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PREFACE TO THE
FIRST EDITION

The purpose of this book is to enlighten humanity and contribute to the gen-
eral betterment of this orb that we call home. Failing that, we will settle for
giving engineers enough guidance in the use of aluminum that they will feel
confident designing with it. The Aluminum Association, an industry associ-
ation of aluminum producers, publishes the Specifications for Aluminum
Structures (hereafter called the Aluminum Specifications), which are the gen-
erally accepted criteria for the design of aluminum structures. Our book is
keyed to the sixth edition of the Aluminum Specifications, and readers should
have access to it.

Structural engineering may be regarded as the practice of analyzing and
designing structures. The analysis process resolves the loads applied to the
structure into the resulting forces and moments in the components of the
structure. Structural design is, then, the sizing of the structure’s components
to safely sustain these forces and moments. Academic curricula typically train
students in structural analysis, as well as in the design methods appropriate
to common materials of construction (i.e., steel, concrete, and perhaps timber),
and many excellent texts on these subjects are available. We assume that the
reader is already well versed in structural analysis and acquainted with steel
design. Our objective is to expand readers’ design capability beyond steel,
and to present aluminum as another material of construction.

While this text is keyed to the Aluminum Specifications, it is also organized
to parallel steel design practice. We compare the requirements of the Alu-
minum Specifications to the provisions for the design of steel structures found
in the American Institute of Steel Construction (AISC) Manual of Steel Con-
struction. Those design requirements and considerations that are particular to
aluminum, then, are presented in the context of the steel design background
that we assume on the part of the reader.

In addition to bridging the gap between the familiar old state of steel and
the exciting new realm of aluminum, we also seek to bridge the gap between
the theoretical and the real worlds. We recognize that one of the greatest
difficulties in the transition from student to practitioner is knowing how to

ix



X PREFACE

apply the design methods in ‘“‘the book” to real-life problems. Whether that
book is a text or an industry specification, it often seems that the problem at
hand does not neatly fit into any of the categories given. We include a step-
by-step design process for real-world applications. If our steps do not spare
readers from a 12-step program, then their problems are beyond the scope of
this text.

J. RanpoLprH KiSSELL
RoOBERT L. FERRY

The TGB Partnership
Hillsborough, North Carolina



PREFACE TO THE
SECOND EDITION

We were frankly surprised by the reaction to the first edition of this book.
While it never threatened to reach the New York Times best seller list, the
favorable comments were more numerous and heartfelt than we had expected.
When a reader wrote that “you will be pleased to know that your book is
rapidly becoming dog-eared as it is one of the most popular books in our
library,” we knew we had achieved our goal. What may have been the most
surprising was the international notice the book received, including a Japanese
translation and very favorable European reviews. All this almost made up for
the work it took to write it.

Once we’d milked the acclaim for all we could, it was time to think about
a second edition. The Aluminum Association forced our hand when it revised
the Specification for Aluminum Structures in the 2000 edition of the Aluminum
Design Manual. Since this book is a guide to the Specification, an update was
due. The changes to the Specification are more than cosmetic, such as chang-
ing the title to the singular “Specification.” They include changes to tension
limit states, design compressive strengths for yielding, design bearing stresses,
slip-critical connections, screw pull-out strengths, and others, as well as met-
rication of mechanical properties. We’ve revised our text accordingly and
metricated it, too, although we haven’t been pedantic about metrication in
order to preserve readability. We’ve also added the benefit of what is, we
hope, additional wisdom gained from experience since the first edition. Since
the Specification continues to be a living document, we’re dealing with a
moving target, but that keeps life interesting.

We welcome readers’ comments—this time with slightly less trepidation
than before. It’s also easier now since this time we have an e-mail address:
tgb@mindspring.com. Thanks for your interest in aluminum and our book.

J. RanpoLprH KISSELL
ROBERT L. FERRY

The TGB Partnership
Hillsborough, North Carolina

xi






PART 1
Introduction



Double-layer aluminum space frame under construction. This is one of the two struc-
tures pictured in Figure 2.3. (Courtesy of Conservatek Industries, Inc.)



1 What’s in This Book?

Our book is about the use of aluminum as a material of construction for
structural components.
Our major themes are:

- The suitability of aluminum as a structural material,

« How to design aluminum structural components in accordance with the
Aluminum Association’s Specification for Aluminum Structures,

- How to apply the design methods to actual structures.

We begin by introducing you to aluminum, and we hope that by the end
of Part I you are sufficiently well acquainted to be ready to get serious about
the relationship. In Part II we explain the design requirements of the 2000
edition of the Specification for Aluminum Structures (hereafter called the Alu-
minum Specification), published by the Aluminum Association in its Alumi-
num Design Manual (4). Those of you who can’t wait to plug and chug may
want to jump right ahead to Part III, and refer back to Part II only when you
want to know “Where did that come from?”

We assume that you have already had ample exposure to methods of load
determination and structural analysis, so we do not replow that ground. We
do, however, include in Part II a discussion on local buckling since this is a
limit state (i.e., failure mode to you old-timers) that you may have been
sheltered from if your design experience has been primarily with hot-rolled
steel.

As we discussed in the Preface, we have keyed the discussion of design
requirements to the Aluminum Specification. In Part II we compare these
design provisions to the more familiar requirements for steel buildings pub-
lished by the American Institute of Steel Construction (AISC) in the Speci-
fication for Structural Steel Buildings (hereafter called the Steel Specification)
(38, 39). The Aluminum Specification is primarily intended for building struc-
tures; thus, we focus on these applications.

Throughout the book we give attention to those features of aluminum that
differentiate it from other structural materials, particularly steel. Perhaps the
most significant feature that distinguishes aluminum from steel is its extrud-
ability. Extruding is the process of forming a product by pushing it through
an opening called a die. The cross section of the resulting product is deter-
mined by the shape of the die. You may simply prepare a drawing of the

3



4 WHAT’S IN THIS BOOK?

cross section that you desire for a certain application, then have the mill make
a die for producing that shape. This is not the case for steel.

We know from personal experience that while custom extrusions enable
designers to exercise a great deal of creativity, the process of sizing a unique
shape can be very tedious. When designing with steel, engineers often restrict
their choices to those shapes listed in tables of compact sections, where the
section properties and dimensions are all provided, and the slenderness of the
cross-sectional elements have already been checked to confirm that they are
not governed by local buckling. While this approach may be safe, it is not
very creative. When we create our own shape, however, we assume respon-
sibility for determining its section properties and checking the slenderness of
the cross-sectional elements. Furthermore, we may find that our new section
is not compact, and we must then determine the local buckling stress limits.
As mentioned previously, Part II includes a comprehensive explanation of the
behavior of these slender (light gauge) shapes, which is also pertinent to the
design of cold-formed steel structures. Although your task does become more
complicated when you venture beyond using off-the-shelf shapes, we will
guide you through it.

Your first reaction may be that the chore of performing these additional
calculations poses too large a cost to pay for obtaining your creative license.
We have made it easier, however, by presenting in Part III a straightforward
method of performing the design checks required by the Aluminum Specifi-
cation. We also provide some simple tables to make the process easier. Thus,
if you pay attention, you can achieve maximum design freedom with minimal
computational burden.

We presented the design checks required for individual structural compo-
nents in Part III, and in Part IV we illustrate the application of these design
requirements to actual structures. These include an example of cold-formed
construction to demonstrate design with slender shapes, and we demonstrate
the checks for beams, columns, and combined stresses in the design of a
triangulated dome frame.

We present the design requirements and examples in the Allowable Stress
Design (ASD) format because it is still the method in widest use. In Part V,
however, we remove the shroud of mystery from Load and Resistance Factor
Design (LRFD), so that when you do encounter it, you need not fear it.

Finally, we have compiled useful data in the Appendices, including a cross-
reference in Appendix H of the provisions of the Aluminum Specification
indexed to where they are discussed in this book. There is also a glossary of
technical terms.



2 What Is Aluminum?

This chapter does not deal with the origins of aluminum or how it is refined
from bauxite, although the ruins at Les Baux de Provence in southern France
are certainly worth a visit. There is an ingot of aluminum in the museum at
La Citadelle des Baux as a tribute to the metal that is produced from the
nearby red rock, which the geologist Berthier dubbed ‘‘bauxite’ in honor of
this ancient fortress in 1821 (135). The ruins of the medieval stronghold,
though, are the real attraction. We’ll defer to Fodor’s and Frommer’s on the
travel tips, and to Sharp on a discussion of the history, mining, and production
of aluminum (133). Our purpose in this chapter is to discuss aluminum’s place
in the families of structural metals.

2.1 METAL IN CONSTRUCTION

We include aluminum with steel and reinforced concrete as a metal-based
material of construction. While our basis for this grouping may not be im-
mediately obvious, it becomes more apparent when considered in an historical
context (103).

Prior to the development of commercially viable methods of producing
iron, almost all construction consisted of gravity structures. From the pyra-
mids of the pharoahs to the neoclassical architecture of Napoleonic Europe,
builders stacked stones in such a way that the dead load of the stone pile
maintained a compressive state of force on each component of the structure
(see Figure 2.1). The development of methods to mass-produce iron, in ad-
dition to spawning the Industrial Revolution in the nineteenth century, resulted
in iron becoming commercially available as a material of construction. Ar-
chitecture was then freed from the limitations of the stone pile by structural
components that could be utilized in tension as well as compression. Amer-
ican architect Frank Lloyd Wright observed that with the availability of iron
as a construction material, “‘the architect is no longer hampered by the stone
beam of the Greeks or the stone arch of the Romans.” Early applications of
this new design freedom were the great iron and glass railway stations of the
Victorian era. Builders have been pursuing improvements to the iron beam
ever since.

An inherent drawback to building with iron as compared to the old stone
pile is the propensity of iron to deteriorate by oxidation. Much of the effort
to improve the iron beam has focused on this problem. One response has

5



6 WHAT IS ALUMINUM?

Figure 2.1 Pont du Gard in southern France. An aqueduct that the ancient Romans
built by skillfully stacking stones.



2.2 MANY METALS FROM WHICH TO CHOOSE 7

been to cover iron structures with a protective coating. The term coating may
be taken as a reference to paint, but it is really much broader than that. What
is reinforced concrete, for example, but steel with a very thick and brittle
coating? Because concrete is brittle, it tends to crack and expose the steel
reinforcing bars to corrosion. One of the functions served by prestressing or
posttensioning is to apply a compressive force to the concrete in order to keep
these cracks from opening.

