


3.4. Design Manual Organization

The remainder of this design guide is organized into the
following sections:

Section 1 describes aluminum and aluminum alloys. It
lists common alloying elements and describes the
affect(s) of their addition to an alloy. Section 1 also
details the designation systems for wrought and cast
aluminum and aluminum alloys.

Section 5 includes information about each of the
different manufacturing processes used to produce
aluminum components. Each subsection describes the
process and lists design considerations and how they
factor into the design process.

Section 1 describes the multiple methods of assembling
aluminum structures. Also, included is information
about joining aluminum components and structures to
components and structures composed of other
materials.

Section 1 begins the second half of the guide in which
the information in the previous sections is applied to the
process of designing and constructing ships. Section 1
describes the various loads which must be considered
during the structural design process.

Section 1 applies the loads described in Section 1 in
order to evaluate the strength of the ship structure.
Section 1 is the first of three sections which describe
design considerations which are important when design
aluminum structures. This section describes the
susceptibility of aluminum to fire damage and the
design process that is necessary to protect the structure.
Section 1 is focused on fatigue and fracture. This
section describes different analysis methods for fracture
and fatigue life.

Section 10.2.7 provides a discussion of corrosion. The
various types of corrosion are described as well as
methods for corrosion testing, monitoring, and
inspection.

Section 1 provides concluding remarks and suggestions
for further reading.



4, Aluminum and Aluminum Alloys

Aluminum is the most abundant metal in the earth’s crust.
However, pure aluminum does not have significant strength;
therefore, it is alloyed with other elements. The ratios in
which the elements are combined yields a vast range of
aluminum alloys with varying properties to meet the criteria
for a wide range of applications.

There is no adopted nomenclature for defining aluminum
purity, but Table 1 shows the classification that is
considered the most common:

Table 1. Aluminum Purity (53)

99.50 - 99.79 Commercial purity
99.80 - 99.949 High purity
99.950 - 99.9959 Super purity
99.996 - 99.9990 Extreme purity
>99.9990 Ultra purity

There is also a classification of primary versus secondary
aluminum. Primary aluminum is the initial composition of
the aluminum. Secondary aluminum is defined as a
recycled aluminum.

4.1. Aluminum Properties and Considerations

One of the reasons why aluminum is such a popular metal in
the engineering industry is due to the wide range of physical
and mechanical properties that can be developed by
alloying. Aluminum is soft, durable, lightweight, and
ductile. It has a density of approximately one-third of that
of steel. However, aluminum also has a lower modulus of
elasticity than that of steel.  The result of this is
demonstrated when both materials are equally loaded; the
aluminum part will deflect more than the steel part.
Aluminum by itself also has good corrosion resistance due
to a thin surface layer of aluminum oxide that forms when
the metal is exposed to air, essentially preventing further
oxidation.

4.1.1.

A generic name given to a large number of metal
degradation processes due to interaction with hydrogen is
called “hydrogen damage.” The most damaging effect of
hydrogen in structural materials is known as hydrogen
embrittlement. Hydrogen embrittlement is the process by
which various metals become brittle and fracture following
exposure to hydrogen. Hydrogen embrittlement is often the
result of unintentional introduction of hydrogen into
susceptible metals during forming or finishing operations.
Materials susceptible to this process exhibit a marked
decrease in their energy absorption ability before fracture in

Hydrogen Damage

the presence of hydrogen®. The embrittlement is enhanced
by slow strain rates and low temperatures, near room
temperature. ~ Mechanisms that can integrate external
hydrogen into the material include cathodic protection,
phosphating, pickling, electroplating, arc welding (see also
Section 6.3.1), galvanic corrosion (see Section 11.1.7), and
chemical reactions of metals with acids, or with other
chemicals (93).

Hydrogen dissolves in all metals to a moderate extent. As it
is a very small atom, it fits easily between the metal atoms
in the crystals of the metal. Consequently, it can diffuse
much more rapidly than larger atoms. Hydrogen tends to be
attracted to regions of high triaxial tensile stress where the
metal structure is dilated. Thus, it is drawn to the regions
ahead of cracks or notches that are under stress. The
dissolved hydrogen then assists in the fracture of the metal,
either by making cleavage easier or by assisting in the
development of intense local plastic deformation. These
effects lead to embrittlement of the metal; cracking may be
either inter- or transgranular. Crack growth rates are
typically relatively rapid, up to 1 mm/s in the most extreme
cases (93).

Aluminum  alloys are susceptible to  hydrogen
embrittlement; although, the microstructure causes the
transport of hydrogen to be slower than in high strength
steels, and, hence, the crack growth rate may be lower. The
cracking in aluminum due to hydrogen embrittlement is
normally intergranular. As with steels, the susceptibility
becomes more severe as the strength of the alloy is
increased; however, there is also a strong effect of heat
treatment and microstructure, and quite high strengths can
be obtained with good stress corrosion cracking (SCC)
resistance. Any environments that can provide hydrogen
can lead to SCC of susceptible alloys, ranging from humid
air to salt solution (93).

4.2. Alloying Elements

As stated previously, pure aluminum is not very strong,
having a tensile yield strength of approximately 4.0 ksi / 28
MPa. It is, therefore, typically alloyed with other elements.
The following sections describe the most common elements
that are used in aluminum alloys.

4.2.1. Chromium (Cr)

Chromium occurs as a minor impurity — five to fifty parts
per million (ppm) — in commercial-purity aluminum and has
a large effect on electrical resistivity. Increasing chromium
increases electrical resistivity. Chromium is a common
addition to many alloys of the aluminum-magnesium,

* This phenomenon is also known as hydrogen-assisted
cracking or hydrogen-induced blister cracking.



aluminum-magnesium-silicon, and aluminum-magnesium-
zinc groups, in which it is added in amounts generally not
exceeding 0.35%°. Chromium has a slow diffusion rate and
forms finely dispersed phases in wrought products. These
dispersed phases inhibit nucleation and grain growth.
Chromium is used to control grain structure, to prevent
grain growth in aluminum-magnesium alloys, and to prevent
recrystallization in  aluminum-magnesium-silicon  or
aluminum-zinc alloys during hot working or heat treatment.
The fibrous structures that develop reduce stress corrosion
susceptibility and/or improve toughness. Chromium in solid
solution and as a finely dispersed phase increases the
strength of alloys slightly.  The main drawback of
chromium in heat-treatable alloys is the increase in quench
sensitivity when the hardening phase tends to precipitate in
pre-existing chromium-phase partials (53).

4.2.2.

Aluminum-copper alloys include copper — 2% to 10% —
generally with other additions form an important family of
alloys. Both cast and wrought aluminum-copper alloys
respond to solution heat treatment and subsequent aging
with an increase in strength and hardness’ and a decrease in
elongation. The strengthening is maximized when copper is
added between 4% and 6%, depending upon the influence of
other constituents present (53). Copper additions in
quantities greater than 0.1% may cause pitting when
submerged. A good example of this is 6061, which has
0.15% to 0.40% copper; an alternative is 6082, which has a
maximum of 0.10% copper.

Copper (Cu)

42.3.

Magnesium is the major alloying element in the 5xxx series
of alloys. Its maximum solid solubility in aluminum is
17.4%, but the magnesium content in current wrought alloys
does not exceed 5.5%. Magnesium  precipitates
preferentially at grain boundaries as a highly anodic phase,
which increases susceptibility to intergranular cracking and
to stress corrosion thus the weight of magnesium is kept
below the 5.5% by weight measure. Wrought alloys
containing magnesium — up to 5% — when properly
fabricated are stable under normal usage. The addition of
magnesium markedly increases the strength of aluminum
without unduly decreasing the ductility’.  Corrosion
resistance and weldability are good. The addition of
magnesium and manganese in wrought alloys, in the right
combination, yields high strength in the work-hardened
condition, high resistance to corrosion, and good welding
characteristics. Increasing the amounts of either magnesium
or manganese intensifies the difficulty of fabrication and
increases the tendency toward cracking during hot rolling,

Magnesium (Mg)

> Percentages in Section 4.2 are by weight unless otherwise
specified

particularly if traces of sodium are present. The two main
advantages of manganese additions to magnesium-
containing alloys are that 1) the precipitation of the
magnesium phase is more general throughout the structure,
and that 2) manganese allows lower magnesium content and
ensures a greater degree of stability to the alloy (53).

4.24.

The main benefit when both copper and magnesium are
added to aluminum is the increased strength possible
following solution heat treatment and quenching. In
wrought materials, an increase in strength accompanied by
high ductility occurs when aging at room temperature. By
artificial aging, a further increase in strength, especially in
yield strength, can be obtained but at a substantial sacrifice
in tensile elongation. For both cast and wrought aluminum-
copper alloys, as little as 0.5% magnesium is effective in
changing aging characteristics. In wrought products, the
effect of magnesium additions on strength can be
maximized in artificially-aged materials by cold working
prior to aging. In naturally-aged materials, however, the
increase in strength due to magnesium additions can
decrease with cold working (53).

Copper and Magnesium

4.25.

Manganese is a common impurity in primary aluminum, in
which its concentration normally ranges from 5 to 50 ppm.
The addition of manganese decreases resistivity of the alloy.
Manganese increases strength either in solid solution or as a
finely precipitated intermetallic phase. It has no adverse
effect on corrosion resistance. As an addition, it is used to
increase strength and to control the grain structure. The
effect of manganese is to increase the recrystallization
temperature and to promote the formation of fibrous
structure upon hot working. As a dispersed precipitate, it is
effective in slowing recovery and in preventing grain
growth. The manganese precipitate increases the quench
sensitivity of heat-treatable alloys (53).

Manganese (Mn)

4.2.6.

Scandium as an alloying element in aluminum has grown in
interest in recent years. When scandium is introduced into
an aluminum alloy, it increases the recrystallization
temperature, increases the tensile strength, refines grain
size, and helps in the reduction/elimination of hot cracking
in welds. Scandium offers many benefits, but, because of its
rarity, the cost of scandium-containing alloys is very
sensitive to demand (1) (53).

Scandium (Sc)

42.17. Silicon (Si)

Silicon, after iron, occurs as the highest impurity level in
commercial aluminum containing electrolytes: 0.01% to
0.15%. In wrought alloys, silicon is used with magnesium
at levels up to 1.5% to produce Mg,Si in the 6xxx series of



heat-treatable alloys. High-purity aluminum-silicon alloys —
up to 3% silicon, the most critical range being 0.17% to
0.8% silicon —are brittle at high temperatures. However,
additions of silicon, 0.5 to 4.0%, reduce the cracking
tendency of aluminum-copper-magnesium alloys. Small
amounts of magnesium added to any silicon-containing
alloy will render it heat-treatable, but the opposite is not true
because excess magnesium, over that required forming
Mg,Si, sharply reduces the solid solubility of this compound
(53).

4.2.8. Silver (Ag)

Silver has an extremely high solid solubility in aluminum,
up to 55%. Due to cost, no binary aluminum-silver alloys
are in widespread use. Small additions — 0.1% to 0.6% —
however, are effective in improving the strength and stress

corrosion resistance of aluminum-zinc-magnesium alloys
(53).

4.2.9. Tin (Sn)

Tin is used as an alloying addition to aluminum for both
wrought and cast alloys. In wrought alloys, its
concentration commonly can be from a minimum of 0.03%
to much higher, and in cast alloys, as much as 25%. The
addition of small amounts — 0.05% — of tin greatly increase
the response of aluminum-copper alloys to artificial aging
following a solution heat treatment. This results in an
increase in strength and an improvement in corrosion
resistance; however, higher concentrations of tin cause hot
cracking. As little as 0.01% of tin in commercial-grade
aluminum will cause surface darkening on annealed
products and increase the susceptibility to corrosion due to
migration of tin to the surface. This effect can be reduced
by small additions (e.g., 0.2%) of copper. Aluminum-zinc
alloys with small additions of tin are used as sacrificial
anodes in seawater. The aluminum-tin alloys with additions
of other metals such as copper, nickel, and silicon are used
where bearings are required to withstand high speeds, loads,
and temperatures. The copper, nickel, and silicon additions
improve load-carrying capacity and wear resistance (53).

4.2.10. Titanium (T1)

Titanium is found in commercial-purity aluminum in
amounts of 10 to 100 ppm. Titanium depresses the
electrical conductivity of aluminum, but its effect can be
reduced by the addition of boron. Titanium is used
primarily as a grain refiner of aluminum alloy castings and
ingots’.  When titanium is used alone, the effect of
maintaining the molten state decreases with time and with
remelting. The grain-refining effect is enhanced if boron is
present in the melt or if it is added as a master alloy
containing boron. Titanium is a common addition to weld
filler wire; it refines the weld structure and prevents weld
cracking (53).

42.11. Zinc (Zn)

The aluminum-zinc alloys have been known for many years,
but hot cracking of the casting alloys and the susceptibility
to stress-corrosion cracking of the wrought alloys have
limited their use. Aluminum-zinc alloys containing other
elements offer the highest combination of tensile properties
in wrought aluminum alloys. Efforts to overcome the
aforementioned limitations have been successful, and these
aluminum-zinc alloys are being used commercially to an
increasing extent. The addition of magnesium to the
aluminum-zinc alloys develops the strength potential of this
alloy system, especially in the range of 3% to 7.5% zinc.
Magnesium and zinc form MgZn,, which produces a far
greater response to heat treatment than occurs in the binary
aluminum-zinc system. The strength of the wrought
aluminum-zinc alloys also is substantially improved by the
addition of magnesium. The addition of magnesium in
excess — 100% and 200% by weight of that required to form
MgZn, — further increases tensile strength. However,
increasing additions of both zinc and magnesium decrease
the overall corrosion resistance of aluminum to the extent
that close control over the microstructure, heat treatment,
and composition are often necessary to maintain adequate
resistance to stress corrosion and to exfoliatory attack.
Depending on the alloy, stress corrosion is controlled by
some or all of the following: 1) overaging, 2) controlling the
cooling rate after solution treatment, 3) maintaining a non-
recrystallized structure through the use of additions such as
zirconium, copper or chromium, 4) and adjusting the zinc-
magnesium ratio closer to 3:1. The addition of copper to the
aluminum-zinc-magnesium system, together with small but
important amounts of chromium and manganese, results in
the highest-strength aluminum-base alloys commercially
available. In this alloy system, zinc and magnesium control
the aging process. The effect of copper is to increase the
aging rate by increasing the degree of supersaturation and
perhaps through nucleation of the CuMgAl, phase. Copper
also increases quench sensitivity upon heat treatment. In
general, copper reduces the resistance to general corrosion
of aluminum-zinc-magnesium alloys, but increases the
resistance to stress corrosion. The minor alloy additions,
such as chromium and zirconium, have a marked effect on
mechanical properties and corrosion resistance (53).

4.2.12.

Zirconium additions — in the range of 0.1% to 0.3% — are
used to form a fine precipitate of intermetallic particles that
inhibit recovery and recrystallization. ~ An increasing
number of alloys, particularly in the aluminum-zinc-
magnesium family, use zirconium additions to increase the
recrystallization temperature and to control the grain
structure in wrought products. Zirconium additions leave
this family of alloys less quench-sensitive than similar
chromium additions (53).

Zirconium (Zr)



Table 2.

Added
Amount

Summary of Alloying Elements

Elements

(By Weight)

Effects

e Forms finely

dispersed phases in

Results
Prevents grain growth and
recrystallization

Drawbacks
In heat-treatable alloys,
increases the quench

Chromium 0.35% wrought products Reduces stress corrosion sensitivity
. 0 g eqe
(Cr) susceptibility
Improves toughness and
I strength
Copper 2% - 10% Increase strength and e Decreases elongation
(Cu) hardness
Increase in strength without e Causes susceptibility to
Magnesium < decreasing the ductility intergranular cracking and
5.5% .
(Mg) - Produces good corrosion stress corrosion
resistance and weldability
Decreases Increases strength and o Increases the quench
resistivity of the controls grain structure sensitivity of heat-treatable
Manganese 0.3% - 1.5% alloy No adverse effect on alloys
(Mn) : ’ . .
corrosion resistance
Increases the Increases the tensile strength
Scandium recrystallization Helps in the reduction /
(Sc) temperature elimination of hot cracking in
Refines grain size welds
Reduces the cracking e Ranges of 0.17%-0.8% cause
Silicon (Si) 0.5% - 4% tendency of Al-Cu-Mg alloys brittleness at high
temperatures
Increases the strength and
SIWVEIOAC)E 0.1% - 0.6% stress corrosion resistance of
Al-Zn-Mg alloys
Increases the Increases strength and e Can cause hot cracking
Tin (Sn) 0.03% - 25% response of Al—Cu improves corrosion resistance
alloys to artificial
aging
Used primarily as a Depresses the electrical
Titanium grain refiner conductivity of Al .
(Ti) Refines weld Prevents weld cracking
structure
Along with other additions, o Causes hot cracking
Zinc (zn) 3% - 7.5% Al—Zq allpys offe.r the highest | o Susceptibility tq stress-
combination tensile corrosion cracking
properties in wrought alloys
Controls grain e Reduces quench-sensitivity
structure
: . Forms a fine
Z'rgr‘)'“m 0.1%-0.3% intermetallic
precipitate to
inhibit
recrystallization




4.2.13.

