1,60 1,70 1,80 2,00
Shear Yor13, Vbl 2 1,80 1,50 1,60 1,70 1,80 2,00
Vor23, YbriL 1 2,50 1,80 1,90 1,85 1,80 2,90
o Ehrt] 1,80 2,30 1,00 0,80 0,45 1,40
< Tensile
S . Ehri2 1,80 2,30 1,00 0,80 0,45 1,40
5 £ hre 1,80 2,50 0,85 0,80 0,50 0,42
= & | Compression
é c Ehrea 1,80 2,50 0,85 0,80 0,50 0,42
g § Yort2 1,50 1,50 1,55 1,60 1,85 2,30
£ Shear Yor1a Yotz | 1,80 1,80 1,55 1,60 1,85 2,90
= Vor23, YbriL1 1,80 1,80 1,55 1,60 1,85 2,90
Ebrt] 1,55 NA NA NA NA NA
| Tensile
5 St 1,55 NA NA NA NA NA
T Ehrel 1,55 NA NA NA NA NA
© | Compression
5 Ehrea 1,55 NA NA NA NA NA
?: Yor12 2,00 NA NA NA NA NA
9]
-LC) Shear Tbr13, YbriL2 2,15 NA NA NA NA NA
Ybl'23, YhriL1 2,1 5 NA NA NA NA NA
Note 1:
NA = Not applicable.
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€prt1, Ebrc1: | heoretical breaking strains, in %, respectively

in tensile and in compression, of an individual
layer in direction 1 of its local coordinate system

€hrt2, Ephrea: | heoretical breaking strains, in %, respectively
in tensile and in compression, of an individual
layer in direction 2 of its local coordinate system

Ybr1?2 :  Theoretical in-plane breaking shear strain, in %,
of an individual layer

YbriL . Theoretical interlaminar breaking shear strain,
in %, of an individual layer

Figure 3.5. 1 Definitions of theoretical breaking strains in % (BV)

3.5.3 American Bureau of Shipping (L)

ABS provides indications on the mechanical properties to be determined and gives
International Standard tests that associated with laminate properties. In addition, in Rules for
Materials and Welding (2018) Ch. 6 Sec. 1 it gives the average mechanical properties for
various laminating materials, which are presented on Table 3.5.4 Laminate properties (ABS).
These values are minimum for hand lay-up construction and are to be used for guidance only.

Specifically for uni-directional rovings, ABS gives table with the ratios of the verified minimum
laminate strengths in the fill direction to those in the warp direction that have to be maintained
in order to prevent laminate failure in any direction. The ratios are given in Table 3.5.3 Uni-
directional laminates strength ratios (ABS).

Table 3.5. 3 Uni-directional laminates strength ratios (ABS)

Member Fill Strength/Warp Strength
Panel, aspect ratio = 1.0 0.80
Panel. aspect ratio = 2.0 0.61
Stiffening member 0.25
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Table 3.5. 4 Laminate properties (ABS)

Basic a
Laminate Glass Kevlar Carbon
N/mm? N/mm? N/mm? N/mm?
Flexural Strength, F 172 450 230 500
Flexural Modulus, Er 7580 18000 22000 43800
Tensile Strength, 7 124 337 386 425
Tensile Modulus, E; 6890 18800 22700 43800
Compressive Strength, C 117 299 142 284
Compressive Modulus, E¢ 6890 18000 22500 43700

An interesting entry in ABS Rules for Materials and Welding (2018) Ch. 6 Sec. 1 is an
equation for calculating the average cured laminate thickness for mat or woven rovings having
gl ass content di fferent t han basi c | ami nat ed s,
designer. Basic laminate, defined by ABS, as a laminate consists of an unsaturated general-
purpose polyester resin and alternate plies of E-glass, fiberglass mat and fiberglass-woven
roving fabricated by the contact or hand lay-up process. The minimum glass content of this
laminate is 35% by weight. The equation is presented below:

wQomvu o 0 ¢
— wWwaao
w Q G
Where,
k = 0,35mm
"Q = (glass content, percentage by weight, of one ply of the mat and one ply of the woven-roving of the
laminate to be used
@ = glass content per pair of composite fiberglass reinforcement of basic laminate
=1272 "(Ja&
W = total weight of fiberglass reinforcement of the laminate in "Qfé , of the laminate thickness, t