While one approach has been to apply coatings to prevent metal from
rusting, another has been to develop metals that inherently don’t rust. Rust
may be roughly defined as that dull reddish-brown stuff that shiny steel be-
comes as it oxidizes. Thus, the designation of “‘stainless’ to those iron-based
metals that have sufficient chromium content to prohibit rusting of the base
metal in atmospheric service. The “‘stain” that is presented is the rust stain.
Stainless steel must have been a term that originated in someone’s marketing
department. The term confers a quality of having all the positive attributes of
steel but none of the drawbacks.

If we were to apply a similar marketing strategy to aluminum, we might
call it “light stainless steel.” After all, it prevents the rust stain as surely as
stainless steel does, and it weighs only about one-third as much. Engineers
who regard aluminum as an alien material may be more favorably disposed
toward “‘light stainless steel.”

For the past century and a half, then, structural engineers have relied on
metals to impart tension-carrying capability to structural components. Tech-
nical development during that time has included improvement in the prop-
erties of the metals available for construction. One of the tasks of designers
is to determine which metal best suits a given application.

2.2 MANY METALS FROM WHICH TO CHOOSE

Structural metals are often referred to in the singular sense, such as “steel,”
“stainless steel,” or “aluminum,” but, in fact, each of these labels applies to
a family of metals. The label indicates the primary alloying element, and
individual alloys are then defined by the amounts of other elements contained,
such as carbon, nickel, chromium, and manganese. The properties of an alloy
are determined by the proportions of these alloying elements, just as the
characteristics of a dessert are dependent on the relative amounts of each
ingredient in the recipe. For example, when you mix pumpkin, spices, sugar,
salt, eggs, and milk in the proper quantities, you make a pumpkin pie filling.
By adding flour and adjusting the proportions, you can make pumpkin bread.
Substituting shortening for the pumpkin and molasses for the milk yields
ginger cookies. Each adjustment of the recipe results in a different dessert.
Whereas the addition of flour can turn pie filling into bread, adding enough
chromium to steel makes it stainless steel.
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While this is a somewhat facetious illustration, our point is that just as the
term dessert refers to a group of individual mixtures, so does the term steel.
Steel designates a family of iron-based alloys. When the chromium content
of an iron-based alloy is above 10.5%), it is dubbed stainless steel (136). Even
within the stainless steel family, dozens of recognized alloys exist, each with
different combinations of alloying ingredients. Type 405 stainless steel, for
example, contains 11.5% to 14.5% chromium and 1.0% or less of several
other elements, including carbon, manganese, silicon, and aluminum. Should
the alchemist modify the mixture, such as by switching the relative amounts
of iron and aluminum, substituting copper for carbon and magnesium for
manganese, and then leaving out the chromium, the alloy might match the
composition of aluminum alloy 2618. As this four-digit label implies, it is
but one of many aluminum alloys. Just as with desserts, there is no one best
metal mixture, but rather different mixtures are appropriate for different oc-
casions. The intent of this text is to add aluminum-based recipes to the rep-
ertoire of structural engineers who already know how to cook with steel.

2.3 WHEN TO CHOOSE ALUMINUM

2.3.1 Introduction

Today aluminum suffers from a malady similar to that which afflicted toma-
toes in the eighteenth century: many people fail to consider it out of super-
stition and ignorance. Whereas Europeans shunned tomatoes for fear that they
were poisonous, engineers seem to avoid aluminum for equally unfounded
reasons today.

One myth is that aluminum is not sufficiently strong to serve as a structural
metal. The fact is that the most common aluminum structural alloy, 6061-T6,
has a minimum yield strength of 35 ksi [240 MPa], which is almost equal to
that of A36 steel. This strength, coupled with its light weight (about one-third
that of steel), makes aluminum particularly advantageous for structural ap-
plications where dead load is a concern. Its high strength-to-weight ratio has
favored the use of aluminum in such diverse applications as bridge rehabili-
tation (Figure 2.2), large clear-span dome roofs (Figure 2.3), and fire truck
booms. In each case, the reduced dead load, as compared to conventional
materials, allows a higher live or service load.

Aluminum is inherently corrosion-resistant. Carbon steel, on the other
hand, has a tendency to self-destruct over time by virtue of the continual
conversion of the base metal to iron oxide, commonly known as rust. Al-
though iron has given oxidation a bad name, not all metal oxides lead to
progressive deterioration. Stainless steel, as noted previously, acquires its fea-
ture of being rust-resistant by the addition of chromium to the alloy mixture.
The chromium oxidizes on the surface of the metal, forming a thin transparent
film. This chromium oxide film is passive and stable, and it seals the base
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Figure 2.2 Installation of an aluminum deck on aluminum beams for the Smithfield
Street Bridge in Pittsburgh, Pennsylvania. (Courtesy of Alcoa)

metal from exposure to the atmosphere, thereby precluding further oxidation.
Should this film be scraped away or otherwise damaged, it is self-healing in
that the chromium exposed by the damage will oxidize to form a new film
(136).

Aluminum alloys are also rendered corrosion-resistant by the formation of
a protective oxide film, but in the case of aluminum it is the oxide of the
base metal itself that has this characteristic. A transparent layer of aluminum
oxide forms on the surface of aluminum almost immediately upon exposure
to the atmosphere. The discussion on coatings in Section 3.2 describes how
color can be introduced to this oxide film by the anodizing process, which
can also be used to develop a thicker protective layer than one that would
occur naturally.

Corrosion-prone materials are particularly problematic when used in ap-
plications where it is difficult or impossible to maintain their protective coat-
ing. The contacting faces of a bolted connection or the bars embedded in
reinforced concrete are examples of steel that, once placed in a structure, are
not accessible for future inspection or maintenance. Inaccessibility, in addition
to preventing repair of the coating, may also prevent detection of coating
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Figure 2.3 Aerial view of a pair of aluminum space frames covered with mill finish
(uncoated) aluminum sheeting. (Courtesy of Conservatek Industries, Inc.)

failure. Such locations as the seam of a bolted connection or a crack in
concrete tend to be places where moisture or other agents of corrosion collect.

Furthermore, aluminum is often used without any finish coating or paint-
ing. The cost of the initial painting alone may result in steel being more
expensive than aluminum, depending on the quality of coating that is speci-
fied. Coatings also have to be maintained and periodically replaced. In ad-
dition to the direct cost of painting, increasing environmental and worker-
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safety concerns are associated with painting and paint preparation practices.
The costs of maintaining steel, then, give aluminum a further advantage in
life-cycle cost.

2.3.2 Factors to Consider

Clearly, structural performance is a major factor in the selection of structural
materials. Properties that affect the performance of certain types of structural
members are summarized in Table 2.1.

For example, the strength of a stocky compression member is a function
of the yield strength of the metal, while the strength of a slender compression
member depends on the modulus of elasticity. Since the yield strength of
aluminum alloys is frequently comparable to those of common carbon and
stainless steels, aluminum is very competitive with these materials when the
application is for a stocky column. Conversely, since aluminum’s modulus of
elasticity is about one-third that of steel’s, aluminum is less likely to be com-
petitive for slender columns.

Strength is not the only factor, however. An example is corrosion resis-
tance, as we noted above. Additional factors, such as ease of fabrication
(extrudability and weldability), stiffness (modulus of elasticity), ductility
(elongation), weight (density), fatigue strength, and cost are compared for
three common alloys of aluminum, carbon steel, and stainless steel in Table
2.2.

While cost is critical, comparisons based on cost per unit weight or unit
volume are misleading because of the different strengths, densities, and other
properties of the materials. Averaged over all types of structures, aluminum
components usually weigh about one-half that of carbon steel or stainless
steel members. Given this and assigning carbon steel a relative cost index of
1 results in an aluminum cost index of 2.0 and stainless cost index of 4.7. If
initial cost were the only consideration and carbon steel could be used without
coatings, only carbon steel would be used. But, of course, other factors come

TABLE 2.1 Properties That Affect Structural Performance of Metals

Structural Performance of Property

tensile members yield strength, ultimate strength, notch
sensitivity

columns (compression members) yield strength, modulus of elasticity

beams (bending members) yield strength, ultimate strength, modu-
lus of elasticity

fasteners ultimate strength

welded connections ultimate strength of filler alloy; ultimate

strength of heat-affected base metal
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TABLE 2.2 Comparing Common Structural Shapes and Grades of Three

Metals
Aluminum Carbon steel Stainless steel 304,
Property 6061-T6 A36 cold-finished
extrudability (see very good not practical very limited

Section 3.1)

weldability fair, but reduces  good, no strength  good
strength reduction
corrosion resistance good fair very good
tensile yield strength 35 ksi 36 to 50 ksi 45 ksi
modulus of elasticity 10,000 ksi 29,000 ksi 27,000 ksi
elongation 8% to 10% 20% 30%
density 0.098 1b/in.? 0.283 1b/in.? 0.284 1b/in.?
fatigue strength (plain ~ 10.2 ksi 24 ksi
metal, 5 million
cycles)
relative yield strength- 2.8 1.0to 1.4 1.2
to-weight ratio
cost by weight $1.20/1b $0.30/1b $1.40/1b
cost by volume $0.12/in.? $0.084/in.? $0.42/in.?
cost index (see text) 2.0 1.0 4.7

into play, such as operation and maintenance costs over the life of the struc-
ture. Also, in specific applications, the rule of thumb that an aluminum com-
ponent weighs one-half that of a steel member doesn’t always hold true. For
example, an aluminum component might weigh considerably less when a
corrosion allowance must be added to the steel. In other cases, the low ma-
terial cost of steel is offset by higher fabrication costs, such as applications
requiring complex cross sections (for example, curtainwall mullions). In such
cases, the cost of steel is much more than just the material cost since the part
must be machined, cold-formed, or welded to create the final shape, while
the costs of aluminum fabrication are almost nonexistent (the material cost
includes the cost to extrude the part to its final shape).

Because of stainless steel’s high cost, it is used only when weight is not a
consideration and finish and weldability are. In fact, when stainless steel is
used in lieu of aluminum, the reason is often only concern about welding
aluminum.

The families of structural metals, and the individual alloys within each,
then, offer a wide range of choices for designers. Each recipe or alloy des-
ignation results in certain characteristics that serve specific purposes.
When corrosion resistance, a high strength-to-weight ratio, and ease of fab-
rication are significant design parameters, aluminum alloys merit serious
consideration.
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2.4 ALUMINUM ALLOYS AND TEMPERS

2.4.1 Introduction

While sometimes it is appropriate to bake flour mixed with nothing but water,
such as when one is hurrying out of Egypt with a pharoah in hot pursuit,
baked goods are generally improved by the judicious addition of other ingre-
dients. Whether the base is bran flour or corn flour, transforming the flour
into muffins requires throwing in a pinch of this or that. So it is for alloys.
Whether the base metal is iron or aluminum, it is rarely used in its pure form.
Small amounts (often less than 1%) of other elements, which are sometimes
called hardeners, are required to attain more useful properties.