Table 2 provides a summary of the alloying elements and
the effects produced by adding each to an alloy.

Summary of Alloying Elements

4.3. Comparison of Alloys

43.1.

The alloy designation system used in the United States is
covered by the American National Standards Institute
(ANSI) standard H35.1, Alloy and Temper Designation
Systems for Aluminum® (16). This standard names the
Aluminum Association as the registrar for the designation
and composition of aluminum alloys within the United
States; however, this designation system is recognized
throughout the world’ as well. There are two designation
systems; the first is for wrought alloys, and the second is for
cast alloys.

Alloy and Temper Designations

43.1.1.

The wrought aluminum alloy designation system uses four
digits to indicate the composition followed by a hyphen, a
letter and a number of digits to indicate the temper of the
alloy.

Wrought Alloy Designation System

The alloys are separated into series indicated by the first
digit of the alloy number. These series are groups of alloys
which have their major alloying element in common.

The 1xxx series corresponds to “pure” (>99%) aluminum.
The 10xx alloys are unalloyed compositions with natural
impurity limits. The last two digits indicate the minimum
aluminum level corresponding to the digits xx in 99.xx%.
For other wvariations of the second digit (assigned
consecutively), the second digit indicates special control of
the quantity of one or more impurities. The 1xxx series
alloys are non-heat-treatable. Due to their purity (and, thus,

% This designation system has also been accepted by the
American Society for Testing and Materials (ASTM) (49).

7 Additional alloy designation systems are used throughout
the world including: Onorm (Austria), Canadian Standards
Assocation (CSA) (Canada), Normes Frangaises (France),
Deutsche  Industrie-Norm  (Germany), Werkstoff-Nr
(Germany), British Standard (Great Britain), Unificazione
Nazionale Italiana (Italy), Una Norma Espaiiol (Spain),
Verein Schweizerischer Maschinenindustrieller
(Switzerland), and the International Organization for
Standardization (International). Aluminum Standards and
Data, 2009 (5) provides a table (Table 1-2) of comparable
designations in different systems. This guide uses the
Aluminum Association designation system unless noted
otherwise.

high electrical conductivity) and low strength, they are
typically used in the electrical and chemical industries.

For the 2xxx through 8xxx series, the second digit indicates
the alloy modification® with zero indicating the original
alloy. The remaining two digits further differentiate the
various alloys.

The 2xxx series includes alloys with copper as the principal
alloying element.  See Section 4.2.2 for a general
description of the affect of adding copper. These alloys are
able to be heat-treated, which produces high strength. Their
corrosion resistance, however, is relatively poor, and 2xxx
series alloys clad with pure aluminum or a more resistant
alloy are common (see Section 5.1.4). They are widely used
in the aircraft industry.

The 3xxx series includes alloys with manganese as the
principal alloying element. See Section 4.2.5 for a general
description of the affect of adding manganese. These alloys
are non-heat treatable. They have moderate strength and
have high workability. = They are used to produce
architectural products.

The 4xxx series includes alloys with silicon as the principal
alloying element. See Section 4.2.7 for a description of the
affect of adding silicon. These alloys vary in their heat-
treatability. Due to the reduction in the melting point, they
are used in the production of welding rods and brazing
sheets.

The 5xxx series includes alloys with magnesium as the
principal alloying element. See Section 4.2.3 for a
description of the affect of adding magnesium. These alloys
are non-heat-treatable. They are used in the maritime
industry primarily due to their increased corrosion resistance
but also due to good weldability. The 5xxx series plates that
are utilized in marine environments are specified in ASTM
B928-04 (20). Table 3 lists some mechanical properties of
common 5xxx series marine aluminum alloys.

The 6xxx series includes alloys with magnesium and silicon
as the principal alloying elements. See Sections 4.2.3 and
4.2.7 for a general description of the affect of adding these
elements. These alloys are able to be heat-treated. They are
medium to high strength alloys with good corrosion
resistance. They are used for a wide variety of products.
Table 3 lists some mechanical properties of common 6xxx
series marine aluminum alloys.

¥ Explicit rules exist to differentiate an alloy modification
from a new alloy.



Table 3. Mechanical Properties of Common Marine Aluminum Alloys (115) (53)

As-Welded As-Welded

] 4 . i . Typical Minimum Yield
Strength Elastic Modulus Density Ultimate Strength

2% Off;
(0.2% Offset) Strength

Ultimate Yield

Thickness Range Streng th*

Alloy and Temper

5052-H32 (S&P) All All 31.0 215 | 23.0 160 10.2 70.3 0.097 | 2.68 73 193 13 90
5052-H34 (S&P) All All 34.0 235 | 26.0 180 10.2 70.3 0.097 | 2.68

5059-H111 (E)' 0.114-1.968 3.0-50 47.7 329 | 232 160 0.096 | 2.66

5059-H116 (S&P)' | 0.114-0.787 3.0-20 53.5 438 | 39.1 270 0.096 | 2.66

5059-H116 (P)' 0.788-1.968 20.1-50 52.1 359 | 37.6 | 259

5059-H321 (P)' 0.114-0.787 3.0-20 53.5 369 | 39.1 270

5059-H321 (S&P)' | 0.788-1.968 20.1-50 52.1 359 | 37.6 | 259

5083-H111 (E) <=5.0 <=130 40.0 275 | 24.0 165 10.3 71 0.096 | 2.66

5083-H116 (S&P) 0.188-1.5 4.0-40 44.0 305 | 31.0 | 2I5 10.3 71 0.096 | 2.66

5083-H116 (P) 1.5-3.0 40-80 41.0 286 | 29.0 | 200 10.3 71 0.096 | 2.66 43 296 24 165
5083-H321 (S&P)' 0.063-1.5 1.6-38 44.0 303 | 31.0 | 214 0.096 | 2.66

5083-H321 (P)' 1.501-3.0 38.1-76.5 41.0 283 | 29.0 | 200 0.096 | 2.66

5086-H111 (E) <=5.0 <=130 36.0 250 | 21.0 145 10.3 71 0.096 | 2.66 38 262 17 117
5086-H112 (E)’ 45.0 310 | 27.6 190 10.2 70 0.096 | 2.66

5383-H116 (P)’ <0.79 <20 44.2 305 | 31.2 | 215 10.2 70 0.096 | 2.66

5454-H111 (E) <=5.0 <=130 33.0 230 | 19.0 130 10.3 71 0.097 | 2.69 34 234 16 110
5454-H32 (S&P) 0.02-2.0 0.5-50 36.0 250 | 26.0 180 10.3 71 0.097 2.69

5456-H116 (S&P) 0.188-1.25 4.0-12.5 46.0 315 | 33.0 | 230 10.3 71 0.096 | 2.66

5456-H116 (P) 1.251-1.5 31.8-38.1 44.0 305 | 31.0 | 215 10.3 71 0.096 | 2.66

5456-H116 (P) 1.501-3.0 40.01-80 41.0 285 | 29.0 | 200 10.3 71 0.096 | 2.66 46 317 26 179

1 46.0 / 33.0/

5456-H321 (S&P)" | 0.188-0.499 590 46.0 0.096 | 2.66

6005A-T61 (E)’ 38.0 260 | 35.0 | 240 10.0 68.9 0.098 2.70

6061-T6 (E) All All 38.0 260 | 35.0 | 240 10.0 68.9 0.098 | 2.70 18 124
6063-T6 (E) All All 30.0 205 | 25.0 170 10.0 68.9 0.097 | 2.70 12 83
6082-T6 (E)' All All 45.0 310 | 38.0 | 262 0.098 | 2.70

Notes: (E) - Extrusions, (S&P) - Sheet and Plate, (P) Plate

1) ABS, Rules for Materials and Welding, 2006

2) ALCAN, 2004

3) Data supplied by Tower Extrusions, Olney, Texas

4) Where two values are given, the first is the minimum allowable, and the second is the maximum allowable
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Table 4.

Wrought Aluminum Alloy Series General Properties (53)

Series Ixxx 2XXX 3xxx 4xxX Sxxx 6xxX TXXX 8xxx
Primary No Major Maenesium
Alloying additions, Copper | Manganese | Silicon | Magnesium ghestu Zinc Varies
" " & Silicon
Element pure
Heat Treatable No Yes No Varies No Yes Yes Varies
General
Corrosion A C-E A B-C A-B A-C B-E A
Resistance'
scc® A A-D A B A A-B B-C A
Workability
(Cold) A-C B-D A-C A-C A-D D A
Weldability A A-D A B-D A-C A-D B-D A
Machinability* D-E A-D C-E B C-E B-D B-D D
Y‘elg\f;‘;“gth 28-165 | 69-414 | 40-250 315 41-407 50379 | 83-545 95
Ultimate
Strength (MPa) 76-186 172-469 110-285 380 124-434 90-400 193-594 160
Notes:
1) Ratings A-E are relative ratings in decreasing order of merit, based on exposure to sodium chloride solution by

2)

3)

4)

intermittent spraying or immersion. Alloys with A & B ratings can be used in industrial and seacoast atmospheres
without protection. Alloys with C, D, & E ratings generally should be protected at least on faying surfaces.
Stress-corrosion cracking ratings are based on service experience and on laboratory tests of specimens exposed to
the 3.5% sodium chloride alternate immersion. A=No known failure in service or in laboratory tests. B=No known
instance of failure in service; limited failures in laboratory tests of short transverse specimens. C= Service failures
with sustained tension stress acting in short transverse direction relative to grain structure; limited failures in
laboratory tests of long transverse specimens. D=Limited service failures with sustained longitudinal or long
transverse stress.

Ratings A-D for weldability and brazeability' are relative ratings defined as follows: A=Generally weldable by all
commercial procedures and methods. B=Weldable with special techniques or for specific applications: requires
preliminary trials or testing to develop welding procedure and weld performance. C=Limited weldability because of
crack sensitivity or loss in resistance to corrosion and mechanical properties. D= No commonly used welding
methods have been developed.

Ratings A-D for workability (cold), and A-E for machinability, are relative ratings in decreasing order of merit.

The 7xxx series includes alloys with zinc as the principal
alloying element. See Section 4.2.11 for a general
description of the affect of adding zinc. These alloys are
able to be heat-treated. They are used in the aircraft
industry and for other uses requiring high strength alloys.

The 8xxx series includes miscellaneous alloys; currently,
there are alloys with iron, nickel, tin and/or lithium as
alloying element. Their ability to be heat-treated varies by
alloy.

The 9xxx series is currently unused but is reserved for
future use.

Table 4 summarizes the general properties of the different
series of alloys.

4.3.1.2.

The cast aluminum alloy designation system uses three
digits followed by a decimal and an additional digit to
indicate the composition. The cast alloy designation uses
the same hyphen, letter, and number of digits to indicate the
temper as in the wrought alloy designation system.

Cast Alloy Designation System

As in the wrought alloy designation system, the alloys are
separated into groups by the first digit of the alloy number,
and the groups were formed by grouping the alloys with the
same principal alloying element. However, the first digit in
the cast and wrought designation systems do not always
indicate the same principal alloying element. A capital
letter prefixing the designation number indicates a
modification of an existing alloy; the letters are used in
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alphabetical order with I, O, Q, and X being omitted. The
letter X as a prefix indicates an experimental alloy; it is
dropped when the alloy is no longer experimental.

The 1xx.x group corresponds to “pure” (=99%) aluminum.
The second and third digits in the 1xx.x group indicate the
minimum aluminum level corresponding to the digits xx in
99.xx%. The last digit indicates whether the alloy is a
casting (.0) or an ingot (.1 or .2).

For the 2xx.x through 9xx.x groups, the second and third
digits have no significance except to differentiate the
different alloys.

The 2xx.x group includes alloys with copper as the principal
alloying element. See Section 4.2.2 for a general
description of the affect of adding copper.

The 3xx.x group includes alloys with silicon and additional
copper and/or magnesium as the principal alloying element.
See Sections 4.2.7, 4.2.2, and 4.2.3 for a general description
of the affect of adding silicon, copper, and magnesium,
respectively.

The 4xx.x group includes alloys with silicon as the principal
alloying element.  See Section 4.2.7 for a general
description of the affect of adding silicon.

The 5xx.x group includes alloys with magnesium as the
principal alloying element. See Section 4.2.3 for a general
description of the affect of adding magnesium.

The 6xx.x group is currently unused but is reserved for
future use.

The 7xx.x group includes alloys with zinc as the principal
alloying element. See Section 4.2.11 for a general
description of the affect of adding zinc.

The 8xx.x group includes alloys with tin as the principal
alloying element. See Section 4.2.9 for a general
description of the affect of adding tin.

The 9xx.x group includes miscellaneous alloys with varying
elements as the primary alloying element.

4.3.1.3.

The wrought and cast alloy designation systems employ a
common method of indicating the temper of the alloy. A
hyphen follows the alloy composition designation (e.g.,
xxxx for wrought alloys or xxx.x for cast alloys), followed
by a letter and a series of digits. Table 6 summarizes the
tempers.

Temper Designation System

The F designation indicates the material is “as fabricated,”
which may include cold working, hot working or a casting
process. The O designation indicates that the material has
been annealed.

Table 5. Cast Aluminum Alloy Series General Properties (53)
Primary No major Sﬂ(l:C:n Zrlth
Alloying additions, | Copper ang}jor Silicon | Magnesium Zinc Tin Varies
Element "pure" .
Magnesium
Heat Treatable No Yes Yes Yes No 3 Yes No No
Corrosion 2
34 24 24 R 3
Weldability? 2-4 1-3 1-4 3-5 = 3-4 4
Machinability® 1-3 3-4 3-5 1-2 g 1 1
" =}
Y'e'dl\ig;”gth 40 97-414 | 83-296 | 55-145 | 83-186 © | 103262 | 76-159
Ultimate 145-
Strength 70 159-393 131-228 138-331 240-330 138-221
MPa 469

Notes:

1) Relative rating based on resistance of alloy in standard salt spray test in decreasing merit from 1 to 5.

2) Relative rating based on ability of material to be fusion welded with filler rod of same alloy in decreasing merit from 1 to
5.

3) Composite rating based on ease of cutting, chip characteristics, quality of finish, and tool life in decreasing merit from 1 to
S.

12



H indicates that the material is strain hardened. The first  through 7. A number 4 (which is halfway between 0 and 8)
digit indicates: strain hardened only (1), strain hardened and designation is considered half-hard; number 2 is considered
partially annealed (2), or strain hardened and stabilized (3). quarter-hard; and the number 6 is three-quarter hard. When
The second digit (x) indicates the final degree of strain the number is odd, the limits of ultimate strength are exactly
hardening ranging from 0 to 8. Tempers between 0  halfway between those of the even numbered tempers.
(annealed) and 8 (full-hard) are designated by the numbers 1

Table 6. Aluminum Alloy Temper Designations (17)
Temper Description
Designation
F As Fabricated by cold working, hot working or casting process
®) Annealed
H Strain-Hardened (Wrought Products Only)
H1 Strain-Hardened Only
H111 Applies to alloys which are strain-hardened less than the amount required for a controlled H11 temper
H112 Applies to alloys that acquire some temper from shaping processes which do not have special control over
the amount of strain-hardening or thermal treatment, but for which there are mechanical property limits
H116 Applies to 5000-series alloys, Mg content min. 4%
H2 Strain-Hardened and Partially Annealed
H3 Strain Hardened and Stabilized
H32 Strain hardened to be quarter-hard and stabilized
H321 Applies to alloys which are strain-hardened less than the amount required for a controlled H32 temper
H34 Strain hardened to be half-hard and stabilized
W Solution Heat-Treated'
T Solution Heat-Treated”
T1 Cooled From an Elevated Temperature Shaping Process and Naturally Aged to a Substantially Stable
Condition
T2 Cooled From an Elevated Temperature Shaping Process, Cold-Worked, and Naturally Aged to a
Substantially Stable Condition
T3 Solution Heat Treated, Cold Worked, and Naturally Aged to a Substantially Stable Condition
T4 Solution Heat Treated and Naturally Aged to a Substantially Stable Condition
T5 Cooled From an Elevated Temperature Shaping Process and Artificially Aged
T6 Solution Heat Treated and Artificially Aged
T61 Applies to alloys which are solution heat treated, quenched in boiling water, (to minimize residual stresses),
and artificially aged
T7 Solution Heat Treated and Overaged or Stabilized
T8 Solution Heat Treated, Cold Worked, and Artificially Aged
T9 Solution Heat Treated, Artificially Aged, and Cold Worked
T10 Cooled From an Elevated Temperature Shaping Process, Cold Worked, and Artificially Aged
Tx51 Stress relieved by stretching; products receive no further straightening after stretching
Tx510 Extruded products receive no further straightening after stretching
Tx511 Extruded products receive minor straightening after stretching to comply with standard tolerances
Tx52 Stress relieved by compressing
Tx54 Stress relieved by combined stretching and compressing, applying to die forgings
Notes:
1. The W temper is an unstable temper, which is used for alloys having strength that changes over months or years at
room temperature after solution heat treatment (17).
2. The T temper designation is used for alloys that are stable within a few weeks of solution heat treatment (17).
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5. Component Manufacturing Processes

There are multiple methods by which aluminum
components are manufactured. The following sections
describe these methods, their advantages and disadvantages,
and any considerations for designing components which are
manufactured using the method.