As it was mentioned, in Rules for Materials and Welding (2018) Ch. 6 Sec. 2 mechanical
tests that are used to specify laminate properties are presented. These data are given in Table
3.5.5 Tests for Physical Properties of FRP Laminates (ABS).
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Table 3.5. 5 Tests for Physical Properties of FRP Laminates (ABS)%8 52, 69.70.71,72,73,74,75

Type of Laminate Properties Test
Single Skin Flexural Strength and Modulus ASTM D790 or D790M or ISO 178
Single Skin Shear Strength, perpendicular and ASTM D732 85
parallel to Warp
Single Skin and Sandwich Glass Content and Ply-by-Ply Analysis | ASTM D2584 or ISO 1172
Single Skin and Sandwich — Both Skins | Compressive Strength and Modulus | ASTM D695 or D695M or ISO 604
Single Skin and Sandwich — Both Skins | Tensile Strength and Modulus ASTM D3039 or D638 or D638M or
IS0 3268
Single Skin and Sandwich — Both Skins | Interlaminar Shear Strength ASTM D3846
Sandwich — Core to Skin Bondline Flatwise Tensile Test ASTM C297
Sandwich — Core Material Shear Strength and Modulus ASTM C273

3.5.4 Det Norske Veritas - Germanischer Lloyd (L)

On this particular matter DNV-GL does not dispose a section or segment for delivering the
rules on laminates, rather in Rules for classification: Ships (October 2015) Pt. 2, Ch. 3, Sec. 2
prescribes rules on laminates in the reinforcement segment. As a result DNV-GL gives rules
on laminates containing glass, carbon and aramid reinforcement in different tables.

Alike DNV-GL reinforcement rules, which are presented in segment 3.2.4 Det Norske Veritas
- Germanischer Lloyd (R), laminate rules designate the properties to be determined and relate
them to the corresponding International Standard. Requirements for glass fibre products are
given in Table 3.5.6 Laminate with glass fibre reinforcements (DNV-GL), where it shall be
noticed that requirements on compressive properties are missing.

Table 3.5. 6 Laminate with glass fibre reinforcements (DNV-GL)76 5!

Property Testmethod 1) Acceptance criteria
Interlaminar shear strengt _ o . L. .
(ILSS), ShoBeam Test 3) ISO 14130 YIydzfFl OGdzZNBENRa alLlSd
Tensié strength
of laminate 2, 3) . . . .
ISO 5271,4,5 To be agreed with the Society prior to testing

Tensile modulus
Tensile elongation 2)

1) other standards may be used if agreed upon with the Society prior to testing
2) unless otherwise agreed, these parameters shall be tested and documented in W certificate
3) fibre volume content according to ISO 1172 ofdctual laminate to be tested and reported

Concerning carbon fibre reinforced laminates, requirements are presented in Table 3.5.7
Laminates with carbon fibre reinforcements (DNV-GL), followed by Table 3.5.8 Acceptance
criteria of laminates with carbon fibre reinforcements (DNV-GL) that presents various
acceptance criteria based on fabrics that are used (UD, Biaxial, etc.).
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Table 3.5. 7 Laminates with carbon fibre reinforcements (DNV-GL) 51.77. 78

Property Test method ¥ Acceptance criteria
Tensile
— strength 1SO 527-1
— modulus ISO 527-4 (specimen type 3)
— elongation ISO 527-5 (specimen type A)
Compressive
According to Table 7
— strength
— modulus ISO 14126 (method 1, specimen type A 2))

— failure strain

Flexural

— strength I1SO 14125 (method A)

Fibre volume content DIN EN 2564 50% £ 5

1) other standards may be agreed upon with the Society prior to testing
2) reduction of the free buckling length to 8 mm £ 0.25 mm is allowed

(For Table 7 see following Table 3.5.8 Acceptance criteria of laminates with carbon fibre reinforcements (DNV-GL)
of this document)

Table 3.5. 8 Acceptance criteria of laminates with carbon fibre reinforcements (DNV-GL)

Similar requirements are given for laminates with aramid reinforcement in Table 3.5.9
Interlaminar shear strength of laminates with aramid reinforcements (DNV-GL) and Table
3.5.10 Laminates with aramid reinforcements (DNV-GL), as the 1SO-standards that are
suggested are the same. However in Table 3.5.10 Laminates with aramid reinforcements
(DNV-GL) acceptance criteria for stitched and woven rovings are presented, which were not
part of the previous two materials (laminate with glass and carbon reinforcements).
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