One of the properties of critical interest for structural metals is their
strength. Unalloyed aluminum has an ultimate tensile strength of about 13
kips/in.? (ksi) [90 MPa]. This value can be increased by more than 30 ksi
[200 MPa], however, by adding a dash of zinc, then throwing in a pinch or
two of copper and magnesium and just a smidgen of chromium. Putting this
recipe in the oven and heating it at the prescribed temperature and duration
can bring the strength up to more than 80 ksi [S50 MPa]. Variations on the
ingredients and heating instructions can yield alloys to meet almost any en-
gineering appetite.

Aluminum alloys are divided into two categories: wrought alloys, those
that are worked to shape, and cast alloys, those that are poured in a molten
state into a mold that determines their shape. The Aluminum Association
maintains an internationally recognized designation system for each category,
described in ANSI H35.1, Alloy and Temper Designation Systems for Alu-
minum (42). The wrought alloy designation system is discussed in the next
section and the cast alloy system in Section 3.1.4. While strength and other
properties of both wrought and cast products are dependent on their ingre-
dients, or the selective addition of alloying elements, further variations on
these properties can be achieved by tempering. Tempering refers to the alter-
ation of the mechanical properties of a metal by means of either a mechanical
or thermal treatment. Temper can be produced in wrought products by the
strain-hardening that results from cold working. Thermal treatments may be
used to obtain temper in cast products, as well as in those wrought alloys
identified as heat-treatable. Conversely, the wrought alloys that can only be
strengthened by cold work are designated non-heat-treatable.

2.4.2 Wrought Alloys

The Aluminum Association’s designation system for aluminum alloys was
introduced in 1954. Under this system, a four-digit number is assigned to
each alloy registered with the Association. The first number of the alloy des-
ignates the primary alloying element, which produces a group of alloys with
similar properties. The Association sequentially assigns the last two digits.
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The second digit denotes a modification of an alloy. For example, 6463 is a
modification of 6063 with slightly more restrictive limits on certain alloying
elements, such as iron, manganese, and chromium, to obtain better finishing
characteristics. The primary alloying elements and the properties of the re-
sulting alloys are listed below and summarized in Table 2.3:

Ixxx: This series is for commercially pure aluminum, defined in the industry
as being at least 99% aluminum. Alloy numbers are assigned within the 1xxx
series for variations in purity and which elements compose the impurities; the
main ones are iron and silicon. The primary uses for alloys of this series are
electrical conductors and chemical storage or processing because the best
properties of the alloys of this series are electrical conductivity and corrosion
resistance. The last two digits of the alloy number denote the two digits to
the right of the decimal point of the percentage of the material that is alu-
minum. For example, 1060 denotes an alloy that is 99.60% aluminum.

2xxx: The primary alloying element for this group is copper, which pro-
duces high strength but reduced corrosion resistance. These alloys were
among the first aluminum alloys developed and were originally called dur-
alumin. Alloy 2024 is, perhaps, the best known and most widely used alloy
in aircraft. Most aluminum-copper alloys fell out of favor, though, because
they demonstrated inadequate corrosion resistance when exposed to the
weather without protective coatings and are difficult to weld.

3xxx: Manganese is the main alloying element for the 3xxx series, increas-
ing the strength of unalloyed aluminum by about 20%. The corrosion resis-
tance and workability of alloys in this group, which primarily consists of
alloys 3003, 3004, and 3105, are good. The 3xxx series alloys are well suited
to architectural products, such as rain-carrying goods and roofing and siding.

TABLE 2.3 Wrought Alloy Designation System and Characteristics

Relative

Series Primary Alloying Corrosion Relative

Number Element Resistance Strength Heat Treatment
1xxx none excellent fair non-heat-treatable
2XXX copper fair excellent  heat-treatable
3xxX manganese good fair non-heat treatable
4xxX silicon — — varies by alloy
S5XXX magnesium good good non-heat-treatable
6XXX magnesium and silicon  good good heat-treatable

TXXX zinc fair excellent  heat-treatable
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4xxx: Silicon is added to alloys of the 4xxx series to reduce the melting
point for welding and brazing applications. Silicon also provides good flow
characteristics, which in the case of forgings provide more complete filling
of complex die shapes. Alloy 4043 is commonly used for weld filler wire.

Sxxx: The 5xxx series is produced by adding magnesium, resulting in
strong, corrosion resistant, high welded strength alloys. Alloys of this group
are used in ship hulls and other marine applications, weld wire, and welded
storage vessels. The strength of alloys in this series is directly proportional
to the magnesium content, which ranges up to about 6% (Figure 2.4).

6xxx: Alloys in this group contain magnesium and silicon in proportions
that form magnesium silicide (Mg,Si). These alloys have a good balance of
corrosion resistance and strength. 6061 is one of the most popular of all
aluminum alloys and has a yield strength comparable to mild carbon steel.
The 6xxx series alloys are also very readily extruded, so they constitute the
majority of extrusions produced and are used extensively in building, con-
struction, and other structural applications.

7xxx: The primary alloying element of this series is zinc. The 7xxx series
includes two types of alloys: the aluminum-zinc-magnesium alloys, such as
7005, and the aluminum-zinc-magnesium-copper alloys, such as 7075 and
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Figure 2.4 Aluminum alloy tensile strength versus magnesium content.
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7178. The alloys of this group include the strongest aluminum alloy, 7178,
which has a minimum tensile ultimate strength of 84 ksi [S80 MPa] in the
T6 temper, and are used in aircraft frames and structural components. The
corrosion resistance of those 7xxx series alloys alloyed with copper is less,
however, than the 1xxx, 3xxx, 5xxx, and 6xxx series, while the corrosion
resistance of the 7xxx alloys alloyed without copper is fairly good. Some
7xxx alloys without copper, such as 7008 and 7072, are used as cladding to
cathodically protect less corrosion resistant alloys.

8xxx: The 8xxx series is reserved for alloying elements other than those
used for series 2xxx through 7xxx. [ron and nickel are used to increase
strength without significant loss in electrical conductivity, and so are useful
in such conductor alloys as 8017. Aluminum-lithium alloy 8090, which has
exceptionally high strength and stiffness, was developed for aerospace appli-
cations (see Section 9.3.3).

9xxx: This series is not currently used.

Experimental alloys are designated in accordance with the above system,
but with the prefix “X” until they are no longer experimental. Producers may
also offer proprietary alloys to which they assign their own designation
numbers.

This wrought alloy designation system had 357 registered alloys by 2001
(19), but only 81 appear in the Aluminum Association’s Aluminum Standards
and Data 2000 (11) and 22 in the Association’s Specification for Aluminum
Structures (4), an indication that only a small percentage are commonly used.
The signatories to the international accord on the designation system include
organizations in the U.S., Russia, the United Kingdom, South Africa, Ger-
many, Brazil, Belgium, Italy, Australia, Spain, China, Austria, France, Argen-
tina, Mexico, Poland, Japan, Peru, Romania, Norway, Netherlands, and Swit-
zerland, and the European Aluminum Association, so the system enjoys
nearly global recognition. While the international accord has done much to
standardize designations, given the number of signatories, it is perhaps not
surprising the registration of so-called ‘“‘national variations’ has compromised
uniformity. (There were 55 of these at last count in 2001.) Such variations
are assigned a capital letter following the numerical designation (for example,
6005A, is used in Europe and is a variation on 6005). The chemical com-
position limits for national variations are similar to the Aluminum Association
limits but vary slightly. Also, old habits die hard, and often the previous
designations used in various European countries are used informally there.

Don’t be alarmed if you see yet other designations for aluminum alloys
that use the system described above but with a prefix. The Unified Numbering
System (UNS), which the Society of Automotive Engineers and ASTM in
conjunction with other technical societies, U.S. government agencies, and
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trade associations developed to identify metals and alloys, includes aluminum
alloys. The UNS number for wrought aluminum alloys uses the same number
as the Aluminum Association designation but precedes it with “A9” (for
example, UNS A95052 for 5052) in order to differentiate aluminum alloys
from other metal alloys covered by the UNS. The UNS number for cast
aluminum alloys also uses the same number as the Aluminum Association
designation (discussed below) but precedes it with “A” and a number “0” or
higher (for example, UNS A14440 for A444.0).

You can also still come across the pre-1954 designations, usually when
someone who doesn’t know much about aluminum quotes an old reference.
To help in these instances, as well as when you’re confronted with modifying
an historic aluminum structure, a cross reference between the old system
designations and the new is given in Appendix A. What’s probably even more
amazing than the fact that these designations still occasionally appear is that
many of the old alloys, such as 24S (now 2024), 43S (4043), and 61S (6061),
are still popular. You’ll also still occasionally hear reference to duralumin,
the commercial name given to the original aluminum-copper alloys. Unfor-
tunately these alloys proved to be the least durable of aluminum, and use of
the name has faded.

Informal appellations are also given to aluminum alloy series. The 2xxx
and 7xxx series are sometimes referred to as “‘aircraft alloys,” but they are
also used in other applications, including bolts and screws used in buildings.
The 1xxx, 3xxx, and 6xxx series alloys are sometimes referred to as *‘soft,”
while the 2xxx, 5xxx, and 7xxx series alloys are called “‘hard.”” This descrip-
tion refers to the ease of extruding the alloys: hard alloys are more difficult
to extrude, requiring higher-capacity presses, and are, thus, more expensive.

2.4.3 Tempers

Aluminum alloys are tempered by heat treating or strain hardening to further
increase strength beyond the strengthening effect of adding alloying elements.
Alloys are divided into two groups based on whether or not their strengths
can be increased by heat treating. Both heat treatable and non-heat treatable
alloys can be strengthened by strain hardening, which is also called cold-
working. The alloys that are not heat-treatable may only be strengthened by
cold-working. Whether or not an alloy is heat treatable depends on its alloying
elements. Alloys in which the amount of alloying element in solid solution
in aluminum increases with temperature are heat treatable. In general, the
1xxx, 3xxx, 4xxx, and 5xxx series wrought alloys are not heat treatable, while
the 2xxx, 6xxx, and 7xxx wrought series are, but minor exceptions to this
rule exist.

Non-heat treatable alloys may also undergo a heat treatment, but this heat
treatment is used only to stabilize properties so that strengths do not decrease
over time—behavior called age softening—and is required only for alloys
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with an appreciable amount of magnesium (the 5xxx series). Heating to 225°F
to 350°F [110°C to 180°C] causes all the softening to occur at once and, thus,
is used as the stabilization heat treatment.

Before tempering, alloys begin in the annealed condition, the weakest but
most ductile condition. Tempering, while increasing the strength, decreases
ductility and, therefore, decreases workability.