5.1. Rolling

Rolling is used to manufacture aluminum plate and sheet.
Sheet refers to flat stock that has a thickness greater than
0.006 in up to 0.25 in. Plate differs from sheet in that it has
a thickness typically greater than 0.25 in.’

5.1.1.

Rolling slabs are produced in a continuous vertical casting
process. These slabs are then cut into individual slabs,
which are skimmed on both faces and heated prior to
entering the hot mill. The hot mill uses hot-rolling to
produce plate. Sheet is produced by cold reduction (several
passes of cold rolling with annealing between each pass) of
plate.

Rolling Process

5.1.2. Plate Products

Plate is typically provided in the ‘F’ condition (Hot Rolled)
or in the ‘O’ (Annealed) condition, if it has been annealed
after the hot-rolling phase. Plate composed of heat-treatable
alloys from the 2xxx, 6xxx, or 7xxx series can be supplied
1) in the T4 temper if it is naturally aged at room
temperature or 2) in the T6 temper if it has been quenched
and then artificially aged (56).

5.1.3. Sheet Products

Common sheet thicknesses include 0.025, 0.032, 0.040,
0.050, 0.063, 0.071, 0.080, 0.090, 0.100, 0.125, 0.160 and
0.190 in. (79). In the case of non-heat treatable alloys
(1xxx, 3xxx, and 5xxx series), sheet can be provided in a
stated temper (e.g., ‘quarter hard’, ‘half hard’, etc.).
Alternatively, if the sheet is given a precise reduction after
the last annealing phase, it is considered temper rolled, or if
it is annealed after the last rolling pass, it is considered
temper annealed. In the case of heat-treatable alloys (2xxx,
6xxx, and 7xxx series), it is typically provided in a fully
heat-treated condition (e.g., T6) (56).

5.1.4.

Sheet produced in 2xxx and 7xxx series alloys can be
produced clad in pure aluminum (2xxx series) or pure
aluminum with 1% Zinc (7xxx series) in order to improve
the corrosion resistance of the sheet. A thin layer of

Specialty Flat Products

? The word shate is sometimes used to describe flat products
which fall on the border line between plate and sheet (56).
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cladding material is added to each face prior to hot-rolling
and is reduced along with the core material (56).

Treadplate incorporates the inclusion of an anti-slip pattern,
which is rolled into the surface. It is commonly available in
the 6xxx series alloys with a T6 temper (56).

Profile sheeting — available in 3xxx series alloys — is rolled
into a profile, and is typically used for siding in the building
construction industry (56).

Embossed sheeting includes a random pattern, which
roughens the surface and reduces glare (56).

Cold-rolling can also be used to form profile sections — as is
common with steel — however, the extrusion’ process (see
Section 5.3) is far more common for this purpose, except
when beyond the limits of extruding e.g., when the wall
thickness is exceedingly thin (~1 mm) (56).

5.1.5.

Although sheet and plate can be produced in nearly any
desired thickness, consideration should be made to use
commonly available thicknesses.

Constraints / Considerations

The thickness of plate and sheet can vary in general as well
as across the width of the sheet. Equations (3) and (4)
provide an estimate of the tolerance (56):

Plate:
5t = +(0.000014wt+0.3)mm 3)
Sheet:
8t = +(0.11Wt +0.00004w — 0.06)mm
Where:
w the plate/sheet width (w > 1000 mm)
t = the nominal thickness (1 <t <30 mm)
5.2. Casting

The process of casting aluminum is initiated by heating the
aluminum to a liquid state and then pouring it into a mold
which contains a hollow cavity of the desired shape; finally,
the material is allowed to solidify and cool, and the cast
item is removed. Casting is most often used for making
complex shapes that would be otherwise difficult or
uneconomical to make by other methods (53).

Examples of aluminum casting in high speed aluminum
vessels include water jet inlets and steering buckets.



5.2.1.

Castings can be classified into two categories: non-
expendable mold castings and expendable mold castings.
Non-expendable mold castings do not require the mold to be
reformed after each production cycle and are also able to
form cast products with improved repeatability. Examples
of non-expendable mold castings are: die casting, permanent
mold casting, centrifugal casting, continuous casting, and
semisolid-metal casting. Expendable mold castings use
temporary or non-reusable molds. Examples of expendable
mold castings are: sand casting, evaporative pattern casting
(EPC), shell molding, plaster casting, and investment
casting. The three primary methods used to produce
aluminum castings (and the methods discussed herein) are
permanent mold, die, and sand casting (53).

Casting Processes

5.2.1.1.

Permanent mold casting, the most common casting process,
uses gravity to fill the mold; however, gas pressure or a
vacuum are also commonly used. Molds for the casting
process consist of two halves, usually formed from a metal
with a high resistance to erosion and thermal fatigue. The
mold is preheated prior to the first casting cycle, and then
used continuously in order to maintain a uniform
temperature for each casting cycle. The gravity casting
process requires the metal to be poured at the lowest
practical temperature in order to minimize cracks and
porosity (53).

Permanent Mold Casting

A variation on the typical gravity casting process, called
slush casting, produces hollow castings. To do this, the
material is poured into the mold and allowed to cool until a
shell of material forms in the mold. The remaining liquid is
then poured out to leave a hollow shell. This results in a
cast that has good surface detail but with varying wall
thickness (53).

Low-pressure permanent mold (LPPM) casting uses a gas at
low pressure to push the molten metal into the mold cavity.
The pressure on top of the pool of liquid forces the molten
metal up a refractory pouring tube and finally into the
bottom of the mold. No risers are required because the
applied pressure forces the molten metal in to compensate
for shrinkage. Vacuum casting is similar to LPPM casting,
but a vacuum is used to fill the mold (53).

5.2.1.2.

Die casting is characterized by forcing the molten metal into
the mold under high pressure. Depending on the type of
metal being cast, a hot- or cold-chamber machine is used for
molding. For aluminum castings, a cold-chamber machine
is used because in the hot-chamber machine, the liquid
aluminum picks up iron in the molten pool (53).

Die Casting
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5.2.1.3.

The sand casting process uses a mold that is formed around
a pattern by ramming sand, mixed with the proper bonding
agent, onto the pattern. The pattern is then removed,
leaving a cavity in the shape of the casting to be made.
Molten metal is poured into the mold, and once it has
solidified, the mold is broken to remove the casting. Molds
are made by bonding the sand using various agents such as
clay, water, and oils or resins (53).

Sand Casting

52.2. Inspection / Testing

52.2.1.

Surface finishes range from 3.8 to 10 um (150 to 400 pin).
Typical linear tolerances are about =10 mm/m (+0.01 in./in.)
with minimum wall thicknesses of about 3.6 mm (0.140 in.).
Mechanical properties of permanent mold castings can be
further improved with heat treatment (53).

Permanent Mold Casting

5222.

Aluminum alloys can have a surface finish as fine as 1.3 pm
(50 pin.), and they can be cast to basic linear tolerances of
+4 mm/m (+4 mils/in.). With die casting, thinner walls (as
thin as 1.0 mm for small parts) can be cast, as compared to
sand and permanent mold casting. Rapid injection and rapid
solidification under high pressure combine to produce a
dense, fine grain surface structure, which results in excellent
wear and fatigue properties (53).

Die Casting

52.23.

Among its disadvantages sand casting offers low
dimensional accuracy and poor surface finish; basic linear
tolerances range from #£30 mm/m, #0.030 in./in., and
surface finishes of 7-13 pm, or 250-500 pin. A minimum
wall thickness of 4 mm, 0.15 in., is normally required for
aluminum sand castings (53).

Sand Casting

5.2.3. Constraints / Considerations

523.1.

The advantages of permanent mold casting are 1) the re-
usability of the mold, 2) the good surface finish produced,
and 3) the good dimensional accuracy. Permanent mold
casting typical part sizes range from several ounces to 25
Ibs, but much larger castings can be made when costs of
tooling and casting equipment are justified by the quality
required for the casting. The fast cooling rates created by
using a metal mold results in a finer grain structure than
sand casting. There are some drawbacks to using permanent
mold casting, the main ones are: high tooling cost, limited to
low-melting-point metals, and short mold life. The high
tooling costs make this process uneconomical for small
production runs; however, the tooling costs are cheaper than
those for die casting. For lower melting point metals, such

Permanent Mold Casting



as aluminum, the mold life is longer but thermal fatigue and
erosion usually limit the life to 10,000 to 120,000 cycles
(53).

523.2.

The casting equipment and the metal dies represent large
capital costs, which tends to limit this process to high
volume production. Die casting offers the ability to
maintain close tolerances and produce good surface finishes.
Aluminum die casting is used for a typical part size of about
10 Ibs, but castings weighing as much as 100 lbs are
produced when the high tooling and casting-machine costs
are justified. A large production volume is needed to offset
the very high capital cost of die casting. The casting
equipment, dies, and related components required are very
costly compared to most other casting processes. Die
castings are characterized by a very good surface finish and
dimensional consistency but causes small amounts of
porosity in the final casting. This prevents any heat treating
or welding, because the heat causes the gas in the pores to
expand, which causes micro-cracks inside the cast and
exfoliation of the surface. Die casting can contain inserts,
which are made of metal, to form holes in the molds,
however the cores are restricted to simple shapes that permit
straight-line removal (53).

Die Casting

5.2.33.

A wide variety of alloys, shapes, and sizes can be sand cast.
An advantage of sand casting is that it offers low cost and
minimum equipment when a small number of casts are to be
made. Sand castings require a long time to cool which
results in low strength. The quality of a sand casting is
determined to a large extent by foundry technique. Proper
metal handling and gating practice is necessary for
obtaining sound castings. Sand castings can become very
complex, with varying wall thicknesses. These castings will
only be sound if proper techniques are used (53).

Sand Casting

5.3. Extruding

Although the extrusion process can be used with other
metals e.g., brass and bronze, it has become a major method
of forming aluminum components. This is due to several
reasons (56):

e  Aluminum can be extruded at a fairly low temperature.

e An unlimited number of shapes can be extruded with a
wide range of complexity.

e Tool cost for a new profile is low compared to rolled
shapes.

e The time required to retool an extrusion press is small
compared to a roll change.

e Profiles can be produced which include very thin walls
in comparison to the overall size of the profile.
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5.3.1

The hot extrusion process'’ consists of pressing a billet” of
an aluminum alloy through a die’, which forms the desired
shape for the component. Despite this brief definition, the
hot extrusion process is complex, requiring profile design
and material selection, die design and manufacturing, and
material preparation.

The Hot Extrusion Process

53.1.1.

The design of an extrusion profile and selection of the
material should factor in considerations and constraints from
the manufacturing process. Extrusion profiles can include
many features that may save manufacturing or assembly
time, such as:

Profile Design / Material Selection

e A single extrusion may combine several previously
separate parts (e.g., rolled shapes). This can reduce part
count, reduce assembly and/or welding labor, produce
better alignment of features, and produce stiffer parts.
For example, a stiffener composed of a C-shape
combined with an angle could be extruded as a single
profile in aluminum.

e Additional machined details may be incorporated into
the initial extruded profile to reduce manufacturing
steps.

e A complex shape bent from sheet metal may be
converted to an extruded part.

e Hinges, bolt and self-tapping’ screw holes, snap-
together joints, indexing marks, and weld lines can all
be incorporated into the extruded profile. Although (to
the knowledge of the authors) this has never been done
previously, it may be possible to include an attachment
rail for installing wireways, insulation, etc.

e A repeating pattern may allow the extrusion of
interlocking deck or superstructure siding panels.
These can include the stiffeners in addition to the
plating. Extruding panels which include stiffeners both

"% In addition to the hot extrusion process, there is also a
cold extrusion process in which the material is pressed
between two dies to form the desired shape. This process is
used for small, typically cylindrically shaped items and is
not associated with producing structural shapes. As such it
is not covered in this guide. The ASM Specialty Handbook
(53) provides a basic overview of this process.

Among all materials able to be hot extruded, there are
multiple hot extrusion processes: non-lubricated, lubricated,
and hydrostatic. The distinction between these methods is
demonstrated in Figure 6 (pg. 265) of the Extrusion chapter
of the ASM Specialty Handbook (53). The non-lubricated
hot extrusion process is typically used among aluminum
alloys; therefore, the description in this guide relates to this
method.



reduces the amount of welding that must be done and
simplifies the remaining welding since the weld line
can occur between stiffeners which provides better
access.

The 2xxx and 7xxx series alloys are difficult to hot extrude
and the 5xxx and 6xxx series are generally easier to hot
extrude (53).

However, it is necessary to factor in the constraints of the
extrusion process (see Section 5.3.2).

53.1.2.

The components that comprise a die assembly vary based on
the type of extrusion profile in use (solid’, hollow, or semi-
hollow"); however, for all profile types, the die may have
multiple copies of the extrusion profile to enable multiple
copies of the extrusion to be produced simultaneously (this
is more common with small, simple extrusion profiles). The
die assembly is typically machined from H-13 tool steel;
although other materials are also in use (especially for the
bolsters’, backers’, and die ringT). H-13 tool steel is utilized
in the die assembly due to its abrasion resistance, high
temperature strength, and high toughness (7).

Die' Design / Manufacturing

Platen

Die Slida

Figure 1.

= CantaineF
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A solid die assembly may include the following
components: the die plate, a weld plate” or feeder plate, a
backer, a bolster, and a die ring. Figure 1 shows a typical
solid extrusion die assembly. The die plate includes one or
more copies of the extrusion profile through which the billet
is pressed. The die plate may either be a flat plate type or
pocket type; the pocket type allows the die designer to
control the flow of material during the extrusion process
(61). The alternative to a pocket type die plate is the use of
a weld or feeder plate. The feeder plate may also be used to
control the follow of material from one billet to the next.
The backer has the same diameter as the die plate and
includes a slightly larger cutout of the extrusion profile. It
is placed immediately behind the backer in order to provide
support to the die plate. The bolster serves the same

function for the backer, but has a larger diameter. The die
ring has the same diameter of the bolster and is cut out in
the center to enclose the backer and die plate. Pins or bolts
may be used to align the individual components (7).

Die Slide

Solid Extrusion Die Assembly (7)



Direction of
Extruslon

Figure 2.

Porthole Hollow Die (7)

A hollow die assembly may include the following
components: a die cap’, a die mandrel’, a backer, and a
bolster. There are two types of die assemblies: a porthole
die assembly (see Figure 2), which is larger and may include
a backer, and a pancake die (see Figure 3), which is smaller
but requires the use of a backer. The material first is
pressed through the die mandrel which forms the interior
features. The die mandrel includes one or more ports
through which the material passes. The ports surround a
center portion which is supported by webs, also referred to
as, legs. The material then passes through the die cap which
forms the exterior features (7).

A semi-hollow extrusion profile may be manufactured using
a flat, recessed-pocket, weld-plate, or porthole die assembly,
depending on the tongue ratio of the semi-enclosed shapes.

Die assembly components are typically designed and
manufactured by the extrusion company or by a
subcontractor''.  The design process can include finite
element analysis (FEA) or other computer simulations of the
flow of the metal during the extrusion process. Various
parameters of the extrusion process can be changed in the
simulation to optimize the process (7).

5.3.1.3.

Prior to being extruded, the alloy is cast into logs®, which
are then cut into billets to match the extrusion machinery in

Material Preparation

""" As the die design and manufacturing are not typically
performed by the ship designer or shipyard, the details of
these processes have not been described in this guide. For
more details, see references (45), (62), (91), (92), (106), and
(107).
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Die Mandrel Direction of
Extrusion
Figure 3. Pancake Hollow Die (7)
use. Immediately before being loaded into the extrusion

press, the billet’ is preheated by gas-fired furnaces or
electrical induction heaters in order to transition the material
into a malleable state. The temperature required varies by
alloy, but typically ranges from 300°C to 595°C (575°F to
1100°F) (53).

5.3.2.

There are several constraints and considerations which must
be factored into the design process of a new extrusion
profile, which are described in the following sections.

Constraints / Considerations

5.3.2.1.

The extrusion type is one of the most basic constraints. The
simplest extrusion type is solid, which is the easiest to
extrude. Semi-hollow and hollow extrusion profiles may
not be able to be manufactured for a particular material or
may affect the feasibility of certain tolerances.

Extrusion Type

5.3.2.2. Billet Size

The billet size is also an important consideration. The
required billet size is determined by finding the smallest
circle that completely encloses the extrusion profile; this
size is referred to as the circumscribing circle diameter
(CCD). Larger sizes require more control to ensure proper
flow of the material through the extrusion die. The size may
also have an effect on production schedule because as billet
size increases the number of available presses decreases.