Strain hardening is achieved by mechanical deformation of the material at
ambient temperature. In the case of sheet and plate, this is done by reducing
its thickness by rolling. As the material is worked, it becomes resistant to
further deformation and its strength increases.

Two heat treatments can be applied to annealed condition, heat treatable
alloys. First, the material can be solution heat treated. This allows soluble
alloying elements to enter into solid solution; they are retained in a super-
saturated state upon quenching, a controlled rapid cooling usually performed
using air or water. Next, the material may undergo a precipitation heat treat-
ment, which is also called artificial aging. Here, constituents are precipitated
from solid solution to increase the strength. An example of this process is
the production of 6061-T6 sheet. From its initial condition, 6061-O annealed
material is heat treated to 990°F [530°C] as rapidly as possible (solution heat
treated), then cooled as rapidly as possible (quenched), which renders the
temper T4. The material is then heated to 320°F [160°C] and held for 18
hours (precipitation heat treated); upon cooling to room temperature, the tem-
per is T6.

Solution heat treated aluminum may also undergo natural aging. Natural
aging, like artificial aging, is a precipitation of alloying elements from solid
solution, but because it occurs at room temperature, it occurs much more
slowly (over a period of days and months rather than hours) than artificial
aging. Both aging processes result in an increase in strength and a corre-
sponding decrease in ductility. Material that will be subjected to severe form-
ing operations, such as cold heading wire to make rivets or bolts, is often
purchased in a T4 temper, formed, and then artificially aged or allowed to
naturally age. Care must be taken to perform the forming operation before
too long a period of time elapses, or natural aging of the material will cause
it to harden and decrease its workability. Sometimes T4 material is refriger-
ated to prevent natural aging if cold forming required for fabrication into a
product, such as a fastener or a tapered pole, will not be performed shortly
after solution heat treatment.

The temper designation system is the same for both wrought and cast
alloys, although cast alloys are only heat treated and not strain hardened, with
the exception of some 85x.0 casting alloys. The temper designation follows
the alloy designation, the two being separated by a hyphen, for example,
5052-H32. Basic temper designations are letters. Subdivisions of the basic
tempers are given by one or more numbers following the letter.

The basic temper designations are:
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F As fabricated. Applies to the products of shaping processes in which no
special control over thermal conditions or strain hardening is employed. For
wrought products, no mechanical property limits exist.

O Annealed. Applies to wrought products that are annealed to obtain the
lowest strength temper, and to cast products that are annealed to improve
ductility and dimensional stability. The “O” may be followed by a number
other than zero.

H Strain-hardened (wrought products only). Applies to products that have
their strength increased by strain-hardening, with or without supplementary
thermal treatments, to produce some reduction in strength. The “H” is always
followed by two or more numbers.

W Solution heat-treated. An unstable temper applicable only to alloys that
spontaneously age at room temperature after solution heat-treatment. This
designation is specific only when the period of natural aging is indicated, for
example, W £ hour.

T Thermally treated to produce stable tempers other than F, O, or H.
Applies to products that are thermally treated, with or without supplementary
strain-hardening, to produce stable tempers. The “T” is always followed by
one or more numbers.

Strain-Hardened Tempers For strain-hardened tempers, the first digit of the
number following the “H”’ denotes:

H1 Strain-hardened only. Applies to products that are strain-hardened to
obtain the desired strength without supplementary thermal treatment. The
number following this designation indicates the degree of strain-hardening,
for example, 1100-H14.

H2 Strain-hardened and partially annealed. Applies to products that are
strain-hardened more than the desired final amount and then reduced in
strength to the desired level by partial annealing. For alloys that age-soften
at room temperature, the H2 tempers have the same minimum ultimate tensile
strength as the corresponding H3 tempers. For other alloys, the H2 tempers
have the same minimum ultimate tensile strength as the corresponding H1
tempers and slightly higher elongation. The number following this designation
indicates the strain-hardening remaining after the product has been partially
annealed, for example, 3005-H25.

H3 Strain-hardened and stabilized. Applies to products that are strain-
hardened and whose mechanical properties are stabilized either by a low-
temperature thermal treatment or as a result of heat introduced during fabri-
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cation. Stabilization usually improves ductility. This designation is applicable
only to those alloys that, unless stabilized, gradually age-soften at room tem-
perature. The number following this designation indicates the degree of strain-
hardening remaining after the stabilization has occurred, for example, 5005-
H34.

H4 Strain-hardened and lacquered or painted. Applies to products that
are strain-hardened and subjected to some thermal operation during subse-
quent painting or lacquering. The number following this designation indicates
the degree of strain-hardening remaining after the product has been thermally
treated as part of the painting or lacquering curing. The corresponding H2X
or H3X mechanical property limits apply.

The digit following the designation H1, H2, H3, or H4 indicates the degree
of strain-hardening. Number 8 is for the tempers with the highest ultimate
tensile strength normally produced and is sometimes called full-hard. Number
4 is for tempers whose ultimate strength is approximately midway between
that of the O temper and the HXS8 temper, and so is sometimes called half-
hard. Number 2 is for tempers whose ultimate strength is approximately mid-
way between that of the O temper and the HX4 temper, which is called
quarter hard. Number 6 is for tempers whose ultimate strength is approxi-
mately midway between that of the HX4 temper and the HX8 temper called
three-quarter hard. Numbers 1, 3, 5, and 7 similarly designate intermediate
tempers between those defined above. Number 9 designates tempers whose
minimum ultimate tensile strength exceeds that of the HX8 tempers by 2 ksi
[15 MPa] or more. An example of the effect of the second digit is shown in
Table 2.4.

The third digit, when used, indicates a variation in the degree of temper
or the mechanical properties of a two-digit temper. An example is pattern or
embossed sheet made from the H12, H22, or H32 tempers; these are assigned
H124, H224, or H324 tempers, respectively, since the additional strain hard-
ening from embossing causes a slight change in the mechanical properties.

TABLE 2.4 HX1 through HX9 Temper Example

Ultimate Tensile Strength

Temper ksi MPa Description
5052-0 25 170 annealed
5052-H32 31 215 +-hard
5052-H34 34 235 +-hard
5052-H36 37 255 +-hard
5052-H38 39 270 full-hard

5052-H39 41 285
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Heat-Treated Tempers For heat-treated tempers, the numbers 1 through 10
following the “T”” denote:

T1 Cooled from an elevated temperature shaping process and naturally
aged to a substantially stable condition. Applies to products that are not
cold-worked after cooling from an elevated temperature shaping process, or
in which the effect of cold work in flattening or straightening may not be
recognized in mechanical property limits, for example, 6005-T1 extrusions.

T2 Cooled from an elevated temperature shaping process, cold-worked,
and naturally aged to a substantially stable condition. Applies to prod-
ucts that are cold-worked to improve strength after cooling from an elevated
temperature shaping process, or in which the effect of cold work in flattening
or straightening is recognized in mechanical property limits.

T3 Solution heat-treated, cold-worked, and naturally aged to a substan-
tially stable condition. Applies to products that are cold-worked to improve
strength after solution heat treatment, or in which the effect of cold work in
flattening or straightening is recognized in mechanical property limits, for
example, 2024-T3 sheet.

T4 Solution heat-treated and naturally aged to a substantially stable con-
dition. Applies to products that are not cold-worked after solution heat treat-
ment, or in which the effect of cold work in flattening or straightening may
not be recognized in mechanical property limits, for example, 2014-T4 sheet.

TS Cooled from an elevated temperature shaping process and then arti-
ficially aged. Applies to products that are not cold-worked after cooling
from an elevated temperature shaping process, or in which the effect of cold
work in flattening or straightening may not be recognized in mechanical prop-
erty limits, for example, 6063-T5 extrusions.

T6 Solution heat-treated and then artificially aged. Applies to products
that are not cold-worked after solution heat treatment, or in which the effect
of cold work in flattening or straightening may not be recognized in mechan-
ical property limits, for example, 6063-T6 extrusions.

T7 Solution heat-treated and then overaged/stabilized. Applies to
wrought products that are artificially aged after solution heat treatment to
carry them beyond a point of maximum strength to provide control of some
significant characteristic, for example, 7050-T7 rivet and cold heading wire
and rod. Applies to cast products that are artificially aged after solution heat
treatment to provide dimensional and strength stability.
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T8 Solution heat-treated, cold-worked, and then artificially aged.
Applies to products that are cold-worked to improve strength, or in which the
effect of cold work in flattening or straightening is recognized in mechanical
property limits, for example, 2024-T81 sheet.

T9 Solution heat-treated, artificially aged, and then cold-worked.
Applies to products that are cold-worked to improve strength after artificial
aging, for example, 6262-T9 nuts.

T10 Cooled from an elevated temperature shaping process, cold-worked,
and then artificially aged. Applies to products that are cold-worked to
improve strength, or in which the effect of cold work in flattening or straight-
ening is recognized in mechanical property limits.

Additional digits may be added to designations T1 through T10 for vari-
ations in treatment. Stress-relieved tempers follow various conventions, which
are described below.

Stress relieved by stretching:

T__51 Applies to plate and rolled or cold-finished rod or bar, die or ring
forgings, and rolled rings when stretched after solution heat treatment or after
cooling from an elevated temperature shaping process. The products receive
no further straightening after stretching, for example, 6061-T651.

T__510 Applies to extruded rod, bar, profiles, and tubes, and to drawn tube
when stretched after solution heat treatment or after cooling from an elevated
temperature shaping process.

T__511 Applies to extruded rod, bar, profiles, and tubes, and to drawn tube
when stretched after solution heat treatment or after cooling from an elevated
temperature shaping process. These products may receive minor straightening
after stretching to comply with standard tolerances.

These stress-relieved temper products usually have larger tolerances on
dimensions than other products of other tempers.

Stress relieved by compressing:

T__52 Applies to products that are stress relieved by compressing after
solution heat treatment or cooling from an elevated temperature shaping pro-
cess to produce a permanent set of 1% to 5%.

Stress relieved by combined stretching and compressing:

T__54 Applies to die forgings that are stress relieved by restriking cold in
the finish die.

For wrought products heat-treated from annealed or F temper (or other
temper when such heat treatments result in the mechanical properties assigned
to these tempers):
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T42 Solution heat-treated from annealed or F temper and naturally aged to
a substantially stable condition by the user (as opposed to the producer), for
example, 2024-T42.

T62 Solution heat-treated from annealed or F temper and artificially aged
by the user (as opposed to the producer), for example, 6066-T62.

While the temper designations for wrought alloys are grouped according
to whether the strength level was obtained by strain-hardening or by thermal
treatment, artificial aging is the more important distinction for structural de-
sign purposes because it affects the shape of the stress-strain curve. The Alu-
minum Specification gives one set of buckling constant formulas for the ar-
tificially aged tempers (TS5 through T10), and another set of formulas that
applies to both the non-heat-treated alloys (H), as well as to the heat-treated
alloys that have not been artificially aged (T1 through T4). These buckling
constants are discussed in detail in Section 5.2.1.

You’ll occasionally encounter tempers that don’t match any of the ones
described above, such as 6063-T53. Individual producers register these with
the Aluminum Association, which publishes their properties in Tempers for
Aluminum and Aluminum Alloy Products (25).

2.5 STRUCTURAL APPLICATIONS OF ALUMINUM

2.5.1 Background

Aluminum’s markets have developed gradually over the 100-year history of
commercial production of the metal. Its first use was cooking utensils in the
1890s, followed by electrical cable shortly after 1900, military uses in the
1910s, and aircraft in the 1930s. Aluminum’s use in construction began
around 1930, when landmark structures, such as the national Botanic Garden
Conservatory in Washington, DC, and the Chrysler and Empire State Build-
ings in New York City were erected with aluminum structural components.
Aluminum didn’t really crack the construction market until after World War
I, when aluminum was first used to clad buildings. This was done with the
advent of extrusions and curtainwall technology, discussed further below. The
1960s saw the rapid expansion of aluminum’s largest market, packaging. In
the 1990s, aluminum use in transportation has grown markedly, especially in
automobiles and light trucks.

Aluminum’s most recent markets are its largest—transportation, packaging,
and construction, in that order—and together they account for two-thirds of
U.S. aluminum consumption (Table 2.5).

Applications of aluminum can be divided into two classes: structural and
nonstructural. Structural applications are those for which the size of the part
is driven primarily by the load which it must support; nonstructural applica-
tions are the rest. About half the transportation and building and construction
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TABLE 2.5 Aluminum’s Big Markets

1999 Consumption Portion of Total
Market (billion 1b) Aluminum Shipments
Transportation 7.8 32.2%
Containers and Packaging 5.0 20.7%
Building and Construction 32 13.1%
Total 16.0 66.0%

applications of aluminum are structural, amounting to roughly 6 billion 1b per
year, or about a quarter of all aluminum produced in the U.S. annually.

Structural applications for aluminum can be further divided into aerospace
and nonaerospace applications. Aerospace applications tend to use specialized
alloys, such as aluminum-lithium alloys used for the space shuttle’s external
fuel tanks, and most (but not all) 2xxx and 7xxx series alloys, often called
‘““aerospace alloys.” Because the aerospace market is so specialized, we’ll
concentrate our attention on the other, broader structural applications for alu-
minum, especially the construction market.

Of the semi-fabricated aluminum products used in construction, rolled
products (sheet and plate) and extruded shapes, make up roughly two-thirds
and one-third, respectively, of the semi-fabricated products consumption in
this market, as shown in Table 2.6.

The transportation industry also uses aluminum in significant structural
applications, including cars, trucks, buses, tractor trailers, rail cars, and ships.

2.5.2 Building and Construction Applications

At a rate of about 3 billion Ib per year in the U.S. and an assumed installed
price of $5 per Ib, the building market represents about $15 billion annually.
What’s being built with all this money?

One of the largest segments of this market is the aluminum curtain wall
industry. Beginning in earnest in the 1950s with the United Nations Building

TABLE 2.6 Construction Use of Semi-Fabricated Aluminum

1999 Consumption Portion of
Product (billion 1b) Construction Consumption
Sheet and Plate 1.18 62%
Extruded Shapes 0.62 33%

Total 1.80 95%
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in New York City and the Alcoa Building in Pittsburgh (Figure 2.5), alumi-
num curtain walls began to play a significant role in modern building con-
struction. These walls act like large curtains hung from the building frame,
serving to maintain a weather-tight envelope while resisting wind loads and
transmitting them to the frame. Vertical and horizontal extruded aluminum
mullions serve as the structural members (Figure 2.6). Aluminum extrusions
also enjoy wide use as frames for doors and windows and in storefronts.
Recently, standing seam aluminum roof sheeting has become a popular
architectural product. Some of these standing seam products are used as struc-
tural members to span between roof purlins. Aluminum sheet is employed
for roofing and siding for corrosive applications or for architectural appeal,
as well as routine use for flashing, gutters, siding, soffit, fascia, and down-

Figure 2.5 Aluminum curtain wall on the Alcoa Building. (Courtesy of Alcoa)
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Figure 2.6 Custom-extruded aluminum framing supporting a glass wall. (Courtesy
of Kawneer)
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spouts on buildings. Patio and pool enclosures and canopies and awnings are
also frequently constructed of aluminum for its ease of fabrication and cor-
rosion resistance.

Welded aluminum tanks are used for industrial storage and process vessels
and pipe for corrosive liquids and are well suited to cryogenic applications
due to aluminum’s good low-temperature properties (Figure 2.7). Large, clear-
span aluminum roofs with bolted frames, clad with aluminum sheet, cover
tanks and basins for water storage, wastewater treatment, and petrochemical
and bulk storage (Figure 2.8). Floating roofs with aluminum pontoons and
aluminum sheet decks are used to minimize evaporation of volatile liquids in
tanks. Aluminum handrails and pedestrian bridges are also used in these in-
dustries for their corrosion resistance (Figure 2.9). Aluminum’s non-sparking
properties are preferred over steel in potentially flammable atmospheres.

Aluminum signs and sign structures, light poles, and guard rails are used
for highways and railroads (Figure 2.10), and aluminum has been used for a
number of bridge decks and bridge structures in North America and Europe.
Culverts made of large diameter corrugated aluminum pipe are used for
bridges, liners, and retaining walls (Figure 2.11). Aluminum landing mats for

Figure 2.7 Double-wall cryogenic tanks storing liquified natural gas at —260°F
[-160°C]. The inner tanks are aluminum. (Courtesy of Chicago Bridge & Iron)



Figure 2.8 Clear-span aluminum dome covering a petroleum storage tank. (Courtesy
of Conservatek Industries, Inc.)

Figure 2.9 Aluminum walkway and handrail at a municipal wastewater treatment
plant. (Courtesy of Conservatek Industries, Inc.)

28



Figure 2.10 Aluminum structure supporting a highway sign at a railroad crossing.

Figure 2.11 Aluminum culvert. (Courtesy of Contech Construction Products Inc.)

29
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aircraft are tough and portable. Aluminum is also used for portable bridges
for military vehicles.

Aluminum’s corrosion resistance lends itself to marine applications, in-
cluding gangways and floating docks. To minimize the weight above the wa-
terline to enhance stability, aluminum is often used in structures and decks
for offshore oil platforms.

A striking example of aluminum’s use as construction equipment is the 37
miles of aluminum pipe used as scaffolding for the renovation of the Wash-
ington Monument in 1999. (This seemed only fitting, since a 9 inch tall-
aluminum pyramid had been used to cap the structure, then the tallest in the
world, upon its completion in 1884.) Aluminum is also used for ladders,
trench shoring, and concrete forms because of its strength, durability, and
light weight.



3 Working with Aluminum

Now that you’ve heard about aluminum, you may want to know what it looks
like. We’ll describe it, beginning with the forms in which it is produced, how
these forms are shaped and altered to become structural components, and how
these components can be dressed up with coatings. We will include some
comments on how this process differs from the preparation of steel for duty
and will conclude with a few suggestions on how to put the structural com-
ponents into place. This chapter, then, presents the product forms in which
aluminum is most commonly used for structural components, and how these
product forms are fabricated and erected.

3.1 PRODUCT FORMS

The forms of aluminum used in structural components include extrusions,
flat-rolled products, castings, and forgings. The most widely used of these
forms are extrusions and the flat-rolled products, sheet and plate. Castings
typically have less reliable properties than the wrought product forms, and
forgings are often more expensive to produce than other wrought forms. Cast-
ings and forgings do, however, lend themselves to more complex shapes than
extrusions and flat-rolled products.

3.1.1 Extrusions

Introduction What do aluminum and Play-Doh have in common? They can
both be extruded, of course (Figure 3.1). Extrusions are produced by pushing
solid material through an opening called a die to form parts with complex
cross sections. Aluminum is not the only metal fabricated this way, but it is
the most readily and commonly extruded. (Stainless steel can also be ex-
truded, but it requires such great pressures that only small and simple stainless
shapes can be made). The extrusion process makes aluminum an extremely
versatile material for structural design. Rather than being limited to the stan-
dard rolled shapes, designers can concoct their own cross sections, putting
material where it is needed. Solid and hollow cross sections, even sections
with multiple hollows, can be readily extruded (Figure 3.2).

While extrusions dominate applications for parts with a constant cross sec-
tion, bar and rod are also produced by rolling, and tubes and wire by drawing,
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Figure 3.1 Engineer of the future extruding a Play-Doh I-beam. (Play-Doh is a
registered trademark of Kenner.)

a process by which material is pulled (as opposed to pushed) through a die
to change the cross section or harden the material. Cold-finishing may be
used to improve surface finish and dimensional tolerances. Sometimes a com-
bination of methods is used; for example, tube may be extruded and then
drawn; bar may be rolled and then cold-finished. Products that have been
cold-finished or drawn are held to tighter tolerances on cross-sectional di-
mensions than extruded products.

Standard Extruded Shapes Before World War II, most aluminum shapes
were produced by rolling, like steel, and so had cross sections similar to those
of steel. Many of these shapes had sloped flanges that facilitated rolling but
complicated connection details. Wartime and postwar demand for aluminum
products prompted better production techniques, especially extrusions, which
eventually displaced much of the rolled production. Since extrusions are not
subject to the limitations of the rolling process, the need for sloped flanges
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Figure 3.2 Examples of complex extruded shapes. (Courtesy of Cardinal Aluminum
Co.)

was gone. Extrusions continued to be produced in shapes that looked like
rolled products, however, because these shapes were standard. Around 1970
the Aluminum Association introduced standard channel and I-beam shapes
designed to be extruded, with constant thickness flanges and optimum di-
mensions for strength (Figure 3.3). Today, almost no aluminum shapes are
produced by rolling. Many of the old cross sections suited to production by
rolling are still shown in catalogs, however, even though today they are ex-
truded, not rolled.

A number of common extruded shapes are shown in extruders’ catalogs.
Some of these shapes, as well as the Aluminum Association standard shapes,
are included among those listed in the Aluminum Design Manual, Part VI,
Section Properties. (See Section 6.2 for a warning on availability; 15 in. [380
mm] deep channels are about the deepest shapes extruded for general use.)
Extruders usually maintain an inventory of dies. Some are proprietary and,
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Rolled Extruded

Figure 3.3 Rolled shape with sloped flanges, and extruded shape with constant thick-
ness flanges.

thus, are for the exclusive use of a particular customer; others are called open
dies, and these are the shapes shown in catalogs and available to any paying
customer.