5.3.3.

The extrusion process can be a complex process depending
on the extrusion profile and material. It may be necessary to
adjust the die design e.g. to better facilitate material flow in
a large profile. This can be done with FEA, but experience

Optimization



with a particular profile or material should not be
discounted.

5.3.4.

Extruded products may undergo additional post processing
steps after the extrusion process. This may include
straightening to correct unavoidable twist or loss of
straightness, machining in order to achieve non-extrudible
features, and tempering of the final product.

Post-Processing

5.4. Drawing

Drawing is a metal working process in which a sheet metal
blank is drawn into a forming die by the mechanical action
of a punch press. Aluminum alloys typically undergo a
process called deep drawing. A drawing is considered
“deep” when the depth of the drawn part exceeds its
diameter, done by redrawing the part through a series of
dies. Stamping of sheet metal is a typical example of deep
drawing. Common drawn products include bars, piping /
tubing, and wires.

Punch presses are used for nearly all deep drawing; for
experimental or very short runs, press brakes are used.
Double action presses exert a hold-down force and a punch
force on the sheet metal. Press speeds for aluminum are
higher than press speeds for steel; medium strength
aluminum alloys have a press speed of 40 to 100 ft/min for
mild draws and less than 50 ft/min for deeper draws. High
strength aluminum alloys draw speeds are typically 20 to 40
ft/min.

One of the limitations of drawing is the reduction in
diameter that is possible in a single operation; for aluminum
alloys, it is about the same as that of drawing quality steel.
For deep-drawn, cylindrical shells, reductions in diameter
are about 40% for the first draw, 20% for the second, and
15% for the third draw. The decrease in diameter reduction
is due to strain hardening. For high-strength aluminum
alloys, the permissible reduction is 30% for the first, 15%
for the second, and 10% for the third draw.

When draws of large, thick shapes made from high strength
aluminum alloys are desired, hot drawing is performed. Hot
drawing is performed by heating the alloy to a temperature
above the recrystallization point (typically, in the range of
350°F to 600°F), which lowers strength and increases
ductility. The length of time the work piece can be held at
temperature is controlled to avoid excessive grain growth in
areas with little strain hardening (53).

5.5. Machining

Aluminum alloys offer the ability to be machined quickly
and cost-effectively. Machines used for machining steel can
be used with aluminum; however, optimum machining
conditions can only be achieved on machines designed for
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machining aluminum alloys. The specific properties of
aluminum alloys that are considered for machining are:

e Density — due to the low value for aluminum, high
speeds of rotation and translation are permitted.

e Modulus of Elasticity — due to the low wvalue,
appropriate chucking and clamping arrangements are
required to avoid deformation and distortion.

e Thermal Conductivity — due to the high value for
aluminum, heat is readily dissipated in the aluminum
alloy.

e  Coefficient of Linear Expansion — due to the high value
for aluminum, heating is undesirable if the criteria of
dimensional stability are to be satisfied.

Factors that are considered for machining of aluminum
alloys are:

e Cutting Force — the force required is far less than
required for steel.

e Tooling — the geometry of tools must be specially
designed for use with aluminum alloys.

e Cutting Speeds — all wrought alloys can be machined
very rapidly.

e Rate of Advance — due to the low modulus of aluminum
alloys, high rates of advance are not advisable.

e Lubrication — used to cool the heat generated by
cutting.

5.5.1.

e Turning’ — an operation by which material is removed
by forcing a single-point cutting tool against the surface
of a rotating work piece. Typically, carried out on a
lathe and can be of four different types: straight turning,
taper turning, profiling, or external grooving.

e Boring" — a method to enlarge holes using a single-
point cutting tool, it is used to achieve better accuracy
of the diameter of a hole. Boring can also be used to cut
a tapered hole.

e Broaching’ — is a method of removing material using a
toothed tool, called a broach. There are two types of
broaching: linear broaching and rotary broaching.
Linear broaches are the most common and are used in
broaching machines.

e Drilling’ — a cutting process that uses a drill bit to either
create or enlarge a hole in a solid material.

e Reaming — is the process of creating an accurate size
hole using a reamer. It is an alternative to drilling when
dimensional accuracy is required.

e Single-Point Threading — an operation that uses a
single-point tool to produce a thread form on a cylinder
or cone. This process can create either internal or
external threads, male or female.

Common Machining Operations



Tapping — is the process of producing a thread in a
form. Unlike thread cutting, no chips are produced, as
the material is moved during the forming process and
not cut which results in the surface hardening and
achieving a greater strain resistance.

Milling — is the complex shaping of metal by removing
material to form the final shape. It is generally done on
a milling machine. The milling machine has a milling
cutter that rotates about the spindle axis, like a drill, and
a worktable that can move in two or more directions
relative to the work piece.

Grinding — is a process that uses an abrasive wheel to
create fine finishes, very light cuts, or high precision
forms. The wheel can be made up of various sizes and
types of stones.

Honing — is similar to grinding in which an abrasive
stone is moved along a controlled path to produce a
precision surface.
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6. Vessel Construction

Section 5 describes the various methods of manufacturing
aluminum structural components. The following section
describes several types of joining methods that can be used
for assembling those components in order to produce the
vessel’s structure. These include riveting, bolting, welding,
and adhesives. Table 7 summarizes some of the advantages
and disadvantages of using each method.

6.1. Riveting

Riveting is rarely found in ship construction today except
for very lightweight applications. It was once the only way
to build aluminum structures because welding technologies
were not sufficiently advanced at the time. As riveting
became less used, skilled riveters became more scarce;
today, the majority of connections that were once made with
rivets are made with mechanical fasteners. Therefore, this
section has been provided for informational purposes.

6.1.1.

The main advantage of using rivets is the weight savings
that can be achieved in the design process of the supporting
structure. This is due to the fact that a riveted joint may be
stronger than a welded joint as a result of the loss of
strength from welding. The potential weight savings due to
the reduction in supporting structure is diminished by the
increase in the joint itself — typically, 15% for using a
riveted joint versus 2.5% for the weight of welds (115).

Advantages and Disadvantages

Riveting is sometimes more desirable than welding because
the riveting process can achieve a higher tolerance than
welding since welding can cause distortion.

Riveting is generally no longer the preferred method of
joining in ship construction because a rivet cannot be put in
tensile loading and has poor fatigue characteristics in shear
loading. Ninety percent of the fatigue failures in rivet joints
occur in the outer holes, with the rest usually occurring as a
result of fretting near one of the outer, most highly loaded
holes. The following are guidelines from studies of riveted
joints in structures (115):

e Variations in joint design are more significant than
changes in the alloy used.

e Joints of high static strength do not necessarily have
high fatigue strength.

o Fatigue strength of a joint increases with the number of
fasteners used, but not in proportion to the static
strength.

e In a multi-row lap joint, the edge rivets carry the
highest load; therefore, as the number of rivets is
increased, the fatigue strength is not increased
proportionately.
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e The greatest fatigue strength is obtained with large
diameter rivets placed close together and close to the
edge of the structural member, a configuration that
produces lower static strength.

e Details such as poor rivet patterns, dimpling, and
countersinking degrade fatigue strength.

In addition, riveting is a very labor-intensive joining
method. Man-hours are the most expensive part of any ship
construction process. This is yet another reason that
riveting has become antiquated and not often found as part
of the skilled labor group found in today’s shipyards.

A sealing compound is needed in joints to provide water
tightness; whereas, in welded seams, the joint is inherently
watertight.

6.1.2.

The rivet material should be as close to possible to the
material being joined. Rivets shall be made of aluminum
meeting ASTM B 316 or 300 series stainless steel (4). For
marine use, only the 5056-H32 alloy rivets should be used.
The rivets are specified to meet MIL-R-5674 (128), which
has now been superseded by NASMS5674, which is
published by the Aecrospace Industries Association of
America (115).

Material Selection

Corrosion must be carefully considered when using
fasteners of different materials than that of the material
being joined together. This is to avoid the creation of a
cathodic connection. This will cause the fastener to corrode
and loosen potentially causing the joint to fail.

Requirements (115):

e  The finish holes for cold-driven rivets shall not be more
than 4% greater than the nominal diameter of the rivet.

e The distance between rivet centers shall not be less than
three times the nominal diameter of the rivet.

e The distance from the center of a rivet to an edge of the
joining material shall not exceed 1.5 times the nominal
diameter of the rivet.

e  Aluminum rivets shall not carry any tensile loads.

e For aluminum rivets, the design shear strength ¢R,
and the allowable strength R,/Q shall be determined for
the limit state of shear rupture as follows (115):

® = 0.65 (Load and Resistance Factor
Design(LRFD))

Q = 234 (Allowable Stress Design (ASD) building
type structures)

Q = 2.64 (ASD bridge-type structures)



























primary use in shipbuilding is providing the interface
between a steel hull and an aluminum superstructure. This
has provided the naval architect the capability to maximize
the benefits of steel in the hull structure and the benefits of
aluminum lightweight and corrosion resistance properties
for superstructures.

Additional examples of explosion welding in shipbuilding
are the aircraft tie downs on an aircraft carrier. The steel
aircraft tie-down is explosion welded to the aluminum flight
deck of an aircraft carrier. There are steel deck sockets and
copper-nickel deck drains that are also explosion welded to
aluminum which provide attachment to an aluminum deck.

6.3.2.

Economy in ship construction and improvements in the
serviceability and service life of ship structures can be
enhanced if several principles basic to welded structures are
observed in the design process. The principles are derived
both from service experience and from studies of the causes
and prevention of structural failures of ships.

Design for Welding

6.3.2.1.

There are several considerations that should be taken into
account when planning the use of welding to join structural
elements. Most non-ferrous metals, including aluminum,
are not hardened by quenching, but by cold working, which
results in a finer grain structure. Aluminum is welded by
melting the filler material and/or the base material, and it is
necessary to protect them from the atmosphere and gases
that could result in porosity. The metal must be allowed to
contract during cooling without overstressing the joint
which leads to cracking.

Material Considerations

Great care must be taken while welding aluminum so as not
to burn through the material because it has a much lower
melting point than ferrous materials. Pure aluminum melts
at 1,215°F, and its alloys melt at much lower temperatures
(as low as 900°F). The welder must watch for a “wet”
appearance of the surface to indicate melting.

.

Welding will remove some of the material’s strength that
was achieved by cold-working, but the strength will not be
lower than that of the material in a fully annealed condition.
The welding procedure should attempt to confine the heat
and loss of strength properties to the narrowest possible
zone, usually by welding on a steel welding table.

Joint edges may be prepared by mechanical means such as
saws, millers, and routers and by plasma arc welding,
especially on thicker materials. Plasma-arc can now be used
for beveling and back gouging. Shearing is not
recommended for preparing plate edges because it can
entrap oil or dirt.
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Care should be taken to remove oil, grease, markings, and
other contaminants prior to welding. Also, degreasing
chemicals and machining lubricants do not collect in
crevices of the joints. This will cause imperfections and
weaken the joint. Also, welding should be done before
oxidation can reoccur on the material surface once it is
removed. Care must be taken to ensure that the aluminum
does not come into contact with steel. Aluminum is anodic
to steel and will end up “sacrificing”.

In general, strength is the biggest issue in welding
aluminum. Welding in the vicinity of heat treated alloys
transforms it into an annealed condition. The effect is a
reduction in tensile properties in the vicinity of the weld
annealed or non-work hardened values.

6.3.2.2. Weldability

Perhaps the most basic consideration is whether the material
is weldable and what welding processes are able to be used.
Table 8 provides a summary of relevant properties for a
range of heat-treatable and non-heat-treatable wrought and
cast aluminum alloys.

6.3.2.3. Weld Strength

The as-welded strength is another design consideration
when picking component and filler alloys. The ASM
Aluminum Specialty Handbook (53) contains tables (Tables
6, 7, 9, and 10) with as-welded ultimate strengths of heat
treatable and non-heat treatable alloys. Table 7 in (53) also
includes properties in the post-weld heat treated and aged
condition. Table 3 includes values for some of the maritime
alloys.

6.3.2.4.

Hydrogen dissolves rapidly in the molten aluminum that is
produced during the welding process but has reduced
solubility in the solid aluminum that is formed as the
material cools. Excess hydrogen forms gas porosity in the
weld material, producing weak welded joints; this is an
especially serious problem for 5xxx series aluminum alloys,
which are sensitive to the formation of a hydrated oxide.
Hydrogen comes from many sources: lubricant left on the
joined material or filler, moisture or oxidation (see Section
6.3.1.2), moisture leaks or condensation inside the nozzle of
a water-cooled torch, or moisture in the shielding gas (53).

Hydrogen Solubility



Table 8. Physical Properties and Weldability of Common Aluminum Alloys (53)

Thermal
Approximate Melting | Conductivity at
Range 25°C (77°F) Weldability*®

Electrical
Conductivity Arc with | Arc with
4 961ACS Flux Inert Gas | Resistance | Pressure
Non-Heat-Treatable Wrought Aluminum Alloys

1060 | 646-657 | 1195-1215 234 135 62 A A A B A
1100 643-657 | 1190-1215 222 128 59 A A A A A
1650 | 646-657 | 1195-1215 234 135 62 A A A B A
3003 643-654 | 1190-1210 193 112 50 A A A A A
3004 629-654 | 1165-1210 163 94 42 B A A A B
5005 632-654 | 1170-1210 200 116 52 A A A A A
5050 | 624-652 | 1155-1205 193 112 50 A A A A A
5052, | 607-649 | 1125-1200 138 80 35 A A A A B
5652

5083 574-638 | 1065-1180 117 67.5 29 C C A A C
5086 585-641 | 1085-1185 125 72.5 31 C C A A B
5154, | 593-643 | 1100-1190 125 72.5 32 C C A A B
5254

5454 602-646 | 1115-1195 134 77.5 34 B B A A B
5456 568-638 | 1055-1180 117 67.5 29 C C A A C

Heat-Treatable Wrought Aluminum Alloys

2014 507-593 945-1100 154 89 40 X C B B C
2024 502-638 935-1180 121 70 30 X C C B C
2090 560-643 | 1040-1190 88 51 17 X X B B C
2219 543-643 | 1010-1190 121 70 30 X C A B C
2618 549-638 | 1020-1180 161 93 37 X C B B C
6009 560-649 | 1040-1200 167 97 44 C C B B B
6013 579-649 | 1075-1200 150 87 38 C C B A B
6061 582-652 | 1080-1205 167 97 43 A A A A B
6063 616-654 | 1140-1210 200 116 53 A A A A B
6101 621-654 | 1150-1210 218 126 57 A A A A B
6262 582-652 | 1080-1205 172 99 44 C C B A B

' Equal volume at 20°C (68°F)

15 Weldability ratings: A, readily weldable; B, weldable in most applications, but may require special technique or filler alloy; C, limit weldability, X, joining
method not recommended.
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Thermal
Approximate Melting | Conductivity at
Range 25°C (77°F Weldability*®

Electrical
Conductivity Arc with | Arc with

“ o6IACS Flux Inert Gas | Resistance | Pressure
332.0 | 521-582 | 970-1080 104 60 26 X X B B X
333.0 | 521-588 | 970-1090 117 68 29 X X B B X
336.0 | 538-571 | 1000-1060 117 68 29 C C B B X
354.0 | 538-599 | 1000-1110 125 72 32 C C B B X

Heat-Treatable Cast Aluminum Alloys — Sand and Permanent Mold Castings

222.0 | 521-627 | 970-1160 130 75 33 X X B B X
242.0 | 527-638 | 970-1180 133 77 34 X X C B X
319.0 | 521-604 | 970-1120 112 64 27 C C B B X
355.0 | 549-621 | 1020-1150 150 87 39 B B B B X
C355.0 | 549-621 | 1020-1150 146 84 39 B B B B X
356.0 | 560-616 | 1040-1140 150 87 41 A A A A X
A356.0 | 560-610 | 1040-1130 150 87 40 A A A A X
A357.0 | 554-610 | 1030-1130 159 92 40 B B A A X
359.0 | 566-599 | 1050-1110 137 79 35 B B A A X
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6.3.2.5. Electrical Conductivity

Aluminum has high electrical conductivity (approximately
62% of copper), which allows several conveniences with
regards to welding (53):

e The ground connection can be attached to any point on
the work piece. This is in preference to attachments on
a steel table due to the poor ground path through any
rust on the steel and oxide on the aluminum.

Long contact tubes, which promote multiple contact
points, can be used with GMAW guns due to the lack of
resistance heating of the electrode. This reduces arcing
especially in the case when the arc is initiated using a
constant-voltage power supply and a fast electrode “run

in” speed.
6.3.2.6. Thermal Conductivity
Aluminum also has high thermal conductivity

(approximately six times that of steel) and specific heat
(approximately twice that of steel); however, these
characteristics provide issues of concern with regards to
welding (53):

e Higher heat inputs are required as compared to steel
because of its high specific heat.

Welding parameters must be continually adjusted since
the heat is conducted ahead of the arc.

Aluminum is sensitive to changes in heat input.
Variations in penetration and fusion can occur as a
result.

6.3.3.

Preparation and cleaning of the aluminum prior to welding
is of paramount importance. Moisture, grease, anodizations,
and oxidation may all be present on the material and must
be removed prior to welding. Impurities on the surface will
create a poor fusion and weaken the overall strength of the
joint.

Preparation / Cleaning

6.3.3.1.

Aluminum oxidizes immediately upon exposure to air.
While this oxide layer provides corrosion resistance to
aluminum, if it is not removed properly, any un-melted
oxide will be trapped in the weld and may cause a reduction
in ductility, lack of fusion, and/or weld cracking (49).

Removal of Oxidation

The oxidation that forms on the aluminum has a melting
point of 3,700°F, and it is impractical to remove (especially
by certain welding processes) by the heat of the welding
process.

There are several methods of removal (49): mechanical,
chemical or electrical means. Mechanical removal can be
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done with a sharp tool, sandpaper, or a stainless steel wire
brush.

There are two chemical solutions that can be used: etching
types (composed of alkaline solutions) or non-etching
solutions. Non-etching solutions are less abrasive but
should only be used for relatively clean parts. Etching
solutions are more effective but should be used with care so
as not to allow excessive etching. This is usually done by
controlling the time of exposure to the chemical solution. If
the parts are dipped into the solution, hot and cold rinsing
are suggested. Another chemical method of removing
oxidation is via flux. Typically, the oxide layer is thin
enough to be removed by flux. However, the flux leaves
chlorides and fluorides, which must be removed after the
welding operation in order to prevent corrosion.

The electrical method occurs during the half cycle during
gas tungsten arc welding (GTAW) when the electrode is
positive. The removal occurs via cathodic bombardment
and blasts away the oxide to produce a clean surface. As a
result, inert-gas arc welding has increased in acceptance as a
joining method for aluminum (49).

The oxide layer immediately begins to reform and thicken
after cleaning, and welds should be conducted within eight
hours of cleaning in order to ensure quality welded joints
(49).

Spooled bare electrode must be stored in a dry, heated area
to prevent oxidation (53).

6.3.3.2.

Anodizations have the same effect as the aluminum oxide.
They can be removed by sanding, scraping, and wire
brushing, but a chemical process is the preferred method.

Removal of Anodization Coatings

6.3.3.3.

Preheating of aluminum and its alloys is highly desirable
and is necessary in most cases to prevent high stresses and
distortion when welding and to minimize cracking. Better
fusion of thick plates is also obtained by preheating, but is
often seen as impractical on larger pieces.

Preheating

Preheating should be to 300°F-500°F and uniform
throughout the material. Care must be taken not to heat to a
higher temperature because of the low melting point of
aluminum.

6.3.3.4.

Aluminum alloys that are heat-treatable are subject to
considerable precipitation where the alloying elements are
brought to the surface as the result of welding heat. The
elements will surface to the edge of the grains and will
cause discoloration in the material parallel to the weld seam.

Precipitation



The loss of these materials weakens the parent material and
may result in cracking. The general solution is to use a filler
metal of higher alloy content than the material being welded
and to use a fast welding method so as to limit and narrow
the heat-affected zone.

6.3.3.5.

The most commonly used types are butt and lap joints. A
butt joint is created when the edges of two pieces are welded
together; a lap joint occurs when the material is overlapping
the other piece. Other examples of joints include corner
joints, tee joints, and edge joints (131).

Joint Design

Joint types are chosen with regard to the welding method,
geometry, and plate thickness. The ideal joint provides the
required structural strength and quality without an
unnecessarily large joint volume. The weld cost increases
with the size of the joint, and the higher heat input will
cause problems with impact strength and distortion (131).

The design of a joint is fundamentally determined by the
geometry and required dimensions. Although the joint
design is primarily established to meet strength and safety
requirements, several other factors must be considered
including (125):

o  Whether the load will be in tension or compression and
whether bending, fatigue, or impact stresses will be
applied.

e How aload will be applied; that is whether the load will
be steady, sudden, or variable

e  The direction of the load as applied to the joint

e  The cost of preparing the joint

Another factor is called joint efficiency, which is the ratio of
strength of the joint to strength of the base material.

The square butt joint is used primarily for metals that are
3/16 inch or less in thickness. The joint is reasonably strong,
but its use is not recommended when the metals are subject
to fatigue or impact loads. Preparation of the joint is simple,
since it only requires matching the edges of the plates
together; however, as with any other joint, it is important
that it is fitted together correctly for the entire length of the
joint. Penetration of the material is needed to ensure proper
strength; therefore, specified geometry should be used to
ensure complete penetration (125). The square butt joint
can be utilized to join plating in the superstructure.

When welding metals greater than 3/16 inch in thickness, it
is necessary to use a grooved butt joint. The purpose of
grooving is to give the joint the required strength. When
using a grooved joint, it is important that the groove angle is
sufficient to allow the electrode into the joint; otherwise, the
weld will lack penetration and may crack. However, excess
beveling should be avoided because this wastes both weld

metal and time. Depending on the thickness of the base
metal, the joint is either single-grooved (grooved on one
side only) or double-grooved (grooved on both sides). The
single-V butt joint is for use on plates 1/4 inch through 3/4
inch in thickness. Each member should be beveled so the
included angle for the joint is approximately 60 degrees for
plate and 75 degrees for pipe. The double-V butt joint is
used on metals thicker than 3/4 inch but can be used on
thinner plate where strength is critical. Compared to the
single-V joint, preparation time is greater, but less filler
metal is used because of the narrower included angle.
Because of the heat produced by welding, alternate weld
deposits, welding first on one side and then on the other
side, should be used. This practice produces a more
symmetrical weld and minimizes warping (125). Figure 10
shows the most common types of butt joints.

.

A, SQUARE BUTT JOINT

.....

%Zi;i;_iﬁ%

C. DOUBLE-V BUTT JOINT
Common Butt Joints (125)

Figure 10.

The single-V and double-V butt joint are typically utilized
to join hull plating and welding deck sections together.

The flush corner joint is designed primarily for welding
sheet metal that is 12 gauge or thinner. It is restricted to
lighter materials, because deep penetration is sometimes
difficult and the design can support only moderate loads.
The half-open corner joint is used for welding materials
heavier than 12 gauge. Penetration is better than in the flush
corner joint, but its use is only recommended for moderate
loads. The full-open corner joint produces a strong joint,
especially when welded on both sides. It is useful for
welding plates of all thicknesses (125). Figure 11 shows the
most common types of corner joints.
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HALF=0PEN CORNER JOINT

FULL-OPEN CORNER JOINT
c

Figure 11. Common Corner Joints (125)

The tee joint requires a fillet weld that can be made on one
or both sides. For maximum strength, weld metal should be
placed on each side of the vertical plate. The single-bevel
tee joint can withstand more severe loadings than the square
tee joint, because of better distribution of stresses. It is
generally used on plates of 1/2 inch or less in thickness and
where welding can only be done from one side. The
double-bevel tee joint is for use where heavy loads are
applied and the welding can be done on both sides of the
vertical plate. Figure 12 shows common Tee-Joints.

b

BOUBLE-BEVEL TEE JOINT
>

Figure 12. Common Tee Joints (125)

The single-fillet lap joint is easy to weld, since the filler
metal is simply deposited along the seam. The strength of
the weld depends on the size of the fillet. Metal up to 1/2
inch in thickness and not subject to heavy loads can be
welded using this joint. When the joint will be subjected to
heavy loads, the double-fillet lap joint should be used. When
welded properly, the strength of this joint is very close to
the strength of the base metal. Figure 13 shows common
lap joints.

A, SIMGLE-FILLET L&F a5iRT

B, DOUBLE-FILLET LAF S3iNT

Figure 13. Common Lap Joints (125)

The flanged edge joint is suitable for plate 1/4 inch or less in
thickness and can only sustain light loads. Figure 14 shows
common edge joints.

Figure 14. Common Edge Joint Application (125)

6.3.4. Filler Alloy Selection

An important part of the weld design process is selecting the
filler alloy for the joint. This affects the ease of welding,
the strength of the weld, and the corrosion resistance. Table
9 provides filler selection criteria for joining 6061 and 6070
aluminum to other alloys using a variety of filler alloys.
This is part of a much larger table (Table 14) from the ASM
Specialty Handbook on Aluminum (53) which includes
filler selection criteria for other combinations of alloys.
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Table 9. Filler Alloy Characteristics
Alloy 1 Alloy 2 Filler Alloy Filler Allo Charactérlstlcs -

4043 A
4145 B
5005, 5050 5183 - -
5356
5556
5053
5183
5356
5554
5556
5654
4043
5183
5356
5554
5556
5654
4043
5183
5356
5554
5556
5654

6061,6070 » 4043
514.0, 5183

A514.0, 5356
B514.0,
5554
F514.0, 5556
5154, 5254
5654

4043
5183
5356
5554
5556
5654
4043
6005, 6063, 5183
6101, 6151, 5356
6201, 6351, 5554

6951 5556
5654
4043
5183
5356
5554
5556
5654

=S
(2]
—

> >

>

5052, 5652

>
> ||| > |

5083, 5456

@ > >

5086, 5356

g g kg

> ||| > |

5454

>
o> |||

[e3]
gl gl

6061, 6070

[eldlelcdidrdiolldeltdidrdiolldeltdidtdieildeldbdtd i d i rdtd EddEd i bd b d Edielzdeldrdtgddicdrd s

TP T | H| > QT[> (T3> OO QB> T[> | Q| |> T[> Q|| > T[> | Q|| > T[> ||| > D> >|»>|=|w

([ |G [ [ || 2| W [T ||| Q> [T 3| |0 Q > [T 3| > Q @3> Q > @ > > |m Qw3 OO

cellolivviioliolkdi-slioli-llollolEdi--lloltdiolioli ol diellelrdd tdEdbd EdrdEdEdEdEd Ed il el llellelrdE

™
||| > |

Notes:

1. A, B, C, and D represent relative ratings (where A is best and D is worst) of the performance of the two component base alloys
combined with each group of selected filler alloys.

2. W, ease of welding (relative freedom from weld cracking); S, strength of welded joint in as welded condition (rating applies
specifically to fillet welds, but all rods and electrodes rated will develop presently specified minimum strengths for butt welds); D,
ductility (rating based on free bend elongation of the weld); C, corrosion resistance in continuous or alternate immersion of fresh or
salt water; T, performance in service at sustained temperatures > 65°C (> 150°F); M, color match after anodizing

3. Combinations having no ratings are not recommended.
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6.3.5.

Residual stresses are stresses that remain once the original
cause of stress has been removed. This is especially
important to consider in the welding process because the
heat from welding will cause local expansion which is
accounted for in welding by either the molten metal or the
placement of the parts being welded. Once the weld is
finished and cools, some areas will contract more than
others, creating residual stress. This produces large tensile
stresses whose maximum value is approximately equal to
the yield strength of the materials being joined, balanced by
lower compressive residual stresses elsewhere in the
component (125).

Residual Stresses

Prediction of residual stresses by numerical modeling of
welding has improved in recent years. Modeling of welding
is  technically and computationally difficult, so
simplification and idealization of the material behavior,
process parameters, and geometry is unavoidable.
Numerical modeling is a way to predict residual stress, but
validation with experimental results is critical (125).

Residual stresses must be calculated and determined to
verify joint strength as well as ensure there is enough
supporting structure near the welded joint. Residual stress
weakens the joint by putting stresses already in place, and
creating a greater chance of failure from fatigue. If the joint
can be properly designed, the pre-stresses can be eliminated
or incorporated into the overall design.

Allowing for residual stresses in the assessment of
performance varies according to the method of failure. It is
not usually necessary to take into account residual stresses
in calculations of the static strength of ductile materials.
Design procedures for fatigue or buckling of welded
structures usually make appropriate allowances for weld-
induced residual stresses, and, therefore, it is not necessary
to include them explicitly. Residual stresses have an effect
on fracture in the brittle and transitional regimes, and the
stress intensity, K, or energy release rate, G. Due to this,
residual stresses must be calculated and included in the
fracture assessment. K or G may be obtained as a function
of stress distribution, crack size and geometry by various
methods, including handbook solutions, weight functions,
and FEA (125).

K is calculated as (85):

K G,V TC 15)
Where:

Gy uniform tensile stress

c = crack length (L/2)
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L seam length
The strain energy (U) released due to crack occurrence is:

2 2
U mo, (L (16)
E (2
Where:
Go uniform tensile stress
E = elastic modulus
L = seam length (weld length)
Then the strain energy release rate (G) is:
ou
G = — (17)
oL
2
To
= = E (18)
E 2
2
= K_ (19)
E
Where
U strain energy
L = seam length (weld length)
Gy uniform tensile stress
E = Young’s modulus
K stress intensity

The theory of residual stress describes what is happening in
this complex instance. The theory of residual stress is
estimated as follows:

Stress: oy, Gy, G,
Seam length (weld length): L
Transverse stress on the seam: 6y

E 'Y 1 (dv

o = — [— IV g (20)
2L ¢, 1-x\dx /,

Where:

E = elastic modulus

[v] = dislocation, calculated using Equation (21)

X = length along weld seam



[V’] = ZAnsinnO (1)
n=l
Where:
A, = areaofjoint
0 = angle of joint
E N sinnf
= A n__- 22
¥ 2L sin0 (22)
L
X = EcosO (23)

Mean Dislocation IQJ :

L2

% [ [Vlax (24)

-L/2

- l .[ L(z AnsinnGJsinO e d0 (25)
L2

n=1

<|
|
[

(L
= Z A, (26)

Thus, the magnitude of mean dislocation is determined only
by the value A;. This causes the strain energy, U, to

become:
L2 1
u = _ifQEGYO[V]dX (27)
o Z )
- —E| ) nA; (28)
16 n=l1
- TE1+3)A’ 29)
16 :
Where:
5 = R inA2 (30)
A12 n=2 !
6.3.5.1. Distortion

Probably the most common cause of excessive distortion is
from over welding. In order to reduce distortion, heating

and shrinkage forces should be kept to a minimum. The
weld should be designed to contain only the amount of
welding necessary to fulfill its service requirements. The
correct sizing of welds to match the service requirement of
the joint can help to reduce distortion. Welds should not be
produced that are larger than necessary for a good bond.
Welders should be provided with weld gauges so they are
able to measure their welds to ensure they are not producing
welds that are much larger than necessary. With butt joints,
edge preparation, fit-up, and excessive weld buildup on the
surface should be controlled in order to minimize the
amount of weld metal deposited, and thereby reduce heating
and shrinkage (46).

When welding thicker material, a double-V-groove joint
requires about half the weld metal of a single-V-groove joint
and is an effective method of reducing distortion. Changing
to a J-groove or a U-groove preparation can also assist by
reducing weld metal requirements in the joint (46).

Intermittent fillet welds should be used where possible.
Often adequate strength requirements can be maintained and
the volume of welding reduced by 70%, if the design
allows, by using intermittent fillet welds over continuous
welding (46).

Welding should be balanced around and positioned near to
the neutral axis of the welded structure. Placing similarly-
sized welds on either side of the joint centerline can balance
one shrinkage force against another. Placing the weld close
to the neutral axis of the structure may reduce distortion by
providing less leverage for shrinkage stresses to move the
structure out of alignment (46).

The number of weld beads should be reduced, if possible.
Few passes with a large electrode are preferable to many
passes with a small electrode. The additional applications
of heat can cause more angular distortion in multi-pass
single fillet welds and multi-pass single-V-groove welds
(46).

The welding process to be used should be carefully selected.
The process that can provide the highest welding speeds and
is able to make the weld in the least amount of weld passes
should be used. Automated welding should be employed
whenever possible as automated techniques are often
capable of depositing accurate amounts of weld metal at
extremely high speeds. Fortunately, with modern arc
welding processes, it is often possible to use high welding
speeds, which help fight distortion (46).

The use of welding sequences or backstep welding may act
to minimize distortion. The backstep technique allows for
the general welding progression to be in one direction, but
enables the depositing of smaller section of weld in the
opposite direction. This provides the ability to use prior
welds as a locking effect for successive weld deposits (46).
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Whenever possible, welds should be performed from the
center outward on a joint or structure. Wherever possible,
successive passes should be done on alternate sides on
double-sided and multi-pass welding. An even better
method to control distortion is to weld both sides of a
double-sided weld simultaneously (46).

Components may be preset so they will move during
welding to the desired shape or position after weld
shrinkage. This is a method of using the shrinkage stresses
during  the  manufacturing  process. Through
experimentation, the correct amount of offset can be
determined which compensates for weld shrinkage. Then,
only the size of the weld need be controlled to produce
consistently aligned welded components (46).