The Aluminum Association has established standard extruded I-beam and
channel shapes, as mentioned above, in depths from 2 to 12 in. (They are not
available in hard metric sizes.) These sections are efficient for structural ap-
plications and are produced by a number of extruders. Appendix B contains
dimensions and section properties for these shapes, called Aluminum Asso-
ciation standard channels and I beams. Design data for these shapes is given
in Appendices D and E.

Aluminum pipe, with the same dimensions as steel pipe of the same nom-
inal size and schedule, is also extruded, in diameters up to 12 in. Dimensions
and section properties are listed in Table 3.1. Aluminum pipe is usually 6061-
T6 alloy, but it is also produced in 3003-H18 (but only under 1 in. nominal
pipe size), 3003-H112, and 6063-T6.

Custom Extruded Shapes Sometimes the Aluminum Association or other
standard shapes are impractical or inefficient for a specific application. In
these cases, users may design their own shapes. Keep in mind that some
limitations exist:

1) Minimum Thickness: The minimum thickness is a function of a number
of factors, including the circle size (larger shapes require larger wall thick-
ness) and whether a shape is hollow or solid. Table 3.2 provides approximate
guidelines, but actual limits depend on the shape and the extruder. Elongation
testing is not performed for shapes less than 0.062 in. [1.6 mm] thick.

2) Maximum Length: Extrusions can be produced up to 100 ft [30 m] long,
but 40 ft [12 m] is generally the practical limit for extrusions shipped by
truck. Structural shapes available from metal supply warehouses usually are
stocked in 20 ft or 25 ft [6 m or 7.5 m] maximum lengths.

3) Maximum Circle Size: Extrusions are produced from billets, which are
usually cylindrically shaped. Because of this, extrusion cross-section size is
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TABLE 3.2a Approximate Minimum Thicknesses for 6061 and 6063
Solid Extrusions

6063 6061 6063 6061
Circle Minimum Minimum Minimum Minimum
Size Thickness Thickness Circle Thickness Thickness
(in.) (in.) (in.) Size (mm) (mm) (mm)
2t03 0.039 0.045 50 to 75 1.0 1.1
3t04 0.045 0.050 75 to 100 1.1 1.3
4t05 0.056 0.062 100 to 125 1.4 1.6
5t06 0.062 0.062 125 to 150 1.6 1.6
6to 7 0.078 0.078 150 to 175 2.0 2.0
71t08 0.094 0.094 175 to 200 2.4 2.4
8 to 10 0.109 0.109 200 to 250 2.8 2.8
10 to 11 0.125 0.125 250 to 275 32 32
11 to 12 0.156 0.156 275 to 300 4.0 4.0
12 to 20 0.188 0.188 300 to 500 4.8 4.8

usually limited to that which fits within a circle. Larger extrusion presses use
larger circle size dies. There are numerous 10 in. [250 mm] and smaller
presses, about a dozen mills with presses larger than 12 in. [300 mm], while
the largest in North America is 31 in. [790 mm]. Because of production
limitations, an extrusion typically cannot fill the full area of the circle, but
rather only part of the circle area (Figure 3.4).

4) Maximum Area: The largest cross-sectional area that can be extruded
is about 125 in? [80,600 mm?].

5) Maximum Weight: The maximum total weight of an extrusion is limited
by the weight of a billet to about 4,300 1b [2,000 kg].

TABLE 3.2b Approximate Minimum Thicknesses for 6061 and 6063
Hollow Extrusions

6063 6061 6063 6061
Circle Minimum Minimum Minimum Minimum
Size Thickness Thickness Circle Thickness Thickness
(in.) (in.) (in.) Size (mm) (mm) (mm)
2t03 0.062 0.078 50 to 75 1.6 2.0
3to4 0.078 0.094 75 to 100 2.0 2.4
4t05 0.094 0.109 100 to 125 2.4 2.8
5t06 0.109 0.125 125 to 150 2.8 3.2
6to7 0.125 0.156 150 to 175 3.2 4.0
7108 0.156 0.188 175 to 200 4.0 4.8

8 to 10 0.188 0.250 200 to 250 4.8 6.3




3.1 PRODUCT FORMS 41

Figure 3.4  Useable portion of an extrusion circle size. Extrusion profiles must gen-
erally fit within the area indicated by the dotted line.

Before these limitations are reached, however, cost and availability may be
overriding considerations. A number of techniques can be employed to min-
imize extrusion cost:

1) Minimize the size of the smallest circle that encloses the section. Some-
times this can be done by extruding a folded version of the section desired
and then unfolding it after extruding by rolling or bending.

2) Avoid hollows where possible. They require more complex dies and are
more difficult to extrude.

3) Avoid large differences in wall thickness in different parts of the cross
section. For 6063, the largest ratio of maximum to minimum wall thickness
should be 3:1; for 6061-T6, use 2:1.

4) Keep the perimeter-to-cross-sectional area ratio as low as possible.
Some extruders estimate costs based on this ratio.

5) Avoid sharp corners, using generous fillets or rounding where possible.

6) Ask extruders which changes to a proposed section would reduce cost.

Extruded structural shapes can perform additional functions by incorporating
some of these features:

1) Interlocking Sections: Extrusions can be designed to interlock with
other extrusions to facilitate connections. Several kinds of extrusion interlocks
exist. Some are designed to act like hinges (Figure 3.5a), with one piece being
slid into the other from one end. Other extrusions are designed with nested
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Figure 3.5 Examples of extruded interlocks.

interlocks that align parts, which are then fastened together (Figure 3.5b).
Still others are designed as friction fit or snap-lock interlocks, which require
the parts to deform elastically to fit together (Figure 3.5¢). Unlike the first
two joints, the friction fit joint cannot be disassembled without destroying the
parts. None of these interlocks are considered to transmit enough longitudinal
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shear to enable the parts to act as a unit structurally without other means of
fastening (133). To prevent longitudinal slippage at significant loads requires
a fit too tight to make with parts extruded to standard tolerances.

2) Skid-Resistant Surfaces: Although the extrusion process is only capable
of producing longitudinal features in a cross section, skid-resistant surfaces
are routinely made with extrusions. This is achieved by extruding small tri-
angular ribs on the surface (Figure 3.6), and then notching the ribs in the
transverse direction after extruding. Extruders may perform the notching ec-
onomically by running a ribbed roller over the ridges.

3) Indexing Marks: Shallow grooves extruded in parts can indicate where
a line of holes is to be punched or drilled. These marks (raised or grooved)
can also be used to identify the extruder, distinguish an inside from an outside
surface, or distinguish parts otherwise similar in appearance. Dimensions for
a typical indexing mark are shown in Figure 3.7.

4) Screw Chases: A ribbed slot (also called a screw chase or boss) can be
extruded to receive a screw. This may be used, for example, to attach a batten
bar to a frame member (Figure 3.8). A method for calculating the amount of
lateral frictional resistance to sliding of a screw in a chase is given in AAMA
TIR-A9-1991 (34). This calculation must be performed if the design considers

Figure 3.6  Skid-resistant surface achieved by transverse notching of extruded ribs.
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Figure 3.7 Typical dimensions for an extruded indexing or identification mark.

Figure 3.8 Use of a screw chase to connect extruded parts. (Courtesy of Conservatek
Industries, Inc.)
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both of the connected parts to act as a continuous section. The dimensions
of the screw chase are a function of screw dimensions and strength. If the
screw chase is too narrow, the head of the screw may break off before the
screw is fully driven. If the chase is too wide, the ribs of the chase may strip
during fastener installation. The maximum screw torque before stripping is
fairly sensitive to the chase width. The narrow dimension of the chase should
be less than the root diameter of the screw. The dimensions used successfully
for a screw chase for a +-20 UNC screw are shown in Figure 3.9.

5) Gasket Retaining Grooves or Guides: In curtain wall, fenestration, and
other applications, elastomeric gaskets are often required between parts. By
extruding a groove in the metal that matches a protrusion on a gasket, you
can eliminate the need for field assembly or adhesives. Usually the gasket is
press-fit into the extrusion in the shop. Dimensions for such a detail are shown
in Figure 3.10. Care must be taken to avoid stretching the gasket during
installation to prevent contraction of the gasket in the field to a length shorter
than required.

6) Extrusions as a Substitute for Plate: Plate costs about 1 times the cost
of extrusions, so it’s desirable to utilize extrusions rather than plate wherever
possible. Extruding to final width dimensions also eliminates the need to cut
plate to the desired width, thereby saving fabrication costs. Extruded bars are
available from a number of extruders through about 18 in. [457 mm] widths
or more, depending on thickness.

7) Non-prismatic Extrusions: Extrusions may have different cross sections
along their length when stepped extrusion methods are used. The smallest
section is extruded first, the die is changed, and a larger section that contains
the full area of the smaller section is extruded next. This method is used on
aircraft wings to minimize the amount of machining needed to produce ta-
pered members. Other tapered members, such as light poles, may be produced
by spinning. Set-up costs for these methods are high, so they tend to be used
only on parts that will be produced in quantity.

0.235
-

1 r 0.183
_. ‘—
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Figure 3.9 Dimensions for a screw chase for a § in. diameter screw.
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0.094 in. radius

-
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Figure 3.10 Dimensions to allow a gasket to be press fit into an extruded slot.

0.093
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8) Grooves for Fasteners: Grooves can be extruded to permit screw heads
to be flush with the surface of an extrusion to avoid the need for counter-
sinking the fastener hole. Groove widths sized to a bolt head flat width can
also be used to prevent rotation of the bolt during tightening of the nut.
Another use for grooves is to reduce the loss of cross-sectional area that
occurs at holes (Figure 3.11).

9) Integral Backing for Welds: As shown in Figure 3.12, built-in backing
for longitudinal welds along an extrusion edge can be provided, eliminating
the need for separate backing and the need to hold it in place during welding.

Hollow Extruded Shapes If you’re like most people, you may need a mo-
ment of head scratching to imagine how hollow extruded shapes are possible.
Extruders use three methods:

|
R })
|

Figure 3.11 Use of an extruded groove in a line of bolts to secure the bolt heads
from spinning, and to reduce the loss of effective net area in the cross section.
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Figure 3.12  Extruded integral backing for a weld. (Courtesy of the Aluminum
Association)

1) Solid Billet and a Porthole Die: In this method, the metal is divided
into two or more streams by the supports for the mandrel that forms the
hollow portion of the shape. The metal must reunite (sometimes referred to
as “welding”’) behind the supports before it flows through the die, outlining
the perimeter of the shape.

2) Solid Billet and a Piercer Operating Through a Hollow Ram: This
method avoids the seams inherent in the porthole die approach and, thus,
produces a seamless extrusion.