The use of restraints such as clamps, jigs and fixtures, and
back-to-back assemblies should be considered. Locking the
weld in place, with clamps fixed to a solid base plate to hold
the weld in position and prevent movement during welding,
is a common method of combating distortion. Another
method is to place two welds back-to-back and clamp them
tightly together. The welding is completed on both
assemblies and allowed to cool before the clamps are
removed. Pre-bending can be combined with this technique
by inserting spacers at suitable positions between the
assemblies before clamping and welding (46).

6.3.6.

Grinding is done on the welded joint to removes excess
material and creates a smooth surface. Grinding machines
remove material from the work piece by abrasion, which
generates enormous amounts of heat. In some instances, a
coolant must be incorporated to cool the work piece so that
it does not overheat. Again, as in the case with welding,
excessive overheating will weaken the base material.

Grinding

6.3.7.

Finishing, which includes grinding, may be used 1) to
improve appearance, adhesion or wettability, solderability,
corrosion resistance, tarnish resistance, chemical resistance,
wear resistance, and hardness, 2) to modify electrical
conductivity, 3) to remove burrs and other surface flaws,
and 4) to control the surface friction. The most common
example of finishing for aluminum welds is peening’.

Finishing

Hand peening may be performed after welding to help
relieve the tensile stresses that develop in the weld metal
and surrounding base metal on cooling. The level of
reduction in tensile stress is only minimal and occurs on or
near to the weld surface. Peening will induce a higher
hardness into the weld and this is something that should be
avoided. For this reason peening is not normally accepted
by the majority of codes, standards or specifications (e.g.,
ASME B31.3 §328.5.1 (d)). Any peening that is carried out

on a weld should have been carried out on the weld
procedure qualification test piece.

The welding procedure qualification test piece replicates all
of the essential variables that will be used in production
welding. If the weld is peened during the qualification of a
welding procedure, the subsequent mechanical testing of the
procedure qualification test piece will demonstrate the
mechanical properties of the weld. These mechanical
properties must, as a minimum, match the mechanical
properties specified in the weld procedure. If they do not,
the procedure has failed, and the welding procedure is not
acceptable for use in production welding. Peening should
only be carried out on a production weld where the
procedure test piece has been peened.

6.3.8. Inspection / Testing

ABS has stringent standards that welds are held to. The
inspections are mostly visual, and testing is non-destructive.
The following are the ABS standards for inspection and
testing (12).

e Appearance — Welds shall be free of cracks, incomplete
fusion and burn-through. Visible arc-strikes on welds
and the adjacent base metal are not allowed and shall
not exceed 1 mm (1/32 in.) in depth after removal.
Weld spatter greater in diameter than 1 mm (1/32 in.) is
not acceptable.  Gouge marks, nicks and other
fabrication scars in the weld inspection zone shall not
exceed the requirements for undercut. Weld surfaces
shall be free of slag to the extent that there is no
interference  with  visual or other required
nondestructive  test. Crater pits are considered
acceptable, provided 1) the area contains no cracks, 2)
the root concavity and convexity limits are not
exceeded, and 3) the minimum weld thickness
requirements are met.

e Melt-through’ — Melt-through and repaired burn-
through areas are acceptable, provided the areas do not
contain cracks, crevices, excessive oxidation or
globules, and provided that the root convexity and
concavity limits are not exceeded.

e Suckback' — Suckback is unacceptable in a weld or base
metal when it occurs as a sharp notch or where the
depth reduces the weld thickness below the minimum
base metal thickness.

e Undercut — The minimum undercut shall be 1 mm (1/32
in.) or 10% of the adjacent base metal thickness,
whichever is less. For base metal thickness 12 mm (0.5
in.) and greater, undercut from 1 mm (1/32 in.) to 1.5
mm (1/16 in) is allowed if the accumulated length of
undercut does not exceed 15% of the joint length or 300
mm (12 in.), whichever is less.

e Dye Penetrant’ — Dye penetrant inspection is to be used
when investigating the outer surface of welds or may be
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considered for use as a check of intermediate weld
passes, such as root passes and also to check back-
chipped, ground or gouged joints prior to depositing
subsequent passes. Any dye penetrant used is to be
thoroughly removed from the area before re-welding.
Dye penetrant is not to be used where complete
removal of the dye penetrant materials cannot be
assured. Dye penetrant is to be used before peening if
specified.

e Radiographic or Ultrasonic Inspection — Radiographic
or ultrasonic inspection or both may be used when the
overall soundness of the weld cross section is to be
evaluated.  Finished welding is to be sound and
thoroughly fused throughout its cross section and to the
base material. Production welds are to be crack free.
Other discontinuities, such as incomplete fusion or
incomplete penetration, slag, and porosity, are only to
be present to the degree permitted by the pertinent
inspection standard. The procedures and standards for
radiographic and ultrasonic inspection is to be in
accordance with the Bureau’s separately issued
publication, Guide for Nondestructive Inspection of
Hull Welds (12), or other approved acceptance
standards.

e Weld Plugs or Samples — The practice of taking weld
plugs or samples by machining or cutting from the
welded structure is not recommended and is to be
considered only in the absence of other suitable
inspection methods and is to be subject to the special
approval of the Surveyor. When such weld plugs or
samples are removed from the welded structure, the
holes or cavities formed are to be properly prepared and
welded, using a suitable welding procedure approved
by ABS and as established for the original joint.

6.3.9.

Arc welding is not a reliable method for joining aluminum
to other materials and introduces galvanic corrosion. Very
brittle intermetallic compounds form when metals such as
steel, copper, or titanium are directly arc welded to
aluminum. To avoid the problems associated with arc
welding these dissimilar materials, it is necessary to use
special fabrication techniques to isolate the other metal from
the molten aluminum during the arc welding process. The
most common method of facilitating the joining of an
aluminum component to a steel component by arc welding
is by using a bimetallic transition insert.

Bimetallic Transition Inserts

Bimetallic transition inserts are available commercially in
combinations of aluminum to such other materials as carbon
steel, stainless steel, copper, and titanium. These inserts are
sections of material that are comprised of one part
aluminum with another material already joined to the
aluminum. The methods used for joining these dissimilar
materials together and thus forming the bimetallic transition

are usually explosion welding, rolling, friction welding,
flash welding, or hot pressure welding.

The arc welding of these steel-aluminum transition inserts in
production can be performed by the normal arc welding
methods such as gas metal arc welding or gas tungsten arc
welding. One side of the insert is welded steel to steel and
the other aluminum to aluminum. Care should be taken to
avoid overheating the inserts during welding, which may
cause growth of brittle inter-metallic compounds at the
interface of the two materials in the transition insert. It is
good practice to perform the aluminum-to-aluminum weld
first. Proceeding in this manor can provide a larger heatsink
when the steel-to-steel welding is performed and help
prevent the steel-aluminum interface from overheating.

Some manufacturers of these bimetallic inserts provide
recommended procedures that suggest care should be taken
to avoid heating the steel-aluminum bond zone above 600°F
during welding. In addition, joint details are recommended
for some applications that are designed to minimize the
amount of heat directed toward the transition bond.
Bimetallic transition inserts are offered in various
thicknesses and are available in strip, plate, and tubular
section. The bimetallic transition insert is a popular method
of joining aluminum to steel and is often used for producing
welded connections of excellent quality within structural
applications. In the shipbuilding industry, where transition
insert joints have become the standard means of welding
aluminum superstructures and bulkheads to steel hulls,
framing, and decks. This aluminum-to-steel weldability has
given naval architects and shipbuilders the freedom to
maximize the benefits of materials, the strength and
economy of steel, combined with the lightweight and
corrosion resistance of aluminum. Structural transition
inserts for shipbuilding use are typically composed of 5xxx
series aluminum bonded to low-carbon-manganese steel and
must meet ABS and ASTM A264 Standard Specification for
Stainless Chromium-Nickel Steel-Clad Plate, Sheet, and
Strip (18), MIL-STD-1689 Fabrication, Welding, and
Inspection of Ship Structures (130), NAVSEA Technical
Publication T9074-AS-GIB-010/271, Nondestructive
Testing Requirements for Metals (96).

6.3.10.

There are multiple design considerations that must be taken
into account in designing a welded joint. Critical welded
joints must be very detailed to avoid excessive cost and over
strengthening of the joint. The type of weld must be
specified in critical joints including definition of length of
weld, size, spacing, location and frequency (number of
welds) and method. All of the important information about
a weld is given in the standards drawings and is defined by
ANSI/AWS A2.4-79 (36). Figure 15 shows a sample and a
description of the notes.

Design Requirements
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These factors that contribute to the type of weld are
determined using the following attributes:

e Material Thickness — Optimum weld quality results
when the work pieces being joined are approximately
the same in thickness, thus allowing for equal weld
penetration.

e Necessary Weld Strength — In theory, weld strength
should be adequate to handle the stresses the assembly
will see in service plus the desired safety factor. Yet
overdesign of specified welds is common. A weld may
be overdesigned to boost the strength of a thin sheet
metal part (designed thin for cost saving), but final cost
may surpass that of using heavier gauge metal in the
first place. The metal forming supplier can often help
determine the best welding option based on
manufacturing capabilities and experience. A weld can
never be stronger than the base metal. For welded butt
joints, strength is usually equal to that of the base metal.
For fillet welds, stresses are assumed to act in shear and
weld strength depends on leg size, length of the weld,
type of weld metal, and loading direction.

e Cost of Weld — Welding is such a versatile process that
it is often the best way to produce sheet metal
assemblies which must meet both strength and cosmetic
requirements. However, compared to other joining
processes, manual welding, particularly in smaller
volumes, can be relatively expensive. As the volume of
the product to be assembled increases, the process
becomes competitive with alternate joining methods.
High volume products can be very economically
produced using dedicated fixturing and laser,
semiautomatic, or robotic welding techniques. The
length and width of a weld can have a great effect on
cost. By not specifying size, length and number of

welds, and by avoiding fillets that are welded all
around, the size of a weld can be limited, reducing cost.
Additionally, choosing weld locations and orientations
that more directly resist primary service stresses can
reduce weld size. Again, this reduces labor and
material costs.

e Finish and Splatter — Designers should be careful to
specify when weld spatter is not allowed. Parts that are
to be painted or otherwise finished after welding may
require a secondary grinding operation to smooth welds
down to an acceptable level. Depending on finishing
specifications, the cost of secondary grinding can easily
equal or exceed the initial welding cost. When welding
is done on a "face" or cosmetic panel, small dips or
undercuts may appear. If this is visually unacceptable,
grinding and polishing are needed. Surface finish
should always be specified to reflect cosmetic
requirements.  This is particularly important when
welding thick to thin material.

e Finishing Considerations — It is extremely important
that the designer consider the effect of any welding on
subsequent finishing operations. Welded assemblies to
be painted should preferably be designed with hidden
welds. If this is not possible, locate the welds for easy
and economical grinding access. Grinding should be
avoided in inside corners or on internal surfaces, as it
requires special equipment and costly hand operations.

6.3.11. Welder Certification

ABS must be satisfied that the welders and operators are
proficient in the type of work which they are called upon to
perform, either through requiring any or all of the tests or
through due consideration of the system of employment,
training, apprenticeship, plant testing, inspection.

Tests are based on the material thicknesses and welding
processes involved. Qualification of welders for a particular
alloy may be acceptable for qualification of the welder for
other aluminum alloys. Separate qualification tests are to be
made for the gas metal arc and gas tungsten arc processes.
The tests are referred to by numbers Q1, Q2, Q3, Q4, and
Q5. Alternatively, upon the request of the employer, the
welder may be qualified by use of radiography, provided
that the complete particulars of the equipment available and
the procedures are demonstrated to be satisfactory. Test
assemblies for either mechanical testing or radiographic
examination are to be prepared according to material
thickness and welding. Table 10 describes the test
available.

42



Table 10.

Welder Qualification Tests Descriptions

Welding Position

Flat, Horizontal, Vertical

Construction Material
On material of limited
thickness 19.1 mm (3/4 in.)
or less'

and Overhead

Test No. Q1 in vertical and
overhead positions

Flat and Vertical Flat Position Only

Test No. Q1 in vertical

position Test No. QI in flat position

On material of unlimited
thickness'?

Test No. Q2 in vertical and
horizontal positions

Test No. Q2 in vertical

position Test No. Q2 in flat position

On piping or tubing’

Test No. Q3 in horizontal
and vertical positions

Test No. Q3 in horizontal
and vertical fixed positions

Test No. Q3 in horizontal
rolled position

For tack welders

Test No. Q5 in vertical and

overhead positions

Test No. Q5 in vertical
position

Notes:

1. Where the maximum thickness of material on which a welder may have occasion to work throughout the period
governed by a test is indeterminate, the Surveyor may, if desired, require the welder to qualify under unlimited

thickness requirements.

2. Where the maximum plate thickness to be welded is between 19.1 mm (3/4 in.) and 38.1 mm (1-1/2 in.)
qualification Test No. Q2 may, with the permission of the Surveyor, be conducted on plate of maximum thickness

involved.

3. Welding operators qualified under the requirements of Test No. Q4 will be considered as qualified to make welds
governed by Tests Nos. Q1 and Q2. Welding operators qualified to weld on plate in the vertical position may be
permitted to weld on pipe in the horizontal rolled position.

6.4. Adhesives

The use of adhesives is another form of joining aluminum to
either aluminum, other metals, or to fiber reinforced plastics
(FRP). A widely-used adhesive that has been tested in a
marine environment is methacrylate adhesive, also known
as methamethacrylate (MMA). The use of adhesives has
become more popular because of their ease of use and the
elimination of welding-induced distortion. =~ With the
elimination of welding-induced distortion, the use of a
thinner plate thickness may be possible. One disadvantage
of using adhesives is their lack of strength in a fire. Because
of this disadvantage, a greater amount of fire protection
insulation is required to protect the adhesive joints than
would be required for welded joints (115).

6.5. Structural Details

Structural details describe specific structural features at
particular locations; typically, the structural details are
specified to smoothly transfer the stresses in one structural
member to another. For example, a structural detail must be
specified at the intersection of a transverse frame and a
longitudinal stiffener.

Jordan and Cochran (77) conducted a survey of 50 different
vessels of various types in order to obtain a “database” of
structural details currently in use on steel vessels. This
study was followed by a follow-on study conducted by
Jordan and Knight (78) which surveyed 36 additional
vessels. (Jordan and Knight also published a design guide
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for structural details.) Although the ships surveyed where
steel vessels, often the same details are used in aluminum
vessels.

There is a range of structural details and typically several
apply to each particular scenario. It is, therefore, necessary
to choose the best detail for the scenario under
consideration. The criteria should include each of the
following considerations; however, the weight of each will
depend on the location of the detail and the stresses,
deformations, etc. that affect the location:

e Does the detail provide a smooth stress transition, if
applicable?

e What stress concentrations are introduced to the
structure by the detail? Stress concentrations may be
acceptable if the detail is located in a region with low
stress.

e Does the detail provide resistance to fatigue? This is
especially important for aluminum vessels, which are
more sensitive to fatigue. Sielski (115) evaluates the
different details in each category to provide a fatigue
assessment in accordance with Eurocode 9 (60).

e How difficult is the detail to fabricate?

Is there sufficient access to weld the detail?



7. Ship Loading

Ships are the largest mobile structures built by man, and
both their size and the requirement for mobility exert strong
influences on the structural arrangement and design. In
contrast to many land-based structures, the structural
components of a ship are frequently designed to perform a
multiplicity of functions in addition to that of providing the
structural integrity of the ship. For instance, the shell
plating serves not only as a principle strength member but
also as a watertight envelope. Internal strength members
also serve dual functions such as bulkheads that contribute
substantially to the strength of the hull and may also serve
as watertight compartments (84).

Ship structural loads can be divided into three separate
categories: basic loads, sea environment and operational
environment (see Figure 16). These loads can also be
categorized into four other categories: static, low-frequency
dynamic, high-frequency dynamic and impact (in Figure 16
these categories have been color coded). In Figure 16 the
category “Docking” is multicolored due to the fact that
when the ship is dry docked it is considered a static load and
a tugboat that would be used during docking maneuvers is
considered an impact load.

Ship Structural
Loads

S
| 1 1

Sea
Environment

Hull Girder
Loads

Sea Loads

Weather Loads

Operational
Environment

‘ Basic Loads ‘

Standard Live
Loads
Liquid/Tank
Loads

Loads - Known
Equipment and
Cargo

Slamming

KEY
Flooding

Aircraft Landing

Tank Overfill

Docking

Figure 16. Ship Structural Loads

An important characteristic of a ship structure is the
composition of stiffened plate panels, some of which are
plane, normal, or curved, which make up the side, bottom
shell, the decks, and bulkheads. This is in contrast to where
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many structural instances would normally call for beams,
columns, or trusses. Therefore, much more effort should be
expended in ship structural analysis concerned with
predicting the loading and interactions of stiffened panels.
These interactions are analyzed and summarized into a
model called the hull girder model (83).

7.1. Major Loads on the Hull Girder Model

There are four loads that must be accounted in the analysis
of the ship’s hull girder model in the structural design
process (84):

Static Loads

Dynamic Loads (Low Frequency)
Dynamic Loads (High Frequency)
Impact Loads

7.1.1. Static Loads

Static loads are loads on a ship that slowly vary with time.
These changes are due to a variety of factors and are
accounted for when the total ship weight changes, the
loading and unloading occurs, consumption of fuel, or
modifications to the ship itself. Static loads are influenced
by (84):

e  The weight of the ship and its contents

e  Static buoyancy of the ship when at rest or moving

e Thermal loads resulting from non-linear temperature
gradients within the hull

e Concentrated loads caused by dry-docking or grounding

The static loads consist of two main forces: the buoyancy
forces and gravitational forces. To determine gravitational
loads:

f = mg 31
Where:

f = force applied

m =  mass of the object

g =  gravitational acceleration

To determine buoyancy force, the designer must integrate
over the length of the design to determine the buoyant force
per unit length whose magnitude is given by pgA, where p
is the mass density, or mass per unit volume, and A is the
immersed sectional area.

7.1.2.

Low-frequency dynamic loads are loads that vary with time
in periods that range from a few seconds to several minutes.
Since these loads occur at such low frequencies, there is no

Low-Frequency Dynamic Loads



9. Fire

In order to prevent the spread of fire and the possible loss of
life, fire protection is required on ships to safeguard the
safety of the vessel. Insulation is required in most cases to
prevent the spread of heat through steel bulkheads and
decks. Requirements pertaining to aluminum structures are
more extensive than those of steel. Unlike steel which can
withstand high temperatures, aluminum must be protected
from the heat to prevent melting. Although aluminum does
not burn when exposed to ordinary fires, it does melt.

Prior to melting, as aluminum is heated it will lose tensile
strength at an increasing rate. Figure 25 is an example of
three different types of aluminum and the rate at which

aluminum loses tensile strength as the temperature
increases.
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Figure 25. Aluminum Tensile Strength Variation

Versus Temperature

Two design concerns for aluminum vessels are the various
types of fire boundaries that must be considered during the
arrangement of compartments and the insulation (and its
weight) that protects the structure.

9.1. Regulatory Requirements

Fire and safety requirements for vessels operating in
international waters are contained in SOLAS and in the
IMO HSC. Policy guidance and accepted interpretations of
structural fire protection regulations in SOLAS and the IMO
HSC are provided by the U.S. Coast Guard Navigation and
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Vessel Inspection Circular (NVIC) 9-97, Guide to Structural
Fire Protection.

9.1.1. SOLAS

The SOLAS requirements apply only to ships engaged in
international voyages. The SOLAS requirements for fire
protection include fire detection, fire containment and fire
extinction'®. The fire safety objectives include containing,
controlling, and suppressing a fire or explosion to the
compartment of origin, and to provide adequate and readily
accessible means of escape for passengers and crew. To do
this, the ship is divided into main horizontal and vertical
thermal and structural boundaries. Accommodation spaces
are separated from the remainder of the ship by such
boundaries, and means of escape and access for firefighting
are provided.

SOLAS contains three general classes of division, Class A,
Class B, and Class C. Class A divisions are formed by
bulkheads and decks constructed of steel or other equivalent
materials, stiffened, can preventing the passage of smoke
and flame for one hour, and are insulated. The insulation is
intended to prevent the average temperature on the
unexposed side from rising more than 140 °C (252 °F)
above the original temperature, and the temperature at any
one point shall not be more that 180 °C (324 °F) above the
original temperature. There are four Class A divisions, A-
60, A-30, A-15, and A-0, which prevent the temperature rise
for 60, 30, 15, and 0 minutes, respectively.

Class B divisions are formed by bulkheads, decks, ceilings
(overhead coverings), and linings.  These must be
constructed of non-combustible materials and be capable of
preventing the passage of smoke and flame for one half-
hour. The insulation is to prevent the average temperature
on the unexposed side from rising more than 140 °C (252
°F) above the original temperature, and the temperature at
any one point shall not be more than 225 °C (405 °F) above
the original temperature. There are two Class B divisions,
B-15 and B-0, which prevent the temperature rise for 15 and
0 minutes, respectively.

Class C divisions are constructed of non-combustible
materials. Class C division do not need to meet
requirements for prevention of passage of smoke or flame,
or be insulated to prevent a temperature rise.

The requirements for the Class A, B, and C divisions are
summarized in Table 13.

' SOLAS provides additional requirements, which are not
covered in this section.



Table 13.

Class /

SOLAS Structural Division Classifications (75)

Maximum
Average Rise in

Minimum
Protection
Time!

Max Point Rise in

Temperature on Temperature on

Subclass | Structure Types Material Unexposed Side Unexposed Side
A-60 Bulkheads, Decks Steel or equivalent material’; 60
A-30 suitably stiffened; able to R o 30
A-15 prevent passage of smoke or 180°C (324°F) 15
A-0 flame for 60 min 0
140°C (252°F
B-15 Bulkheads, Decks, | Non-combustible  material; ( ) 15
B-0 Ceilings, Linings able to prevent passage of o o
smoke or flame at the end of 225°C (405°F) 0
30 min test
C Bullklheads,. .Decks, Non-combustible material No Requirement No Requirement NO
Ceilings, Linings Requirement
Notes:
1. The Minimum Protection Time is the minimum time that the bulkhead is able to keep the maximum average and

maximum point temperatures below the requirement listed in the fourth and fifth columns.

An equivalent material is any non-combustible material that is capable of maintaining integrity the minimum

exposure time, either bare or with the proper amount of insulation.

9.1.2. IMO HSC

The intent of the IMO HSC is to be a complete set of
requirements for high-speed crafts, including equipment and
conditions for operation and maintenance. The aim of the
IMO HSC is to provide levels of safety which are equivalent
to those contained in SOLAS and the International
Convention on Load Lines, 1966. The IMO HSC includes
very detailed requirements such that a high-speed craft
deemed to be in compliance with the Code is therefore
deemed to be in compliance with SOLAS chapters I to IV
and regulation V(12) (shipborne navigational equipment).

The IMO HSC requires that aluminum structures be
insulated so that the core temperature does not rise more
than 180 °C (360 °F) above the ambient temperature during
a fire test of the time specified for the type of space for
which the structure forms the boundary.

The IMO HSC has requirements for the duration that
bulkhead/decks must be able to provide an -effective
boundary between adjacent spaces. The classification of
these spaces are:

1. Areas of major fire hazard — Type A
a. Machinery spaces
b. Ro-ro spaces
c. Galleys
d. Flammable liquid storerooms

2. Areas of moderate fire hazard — Type B
a. Auxiliary machinery space - containing internal
combustion engines up to 110 kw, switchboards of
aggregate capacity of exceeding 800 kw
b. Crew berthing areas
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c. Service Spaces
3. Areas of minor fire hazard — Type C
a. Auxiliary machinery spaces — containing
refrigerating, A/C machinery and switchboards of
aggregate capacity of 800 kw or less
b. Cargo spaces
c. Tanks, Voids
4. Control stations — Type D
5. Evacuation stations and escape routes — Type E
6. Open spaces — Type F

Similar to SOLAS, the IMO HSC provides two tables; one
for passenger vessels and one for cargo vessels, giving the
times that bulkheads and decks must be able to provide
protection between adjacent spaces. Table 14 shows the
structural fire protection times for bulkheads and decks of
passenger craft.

The IMO HSC identifies areas of major fire hazard, such as
machinery spaces and flammable liquid storerooms that
must be separated from each other by bulkheads and decks
providing 60 minutes of protection. Areas of major fire
hazard must be separated from areas of moderate fire
hazard, such as auxiliary machinery spaces and crew
accommodation spaces, by bulkheads and decks offering 60
minutes of fire protection, but the side having moderate fire
hazard need only provide protection to an aluminum
bulkhead for 30 minutes.



Table 14.  Structural Fire Protection Times for
Separating Bulkheads and Decks of Passenger Craft (74)

To design a deck or bulkhead to a certain structural fire
protection according to IMO HSC you have to first identify
the division that is being protected and the spaces adjacent
to that division. Next determine the type of space on either
side of the division. Then, identify an approved insulation
that will provide the required protection for the given
situation (A website for a listing of USCG approved
insulation is given in Section 9.2).

9.1.3. USCG

For U.S.-flagged ships operating internationally, the U.S.
Coast Guard has the responsibility of enforcing the SOLAS
and IMO HSC requirements. All vessels operating in U.S.
waters fall under the purview of the U.S. Coast Guard.
Policy guidance and accepted interpretations for structural
fire protection of the U.S. Coast Guard are published in
NVIC 9-97.

The guidance and interpretations in NVIC 9-97 stem from
the requirements of the IMO HSC for the structural
protection of aluminum high speed vessels. The USCG
does not have separate regulations for fire restricting
materials and fire resisting divisions for high speed craft.
The IMO HSC may be utilized to approve both SOLAS and
domestic vessels.

9.14. US Navy

U.S. Navy ships require insulated fire zone bulkheads. The
requirements are specified in the Part 1, Chapter 2 of the
Naval Vessel Rules (NVR) of the American Bureau of
Shipping. The NVR requirements are based on the IMO
A.754(18) fire test procedure, modified to provide a
hydrocarbon pool fire exposure based on the UL 1709 fire
curve. Three classes of barriers result from that testing:

Class N-0, N-30 and N-60. Fire tests that are conducted by
the U.S. Navy include an oil fire; whereas, the commercial
standards are based on a wood fire, and so higher
temperatures are achieved.

The NVR require that designated bulkheads and decks be
designed to protect against structural failure and prevent the
passage of fire and smoke when exposed to a hydrocarbon
(class B) fire for a designated test period. They should
prevent excessive temperature rise on the opposite side for
the time period of 60 minutes or 30 minutes for Class N-60
and N-30. Class N-0 divisions should have no flaming on
the unexposed face for a minimum of 30 minutes. The
average temperature of the unexposed side should not be
more than 139°C (250°F) above the original temperature,
and the temperature at any one point, including any joint,
should not rise more than 180°C (324°F) above the original
temperature.

The following boundaries, if not part of a fire zone
boundary are required to be Class N-0:

e Passageways and vertical accesses that are vital for
egress.

e The boundary of contiguous vital spaces.

e Spaces containing flammable or combustible liquids or
gases, oxidizers or other hazardous materials. Tanks
shall be classification N-O only for fire exposures
outside the tank; insulation is not required inside the
tank.

e Helicopter decks, flight decks and other exterior high
fire risk surfaces. These N-0 boundaries shall prevent
fire spread into the ship due to boundary failure.

e  Weather boundaries adjoining helicopter decks, flight
decks or other exterior high fire risk surfaces. These N-
0 boundaries shall prevent fire spread into the ship due
to boundary failure.

e Uptake and intake trunks and ventilation ducts from
machinery spaces.

e  Major watertight subdivisions.

Fire boundaries are not required on exterior (weather)
bulkheads except for N-O boundaries where needed to
assure structural integrity of the hull girder, such as on
critical stiffeners, to support fire extinguishing systems, or
where the exterior is a high fire hazard such as a flight deck.

9.2. Insulation

Aluminum must be sufficiently insulated in order to prevent
the softening or deformation of aluminum in a fire. Steel,
unlike aluminum, is not generally required to be protected
by insulation because it is assumed that the temperatures of
ordinary shipboard fires will not be above 900 °C (1,650
°F), which is well below the melting point of steel.
Structural fire protection of aluminum is designed to prevent

66



10. General Discussion of Fatigue / Fracture

The topic of fatigue/fracture design is one of great
complexity and debate. Hundreds of books have been
written on the topic and it is addressed in great detail by all
shipbuilding classification societies. The purpose of this
section is to present the designer with a progressive design
method and various analysis techniques to evaluate designs
for fatigue.

10.1. Elements of Fatigue Design

The section addresses many of the factors that should be
considered when designing high-speed vessels for fatigue.
The progression listed is applicable to all types of aluminum
structures and serves as a checklist when solving fatigue
problems and is listed as follows:

Establish if fatigue may be controlling

Minimize or prevent cyclic loads

Determine and estimate cyclic loads

Determine fatigue-critical sites and estimate stresses
Select analysis and design method

Prepare preliminary design

Evaluate robustness and cost

NN A=

Verify design by test

The above steps are consistent with previously published
Society of Automotive Engineers (SAE) fatigue design
processes applicable to ground vehicles (116). A brief
discussion of each item is included in this section;
subsequent sections elaborate on select topics in more detail.

10.1.1.
Controlling

Step 1: Establish if Fatigue May Be

Fatigue is an obvious design consideration for conventional
ships and is of even greater importance with high-speed
vessels. As high-speed vessels have increasingly flexible
structures and often operate close to their design limits, the
cyclic stresses caused by motion- and wave- induced loads
occurring at high encounter frequencies tend to increase the
rate in which fatigue damage is accumulated (8).
Experience with in-service vessels of similar design and
operating environment, especially those that have
experienced fatigue failure, are the best guidance when
evaluating the importance of fatigue.

10.1.2.

Structural vibration caused by wind-induced or unbalanced
machinery operating near a natural frequency are
representative problems in which the structure generally will
be damaged or destroyed unless the cause of the cyclic loads
is controlled. For example, a 5-Hz frequency, which could
be the first mode in bending of a structure, produces nearly

Step 2: Minimize or Prevent Cyclic Loads
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half a million cycles a day, and the amplitude of vibration
can be large in lightweight aluminum high-speed vessels.
Typically, avoiding forcing frequency/natural frequency
ratios greater than 0.5 and less than 2.0 has produced
favorable results with regard to structural vibration (111).

10.1.3.
Loads

In order to utilize any of the analysis design methods, load
magnitudes and number of cycles that will be imposed on
the structure must either be known or estimated. See
Section 1.

Step 3: Determine and Estimate Cyclic

10.1.4. Step 4: Determine Fatigue-Critical Sites
and Estimate Stresses

The location of all possible sites for fatigue failure in a
complex structure and the selection of specific cases for
which a detailed analysis is required can be a difficult task.
Experience with similar structures, regardless of
construction material, is the best source of information. In
the absence of experience, joints, notches, abrupt changes in
geometry and areas of localized loads and stresses are
candidates for fatigue cracks and need to be considered.

Nominal stresses can easily be determined in simple
structures utilizing strength of materials approaches;
however, for more complex structures the stress analysis
should include the entire three-dimensional structure as two-
dimensional analysis of a structure typically does not
account for secondary stresses.

10.1.5.
Method

There are generally five methods of fatigue analysis and
design and are as follows:

Step 5: Select Analysis and Design

e S-N

e Hot-Spot

e  Strain Life

e  Fracture Mechanics
e Good Practice

The use of S-N curves is by far the most common method of
fatigue design. Stress-cycle curves are available through
various specifications and codes that define “standard
details” encompassing many types of members and joints.
Design stresses used for the details are the nominal axial or
bending stresses in the part and apply to all alloys and
tempers of a material. A standard detail is selected similar
to the one that is being designed and fatigue strength for the
standard detail is used for the new joint. Care must be
taken, however, as large errors in life estimation can result
because small differences in geometry can cause large



























11.4.3.8) and G67 (28) (see 11.4.3.9) tests. As this is a
recently discovered phenomenon, studies are still being
conducted, and requirements and standards may change (49)
(121) (133).

11.3.

Aluminum oxidizes quickly in a marine environment which
causes the aluminum to form a protective layer. If the
protective layer cannot be maintained, the aluminum will
corrode at a rapid rate. The corrosion resistance of the
aluminum alloys vary in stagnant or low-velocity seawater.
The 2xxx-series of aluminum alloys, in general, are highly
susceptible to corrosion and are not suitable for use in
marine environments.  The 6xxx- and 7xxx- series
aluminum alloys exhibit a good resistance to localized and
crevice corrosion in seawater environments depending upon
temper. The 3xxx- and S5xxx-series of aluminum alloys
have typically shown to have the best resistance to corrosion
in seawater environments. The selection of materials for
corrosion resistance should simply take into consideration
the susceptibility of the metal to the type of environment
that will be encountered. The various types of corrosion
control methods for aluminum include the use of inhibitors,

Corrosion Control Methods

surface treatments, coatings, sealants and cathodic
protection (52).
11.3.1. Inhibitors

Inhibitors are chemicals which react with the surface of a
material or interact with the operating environment to
decrease the materials rate of corrosion. Inhibitors can be
added into an operating environment as a solution or
dispersion where they form a protective layer on the
material. They can also be added into the coating products
or water that is used to wash down a vehicle, system or
component. When interacting with the metal, inhibitors
slow the corrosion process in three ways: 1) they shift the
corrosion potential of the metal surface toward the anodic or
cathodic end, 2) prevent permeation of ions into the metal
and 3) increase the electrical resistance of the surface (52).

11.3.2.