3) Hollow Billet with a Die and Mandrel: This method also produces a
seamless extrusion, but it is rarely used.

The material specification identifies if hollow extrusions must be seamless
(for example, ASTM B241 Aluminum and Aluminum-Alloy Seamless Pipe
and Seamless Extruded Tube) (53). Do seamless hollow shapes have better
structural properties than shapes with seams? The answer is no, not with
respect to material properties; the minimum strengths for porthole die pro-
duced hollow extrusions are the same (all other things being equal) as those
for seamless extrusions. For properly extruded shapes, seams do not appear
to have any adverse effect on structural performance, such as burst pressure
or fatigue.

Extruded Structural Alloys For purposes of extruding, the 1xxx, 3xxx, and
6xxx series alloys are considered ‘““‘soft,” which means they are more easily
and economically extruded than other alloys. The 6xxx series alloys are the
most useful for structural applications because of their combination of
strength, corrosion resistance, and weldability. Specific extrusion alloys in this
series that merit consideration are:
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« 6061, the granddaddy of aluminum structural extrusions, usually provides
the best combination of strength, economy, and corrosion resistance of
aluminum alloys. It is widely used and available.

+ 6063 has long been used for architectural applications as a lower strength
and slightly lower-cost alloy compared to 6061. This alloy is well suited
to such finishes as anodizing. 6463 has properties very similar to 6063.
When chemically brightened, it gives a reflective high luster finish.

« 6005 and 6105, in the TS temper, have the same strength in the unwelded
condition as 6061-T6, but they are easier to extrude and less quench
sensitive and so are more suitable for complex shapes. When welded,
6005-TS5 minimum strengths are 85% those of welded 6061-T6.

« 6066 has higher strength than 6061 but is less corrosion resistant and is
harder to extrude.

- 6070 has considerably higher strength than 6061 and is generally deemed
corrosion resistant. Its minimum extruded thickness is slightly more lim-
ited than 6061, and it requires larger radii to bend. When ordered in
sufficient quantity, it costs about 10% to 15% more than 6061 but is 25%
stronger.

« 6262-T6 has the same strength and corrosion resistance as 6061-T6. It
contains 0.4% to 0.7% lead, which provides it with better machinability
than the other 6xxx alloys.

« 6351-T5 has the same strength as 6061-T6, while 6351-T6 is slightly
stronger. 6351 enjoys slightly better corrosion resistance than 6061, and
its fracture toughness is more reliably achieved than for 6061.

- 6082, a relatively new alloy, is discussed in Section 9.3.2.

+ 7005 is as corrosion resistant as 6061 but with much higher strength; its
disadvantage is that it is less easily extruded than 6061.

All of these alloys have nearly the same density, modulus of elasticity, and
coefficient of thermal expansion. Where strength is an important factor, 6061-
T6, 6351-T5 and -T6 and 6005-T5 and 6105-T5 should be considered. If
higher strength is needed, 6066, 6070, and 7005 are candidates. Where
strength requirements are less demanding, as is the case when deflection or
fatigue considerations govern the design, 6063 is well suited. 6463 is used
for applications where a high luster finished appearance is critical.

Table 3.3 summarizes information on these alloys. The corrosion ratings
are from the Aluminum Association’s A through E scale with A being best
(see the Aluminum Design Manual, Part 1V, Materials), and strengths are
minimums. Costs are approximate and vary by supplier. In quantities suffi-
cient to be extruded on order, solid shapes of 6063-T6 cost about $1.20/1b
in 2001; hollow shapes cost about $0.10/1b more.

Extrusion alloys not listed in Table 3.3, such as the 2xxx series (e.g., 2014,
2024, and 2219), 5xxx series (e.g., 5083, 5086, 5154, and 5454), and 7xxx
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TABLE 3.3 Properties of Some Commonly Extruded Aluminum Alloys

General

Alloy F, F, F, F, Corrosion Relative
Temper (ksi) (MPa) (ksi) (MPa) Resistance Cost
6063-T5* 22 150 16 110 A 100%
6063-T6 30 205 25 170 A 100%
6463-T6 30 205 25 170 A 104% to 105%
6005-T5 38 260 35 240 103%
6105-T5 38 260 35 240 103%
6061-T6 38 260 35 240 B 103%
6162-T6 38 260 35 240
6262-T6 38 260 35 240 B 109%
6351-T5 38 260 35 240 A
6351-T6 42 290 37 255 A
6066-T6 50 345 45 310 C
6070-T6 48 330 45 310 B 110% to 115%
7005-T53 50 345 44 305 117%

*up through 0.500 in. [12.50 mm] thick.

series with zinc and copper (e.g., 7050, 7075, 7178), are more difficult to
extrude. Correspondingly, their costs are higher than those for the 6xxx series.
The 5xxx series alloy extrusions are generally only used in marine applica-
tions where their corrosion resistance justifies their cost. While the 2xxx and
7xxx alloys are generally very strong, they have serious drawbacks, such as
reduced corrosion resistance (still usually better than steel, though) and poor
weldability. Alloys 2014 and 2024 are not fusion welded because of reduced
strength and corrosion resistance at the welds and often require coating to
resist corrosion.

Extruders and Their Capabilities The Aluminum Extrusion Council (AEC)
(www.aec.org) makes available a list of aluminum extruders and their capa-
bilities. Many of these companies provide additional services for extruded
products, such as finishing, including anodizing and painting; and fabricating,
such as drilling, punching, welding, and bending. Minimum mill orders vary
by extruder, circle size, and shape (solid or hollow). For smaller solid shapes
(6 in. [150 mm]), minimum orders range around 500 Ib [200 kg]; for larger
or hollow shapes, minimum orders are about 1,000 to 2,000 1b [500 to 1,000
kg]. When smaller quantities are needed, they can be obtained from distrib-
utors or warehouses. Die charges range around several hundred dollars with
typically at least six week lead times.
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Extrusion Tolerances Standard extrusion cross-sectional dimensional tol-
erances have been established and are published by the Aluminum Associa-
tion. They are given in Table 3.4. For other tolerances (such as length,
straightness, twist, flatness of flat surfaces, surface roughness, contour of
curved surfaces, squareness of cut ends, corner and fillet radii, and angularity)
consult Aluminum Standards and Data (11). Determining extrusion tolerances
can be more complicated than you’d think, so you may want to consult your
extruder. Closer tolerances can be held at increased cost; most extrusions can
be ordered to tolerances that are one-half the Aluminum Standards and Data
values. The 5xxx series alloys have larger tolerances than other extruded
alloys.

Fabrication For many applications, extrusions require little additional fab-
rication once they’ve been shipped from the mill. Typical processes involve
cutting to length and fabricating holes. Extrusions may also be rolled to take
on curvature for camber or other purposes. However, if strains required by
the rolling process are great enough, they may produce cracking. This situ-
ation can sometimes be avoided by rolling before the material is artificially
aged. For example, 6061 extrusions can be rolled in the -T4 temper and then
artificially aged at the mill to the -T6 temper, which is usually needed for
strength in the finished member. The -T4 temper has a minimum elongation
of 16% versus 8% for the -T6 temper, so cracking is more readily avoided
this way.

Extrusion Quality Assurance Extrusion mills will generally supply certifi-
cation meeting Aluminum Association requirements at no additional charge
if this is requested when the material is ordered. The number of samples for
mechanical tests is determined as follows: for extrusions weighing less than
1 Ib/ft [1.7 kg/m], one sample is taken for each 1,000 Ib. [S00 kg], or fraction
thereof, in a lot; for extrusions weighing 1 1b/ft [1.7 kg/m] or more, one
sample is taken for each 1,000 ft [300 m], or part thereof, in a lot. Tension
tests are made for the longitudinal direction only, unless other prior agreement
is made with the supplier. The tensile yield strength, tensile ultimate strength,
and elongation are reported and must meet or exceed the minimum values
for these properties established in Aluminum Standards and Data.

Purchasers of extrusions ordered in mill quantities for building structures
often do not require identification marking. (Indexing, or identification, marks
[see above] extruded into the shape are, therefore, particularly useful to keep
track of producer and alloy.) Extruded structural shapes purchased from a
warehouse usually have identification marking consisting of the producer and
the alloy and temper. Suppliers may provide either continuous (at intervals
no greater than 40 in. [1,000 mm] along the length) or spot (once per piece)
marking.
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56 WORKING WITH ALUMINUM
3.1.2 Sheet and Plate

Introduction The rolled products with structural uses are addressed by
ASTM B209, Aluminum and Aluminum-Alloy Sheet and Plate (49). Sheet is
defined as rolled product with a thickness of at least 0.006 in. (anything
thinner is called foil) and less than 0.25 in., although in structural applications
the thinnest nominal sheet thickness of much practical use is 0.024 in. [0.6
mm] thick. Plate has a thickness of 0.25 in. or greater and is produced up to
8 in. [200 mm] thick in some alloys. The SI unit definitions are subtly dif-
ferent: sheet is rolled product thicker than 0.15 mm and up to 6.3 mm thick,
and plate is thicker than 6.3 mm. (See Table 3.5.) Almost all aluminum alloys
are produced in sheet or plate or both; they are the most common aluminum
product forms.

What’s Available Sheet and plate are available from producers in several
forms. Common flat sheet widths are 24 in., 30 in., 36 in., 48 in., and 60 in.
[600 mm, 750 mm, 900 mm, 1,200 mm, and 1,500 mm]; common lengths
are 96 in., 120 in., and 144 in. [2,400 mm, 3,000 mm, and 3,600 mm]. Sheet
is also sold rolled in coils (Figure 3.13) available in various alloys and thick-
nesses in widths of 30 in., 36 in., 48 in., 60 in., 72 in., 96 in., 102, and 108
in. [750 mm, 900 mm, 1200 mm, 1500 mm, 1800 mm, 2400 mm, 2600 mm,
and 2700 mm], as well as others. The advantage of coils is that piece lengths
are limited only by fabrication processes, such as brake press die lengths,
rather than by the material stock size.

Common thicknesses are given in Tables 3.6 and 3.7. Thickness is also
identified in terms of gauge number. Aluminum sheet gauge thicknesses are
different from steel. For example, 16 gauge aluminum sheet is 0.0508 in. [1.29
mm] thick, while 16 gauge steel is 0.0625 in. [1.59 mm] thick. The Aluminum
Design Manual, Part VI, Section Properties, Table 33, gives aluminum (in the
first column) and steel gauge thicknesses. It is preferable when ordering sheet
to identify thickness in inches rather than by gauge.

Pre-painted sheet is available from producers; Section 3.2 contains more
information.