Surface treatments improve the surface characteristics of a
material using modifications such as conversion coating,
anodizing, shot-peening, and laser treatment. Conversion
coatings and anodizing utilize chemical reactions which
create a corrosion resistant oxide film layer on the surface of
the material. Shot-peening improves SCC and corrosion
fatigue resistance by utilizing a mechanical process which
induces a compressive residual stress on the surface which
relieves tensile stress within the material (see also, Section
6.3.7). Laser treatments use heat to make modification to
the surface of a material by melting or inducing compressive
stress to change the surface characteristics (52).

Surface Treatments

11.3.3.

Coatings are used to provide long-term corrosion protection
of metals in various types of corrosive environments. These
various types of coatings can be metallic, inorganic or
organic. Two types of coatings are barrier coatings and
sacrificial coatings. Barrier coatings act as a shield to the
surrounding environment, are un-reactive, resistant to
corrosion, and protective against wear. Sacrificial coatings
act as a sacrificial anode and provide cathodic protection by
supplying electrons to the base metal. Sealants are used to
provide protection by preventing moisture penetration (52).

Coatings and Sealants

11.3.4. Cathodic Protection

Cathodic Protection (CP) protects a structure or components
utilizing an electrochemical method to protect against
galvanic corrosion. A CP system contains an anode,
cathode and an electrical connection between the two in an
electrolyte. ~ This form of protection suppresses the
dissolution of the cathodic material by supplying it with
electrons, which causes the anodic material to be corroded
instead. There are active and passive type cathodic
protection systems. The active system develops a small DC
current in the hull to reduce the electric potential between
differing metal alloys. The active system is generally
utilized with a coating system to provide redundancy. The
passive system is comprised of sacrificial zinc anodes
mounted to the hull near different metal alloys. In the
passive system the sacrificial zinc anodes corrode instead of
the aluminum hull (52).

11.4. Corrosion Monitoring and Inspection

There are many different methods used to monitor and
inspect components and systems for corrosion and corrosion
related damage. Corrosion monitoring utilizes methods
which asses the corrosivity of a system possibly in real-time
in order to monitor the system for defect formation.
Corrosion inspections are performed periodically to evaluate
the system for corrosion and corrosion related defects.

11.4.1.

Corrosion monitoring manages the corrosivity of the
surrounding environment as well as the wear on
components. There are a few methods that can be used to
monitor corrosion in the field. One method uses probes that
monitor the chemical or electrochemical nature of the
environment. These results are then compared to known
corrosion rates. These can sometime lead to erroneous
corrosion rate determinations because the probes could be
affected under certain conditions. Coupon testing can also
be used as a simpler method to measure the corrosion rate of
a material. Another method of monitoring is the use of
acoustic emissions, which are used to detect formations of
surface and subsurface damage in a material (52).

Corrosion Monitoring
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11.4.2.

Corrosion inspections take place periodically to evaluate the
effects of corrosion on a given material or system.
Inspections can utilize low-technology methods such as
visual inspection, liquid penetrate inspection, and magnetic
particle inspection which are limited to surface damage
only. The inspections can also utilize higher-technology
methods such as x-rays, sound waves, or heat, and measure
the absorption/reflection of the energy. These high-
technology methods can detect damage below the surface,
damage in hidden areas, and damage that cannot be seen in
a visual inspection. The success of these tests is dependent
on the experience of the operator in locating the affected
and damaged areas (52).

Corrosion Inspection

11.4.3.

Corrosion testing is essential when determining the control,
monitoring, and inspection criteria for any material that is
placed in a marine environment. The following section calls
out multiple tests that should be utilized when designing
aluminum components, systems and/or structures. The
majority of these tests are accelerated corrosion tests but an
atmospheric test must be done first to establish a good
baseline for the material. This information is provided for
information purposes. On well known alloys many of these
test results are available.

Corrosion Testing

11.4.3.1. ASTM B117

ASTM BI117 (19) provides a controlled corrosive
environment which can be used to produce relative
corrosion resistance information for sample specimens of
metals and coated metals. These specimens are exposed to a
salt fog solution which is prepared by dissolving 5 + 1 parts
by mass of sodium chloride in 95 parts of water.

11.4.3.2. ASTM G31

The ASTM G31 (21) test provides specifications for a
general lab immersion test, particularly a mass loss test.
The test consists of immersing samples in a 3.5% sodium
chloride solution for thirty days. After thirty days, the
samples are weighed to determine material mass loss.

11.4.3.3. ASTM G34

The ASTM G34 (22) test is an accelerated exfoliation
corrosion (EXCO) test for 2xxx and 7xxx series aluminum
alloys. The test requires constant immersion of specimens
in a solution containing 4 M sodium chloride, 0.5 M
potassium nitrate, and 0.1 M nitric acid at 25 + 3°C (77 +
5°F). The susceptibility to exfoliation corrosion is visually
examined and given a rating based on standard photographs.

11.4.3.4. ASTM G44

The ASTM G44 (23) is an alternate immersion test and is
primarily used for aluminum alloys and ferrous alloys. This

test is typically used to evaluate stress corrosion cracking.
This test has also been used to evaluate other forms of
corrosion such as uniform, pitting, intergranular, and
galvanic corrosion. The test is performed for a period of 20-
90 days using an alternate immersion cycle in neutral 3.5%
sodium chloride solution.

11.4.3.5. ASTM G46

The ASTM G46 (24) provides guidance in the selection of
procedures that can be used in the evaluation of pitting
corrosion. These evaluation techniques can be used to
determine the extent and effects of pitting.

11.4.3.6. ASTM G47

ASTM G47 (25) characterizes the resistance to SCC of high
strength aluminum alloys.  This test determines the
susceptibility to SCC of 2xxx (with 1.8 to 7.0% copper) and
7xxx (with 0.4 to 2.8% copper) aluminum alloys. The test
uses constant-strain-loaded 0.125 in. tension specimens or
C-rings exposed to 3.5% sodium chloride solution by
alternate immersion.

11.4.3.7. ASTM G50

The ASTM G50 (26) test provides information about long
term exposure of a material to a particular environment.
The environment is selected such that it is the same or
similar to the operating environment. ASTM G50 requires
exposure to the environment by placing specimens on a
specifically-designed rack and examining them periodically.
The weather conditions are recorded for the duration of the
test. Specimens are removed after a specified duration and
inspected with electro-resistance measurements.

11.4.3.8. ASTM G66

ASTM G66 (27) is a constant immersion test to determine
the susceptibility of 5SXXX series aluminum-magnesium
alloys containing 2.0% or more magnesium to exfoliation
corrosion. Specimens are immersed for 24 h at 65 = 1°C
(150 £ 2°F) in a solution containing ammonium chloride,
ammonium nitrate, ammonium tartrate, and hydrogen
peroxide. The susceptibility to exfoliation is determined by
visual examination using performance ratings established by
reference to standard photographs. This test method
provides a reliable prediction of the exfoliation corrosion
behavior of Al-Mg alloys in marine environments. The test
is useful for alloy development studies and quality control
of mill products such as sheet and plate.

11.4.3.9. ASTM G67

ASTM G67 (28) is a constant immersion test to determine
the susceptibility of 5xxx series aluminum-magnesium
alloys to intergranular corrosion. This test method will also
evaluate the mass loss of the alloy, which will provide a
quantitative measure of its susceptibility. This test method
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provides a quantitative measure of the susceptibility to
intergranular corrosion of Al-Mg and Al- aluminum-
magnesium intermetallic compound (bAl-Mg), in preference
to the solid solution of magnesium in the aluminum matrix.
When this compound is precipitated in a relatively
continuous network along grain boundaries, the effect of the
preferential attack is to corrode around the grains, causing
them to fall away from the specimens. Such dropping out of
the grains causes relatively large mass losses of the order of
25to 75 rng/cm2 (160 to 480 mg/inz), whereas, samples of
intergranular-resistant materials lose only about 1 to 15 mg/
em’ (10 to 100 mg/in®). When the bAl-Mg compound is
randomly distributed, the preferential attack can result in
intermediate mass losses. Metallographic examination is
required in such cases to establish whether or not the loss in
mass is the result of intergranular attack. The precipitation
of the second phase in the grain boundaries also gives rise to
intergranular corrosion when the material is exposed to
chloride-containing natural environments, such as seacoast
atmospheres or sea water. The extent to which the alloy will
be susceptible to intergranular corrosion depends upon the
degree of precipitate continuity in the grain boundaries.
Visible manifestations of the attack may be in various forms
such as pitting, exfoliation, or stress-corrosion cracking,
depending upon the morphology of the grain structure and
the presence of sustained tensile stress.

11.43.10. ASTM G69

ASTM G69 (29) is a test method that was developed to
determine the corrosion potential of an aluminum alloy.
The alloy is placed into an aqueous solution of sodium
chloride with the addition of enough hydrogen peroxide to
provide a good supply of cathodic reactant.

11.4.3.11. ASTM G71

ASTM G71 (30) evaluates the galvanic corrosion of two
dissimilar metals in electrical contact under low flow
conditions. The low-flow conditions should not have flow
velocity sufficient enough to cause erosion corrosion or
cavitation.

11.4.3.12. ASTM G85

ASTM G85 (31) is a salt spray (fog) test that has five
modifications that can be utilized for specification purposes.
These modifications are detailed in several annexes to
ASTM G85:

e Annex Al, acetic acid-salt spray test, continuous.

e Annex A2, cyclic acidified salt spray test.

e Annex A3, seawater acidified test,
(SWAAT).

e Annex A4, SO, salt spray test, cyclic.

e Annex A5, dilute electrolyte cyclic fog dry test.

cyclic

This test method is useful in situations where the corrosive
environment is more severe than that of salt fog test B 117
(29).

11.4.3.13. ASTM G103

The ASTM G103 (32) test provides data concerning the
forming of SCC in a metal. (The G49 specification
provides specifications for the specimens used in the G103
test.) The G103 test requires continuous immersion in
boiling 3.5% sodium chloride solution. It is common to use
6% sodium chloride rather than the 3.5% sodium chloride
solution (Practice G44) in order to correlate better with
marine atmospheric exposure, as noted in G103. The test is
conducted for 168 hours.

11.4.3.14. ASTM G104

The ASTM G104 (33) test evaluates typical assemblies of
different metals after exposure to the atmosphere. The
assemblies are placed on racks exposed to the atmosphere,
typically near the ocean. This test has been cancelled but is
still recommended because of its ability to test actual
assemblies in the atmospheric conditions. This test helps to
determine a good baseline for assembled items to be
compared against from accelerated methods.

11.4.3.15. ASTM G110

The ASTM G110 (34) requires immersion of etched
specimens in an aqueous solution of 57 grams of sodium
chloride and 10 mL of hydrogen peroxide per 1.0 L of
solution. The etchant consists of 95 mL of reagent water
combined with 2.5 mL of nitric acid (70%), 1.5 mL of
hydrochloric acid (37%), and 1.0 mL of hydrofluoric acid
(48%). The specimens are immersed for at least 6 hrs., after
which the specimens are examined to determine the extent
of intergranular corrosion (including a metallographic cross
section).

11.43.16. ASTM G116

ASTM G116 (35) is a galvanic corrosion test that wraps an
anodic material in the form of a wire on a cathodic material
that has been made into a threaded rod. This is then
exposed to the atmosphere and a mass loss measurement of
the anode material is taken after exposure.

11.4.3.17.  GM9540P

The GM9540P (64) test is a cyclic salt spray test used to
simulate long term exposure to a marine environment. In a
study conducted by NSWCCD (43), the 9540P simulates the
performance of coatings when compared to the worst-case
marine environment. Specimens are placed in a salt spray
chamber and exposed to cycles of saltwater spray, humidity,
drying, ambient and heated drying. The salt spray uses a
solution of 0.9% sodium chloride, 0.1% calcium chloride,
0.25% sodium bicarbonate.
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12. Conclusions

The use of aluminum for the structure of high speed vessels
seems a natural fit due to the weight savings that using
aluminum can provide. However, the success of an
aluminum ship design depends on many factors related to
the various properties of aluminum and aluminum alloys.
The design considerations include fatigue, fracture,
corrosion, and fire.  These concerns are related to
engineering decisions made throughout the design process.

This guide was developed in order to better facilitate
understanding of the high-speed aluminum ship design and
construction process.

12.1. Further Reading

This guide has provided a summary of an extensive body of
research material that is available. Readers interested in
further study are referred to the following sources, which
have been especially useful:

e Aluminum and Aluminum Alloys (edited by J.R. Davis
and published by ASM) (53) is an excellent volume
which provides additional details on aluminum and
aluminum alloys as well as joining and manufacturing
processes.

e The Aluminum Extrusion Manual (published by the
Aluminum Extruders’ Council) (7) provides a practical
summary of the capabilities and considerations
associated with producing a new extrusion.

e For information regarding welding, see Metals and
How to Weld Them by T.B. Jefferson and G. Woods
(76) and Modern Welding Technology by H.B. Cary
and S.C. Helzer (49).

e Two overviews of vessel construction are Ship
Production by R.L. Storch, C.P. Hammon, H.M.
Bunch, and R.C. Moore and Ship Design and
Construction.  The latter resource was recently
expanded to two volumes (83) and is now edited by
Thomas Lamb; however, the older single-volume
edition edited by Robert Taggart (124) is also useful.

e Concerning loading, J.S. Spencer’s “Structural Design
of Aluminum Crewboats” (119) and Ship Design and
Construction  (83) are  useful. Rameswar
Bhattacharyya’s Dynamics of Marine Vehicles (44) is
an excellent reference, but it is out-of-print and difficult
to find.

e Corrosion Prevention and Control: A Program
Management Guide for Selecting Materials, Spiral 2
(by B.D. Craig, R.A. Lane, and D.H. Rose) (52)
provides information on corrosion control, testing, and
inspection.

e Two excellent resources for designing structures while
considering fatigue are Metal Fatigue in Engineering
by R.I Stephens, A Fatemi, R.R. Stephens and H.O

&3

Fuch (120) and Fatigue Design of Aluminum
Components and Structures by M.L. Sharp, G.E.
Nordmark, and C.C. Menzemmer (113).



Glossary

B

backer n. — one of the components of a die assembly which
supports the die

bauxite n. — a naturally occurring ore which is processed to
produce aluminum

billet n. — a portion of a log which has been cut to an
extruder’s specifications prior to being extruded

bolster n. — one of the components of a die assembly which
supports the backer

bore v. — to enlarge a hole using a single-point cutting tool

brazeability n. — the ability of a metal to be joined using
brazing or soldering

broach n. — a toothed tool head used to remove material
from a part; v. — to remove material from a part using a
broach or broaching machine

C

cap n. — in a semi-hollow or hole extrusion die assembly,
the die assembly component which forms the exterior
features of an extrusion

D

die n. — in a solid extrusion die assembly, the die assembly
component which forms the extrusion features

die ring n. — in a extrusion die assembly, the component
which supports and aligns the die, backer, die cap, and/or
die mandrel

drill v. — to create or enlarge a hole using a drill bit

ductility n. — the ability of a material to deform plastically
under tensile stress without fracture

dye penetrant n. — a solution which is used to highlight
cracks during an inspection of a material

E

extrude v. — to form (metal, plastic, etc.) with a desired cross
section by forcing it through a die.

F

feeder plate n. — in a solid extrusion die assembly, a
component used as an alternative to a pocket type die

fracture toughness n. — the ability of a material containing a
crack to resist fracture

H

hardness n. — the ability of a material to resist plastic
deformation due to indentation, penetration and scratching

hollow adj. — of an extrusion profile, having one or more
completely enclosed voids

I

ingot n. — metal formed into a standard shape using a cast
mold, used for storage or transport

L

log n. — a casting of an aluminum alloy prior to being cut
into billets and extruded

M

mandrel n. — in a semi-hollow or hollow extrusion die
assembly, the die assembly component used to form the
interior features

melt-through n. — during the welding process, when the arc
burns through the thickness of the material

P

peen v. — a process used to, among other things, relieve
tensile stresses in a weldment and improve susceptibility to
stress corrosion cracking

R

ream v. — to create a hole using a tool consisting of a
cylindrical head with teeth cut around the edge

reference area n. — the region of the hull where a majority
of the peak slamming pressures occur. This region is
forward of amidships and aft of the bow for monohulls and
is roughly one-third of the water plane area.

S

semi-hollow adj. — of an extrusion profile, having one or
more partially enclosed void. A concave feature is
considered a partially enclosed void when the area of the
opening for the feature is less than some pre-defined ratio of
the enclosed area.
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shear strength n. — the ability of a material to resist yield or
failure due to in-plane, parallel loading

smelt v. — to melt ore in order to extract the metal contained
within

solid adj. — of an extrusion profile, having no enclosed
internal voids.

springing n. — the resonant response of a hullform to wave-
induced loads whose frequency of encounter overlaps the
lower natural frequencies of hull vibration

suckback n. — shrinkage of the molten weld pool at the root
due to incorrect root penetration, improper weld technique,
or environmental conditions; also known as root cancavity

T

tap v. — to produce threads on a part using a form

turn v. — to remove material from a rotating part using a
single-point cutting tool, usually performed on a lathe

W

weld plate n. — syn “feeder plate”
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