Tolerances Tolerances on thickness, width, length, lateral bow, squareness,

and flatness for sheet and plate are given in Aluminum Standards and Data,
Tables 7.7 through 7.18. Tolerances are larger for thicker and wider product.

TABLE 3.5 Flat-Rolled Products

Product U.S. Units (in.) SI Units (mm)
Foil t < 0.006 t=0.15
Sheet 0.006 = r < 0.25 015<t=63
Plate t=0.25 t>6.3

t = thickness
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Figure 3.13  Aluminum sheet may be purchased in coil form. This allows pieces to
be cut or nested to suit fabrication requirements, thereby reducing waste. (Courtesy of
Temcor)

Also, aerospace alloys (2014, 2024, 2124, 2219, 2324, 2419, 7050, 7075,
7150, 7178, and 7475) have different tolerances on thickness than other al-
loys; in some cases the aerospace thickness tolerance is larger, and in others
it’s smaller than for other alloys. The width breakoffs for thickness tolerances
are round numbers in metric units (in other words, they have been hard-

TABLE 3.6 Common Aluminum Sheet Thicknesses (U.S. Units)

Thickness Gauge Weight Thickness Gauge Weight
(in.) No. (Ib/ft?) (in.) No. (Ib/ft?)
0.025 22 0.360 0.080 12 1.15
0.032 20 0.461 0.090 11 1.30
0.040 18 0.576 0.100 10 1.44
0.050 16 0.720 0.125 8 1.80
0.063 14 0.907 0.160 6 2.30
0.071 13 1.02 0.190 2.74

Weight is based on a density of 0.1 1b/in.>.
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TABLE 3.7 Common Aluminum Sheet and Plate Thicknesses (SI Units)

Thickness (mm) Thickness (in.) Mass (kg/m?)
0.50 0.020 1.35
0.60 0.024 1.62
0.80 0.031 2.16
1.0 0.039 2.70
1.2 0.047 3.24
1.6 0.063 4.32
2.0 0.079 5.40
2.5 0.098 6.75
3.0 0.118 8.10
35 0.138 9.45
4.0 0.157 10.8
4.5 0.177 12.15
5.0 0.197 13.5
6.0 0.236 16.2
7.0 0.276 18.9
8.0 0.315 21.6

10 0.394 27.0
12 0.472 324
16 0.630 432
20 0.787 54.0
25 0.984 67.5
30 1.18 81.0
35 1.38 94.5
40 1.57 108
50 1.97 135
60 2.36 162
80 3.15 216
100 3.94 270

Masses are based on a density of 2.70 kg/m?3.

converted). Alclad alloys (see Section 3.2) have the same thickness tolerances
as non-alclad alloys. It’s customary in the tank and pressure vessel industry
to limit the under run tolerance to 0.01 in. [0.25 mm], which is more stringent
than standard aluminum mill tolerance for many commonly supplied widths
and thicknesses. Rolling mills can generally meet the tighter tolerance if they
are made aware of it beforehand.

Fabrication Sheet and plate may be sheared, sawed, router-cut, nibbled by
punching, plasma-arc-or laser-cut, or cut with an abrasive water jet. Shearing
is generally limited to thicknesses less than £ in. [12 mm]. Coiled sheet may
also be slit. Oxygen-cutting is not permitted because the heat is too great,
causing melting or weakening of the aluminum. Plasma arc and laser cutting
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may produce edge cracks in heat-treatable alloys, so these edges must be
planed or ground to sound metal.

Take care to avoid re-entrant cuts (Figure 3.14). To do this, first fabricate
a hole near the intersection of cut lines. The cut then terminates at the hole,
which serves to fillet the corner. Sometimes cuts can also be angled so any
resulting notches occur in the drop. AWS D1.2-97, Structural Welding Code—
Aluminum, (91) requires that corners in statically loaded structures be filleted
to a radius of 4 in. [13 mm] and 2 in. [19 mm] in dynamically loaded
structures.

Some cutting and forming operations involve the application of heat to the
material. While this is not limited to sheet and plate, this issue most often
arises with these products. The Aluminum Specification (in Section 6.3a)
allows heating to a temperature not exceeding 400°F [200°C] for a period not
exceeding 30 minutes before the effect on strength must be considered. Tem-
peratures and periods greater than these produce partial annealing of the ma-
terial, which reduces the strength toward the O temper of the alloy, and in
certain alloys decreases corrosion resistance. (See Chapter 4.) Note that the
effect of time at elevated temperature is cumulative, so you are not allowed
to heat to 400°F for 30 minutes, let the metal cool, and then heat to 400°F
again.

The length of time that an alloy can be held at an elevated temperature of
less than 400°F [200°C] is not given in the Aluminum Specification since it’s
a function of the temperature and alloy. Aluminum may be held at tempera-
tures lower than 400°F [200°C] for periods of time longer than 30 minutes
before the loss in strength is significant. For example, 6061-T6 may be held
at 375°F [191°C] for 2 hours, and 350°F [177°C] for 10 hours, without a loss
of more than about 5% in strengths (1). The effect of heating on many alloy
tempers can be quantified from Properties of Aluminum Alloys: Tensile,

/ Re-entrant cuts

Figure 3.14 Re-entrant cuts in sheet material can precipitate tearing and should be
avoided.
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Creep, and Fatigue Data at High and Low Temperatures (118), which was
used to prepare Table 8.23.

You’ll want to carefully monitor the time and temperature of any heating
above about 150°F [66°C]. This can be done by marking the metal with heat
crayons with known melting points: when the marking starts to run, the metal
has reached a benchmark temperature. Unlike steel, heating aluminum doesn’t
change its color while the metal is in a solid state, so you can’t gauge the
temperature of a piece of aluminum by looking at it, and you don’t want to
try by touching it. Most fabricators simply avoid the practice of heating alu-
minum for cutting or forming. Where aluminum must be heated above 400°F
[200°C] in specific areas (such as at welds), the strength reduction is ac-
counted for in structural calculations. Methods for addressing this effect from
welding are discussed in Chapter 9.

Sheet and plate may be formed by various operations. Roll forming of sheet
is used to make cross sections with full-length bends (Figure 3.15), such as
for roofing and siding panels produced in large quantities, but it has high
initial tooling costs. Press brakes are commonly used to form bends of various
configurations. Brake capacity needed to form aluminum sheet and plate can
be calculated from capacities given for steel by ratioing by the aluminum
yield strength to the steel yield strength. Many commonly used aluminum
sheet alloys require less brake capacity than steel.

Minimum bend radii for 90° cold bends for some alloy tempers and thick-
nesses are given in the Aluminum Design Manual, Part VII, Table 6-1. These
radii are the smallest recommended in a standard press brake without frac-
turing and should be verified on trial pieces before production. Minimum bend
radii for aluminum are generally greater than those for steel, so you should
consider them carefully to avoid cracking (20). For heat-treatable alloys,
bending at right angles to the direction that plate or sheet was rolled or
extruded helps prevent cracks. For non-heat-treatable alloys, bends should be
parallel to the direction of rolling to minimize cracking. Maximum sheet
thickness for 180° cold bends (metal to metal) of some alloy tempers is given
in the Design Manual, Part VII, Design Aids, Table 6-3, which is useful for
designing sections with lockseams, such as that shown in Figure 3.16. For
some alloy tempers and thicknesses, ASTM B209 gives the minimum diam-
eter of a pin around which the material can be wrapped 180° without cracking.

The fact that a radius is usually required at bends affects cross-sectional
dimensions. The sum of the outside dimensions of a bent cross section is
different from the sum of the flat lengths (see Figure 3.17). There are two
reasons for this difference: the material stretches slightly when bent, and the
distance along a radius at the bends is less than the straight line distance to
the point of intersection of the flat lengths. The Aluminum Design Manual,
Part VI, Table 4, gives values for this difference, called the developed length
of a bend. Another method for accounting for the effect of bends on dimen-
sions is the following equation, which also applies to bend angles other than
90°:
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Figure 3.15 Roll-forming aluminum. Flat sheet or coil material can be fed through
a series of rollers to form bends and quickly produce a predetermined profile, such as
this roofing. (Courtesy of Metform International)
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Figure 3.16 Lockseam joints require bending sheet metal back on itself (180°).

A
Y

0.090

7.5

i

M~

« I
|

<30

hadll
- -

Dimensions typical both sides.

Figure 3.17 Cold-formed sheet profile. (See also Figure 10.8.)
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L = (0.64t + 1.57R) A/90 (3.1)

where:

L = length before bending
t = metal thickness

R = bend inside radius

A = bend angle in degrees

The material stretches at the outside of the bend and compresses on the inside
of the bend, but because aluminum stretches slightly more readily than it
compresses, the neutral axis is slightly closer to the inside surface than the
outside surface. In this equation, the neutral axis is located approximately
40% of the material thickness from the inside surface. This location depends
on several factors, including the material and the angle of bend, so for other
materials the coefficient of ¢ is not necessarily the same as that used in Equa-
tion 3.1.

Example 3.1: Determine the outside dimension (w) of the top flange of the
cross section shown in Figure 3.17 for a section made from 60 in. wide 5052-
H36 sheet 0.09 in. thick.

First, determine the radius to be used for making the six bends in the cross
section. The Aluminum Design Manual. Part VII, Table 6-1, Recommended
Minimum Bend Radii for 90 Degree Cold Bends, doesn’t show the 0.09 in.
thickness, but the recommended radius for the next thicker sheet (% in.) is
24 1. If we use this conservatively, the bend radius will be 2.5 X 0.09 = 0.23
in., which we’ll round up to 0.25 in. for convenience.

At each bend the difference between the outside dimensions and the length
of the formed sheet will be (see Figure 3.18):

2(t + R) — (0.64¢t + 1.57R) 90/90 =
2(0.09 + 0.25) — [0.64(0.09) + 1.57(0.25)] = 0.23 in.
The sum of the outside dimensions of the cross section is:
210875 +3+75 +w=2475+w
The material width of 60 in. will equal the sum of the outside dimensions
less the difference between the outside dimensions and the formed sheet at

each of the six bends calculated above:

60 = 24.75 + w — 6(0.23)
w = 36.63 in.

When designing a section to be fabricated by bending, you must consider the
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t+R

t+R

Figure 3.18 Detail of a corner bend in a cold-formed shape.

feasibility of forming bends. If the bends are too close together, it may not
be possible to fabricate them. The proper distance between bends is a function
of the bend radii and the dimensions of the brake and dies used. Also, to
allow for variation in the actual developed length of bends versus the calcu-
lated length, the bend sequence may be planned so that the variance is ac-
cumulated in a non-critical dimension. Another consideration arises when the
bend is longer than the clear distance between the supports of the press. In
such instances, the distance from the edge of the piece to the bend cannot be
too great or the piece cannot be inserted far enough into the press. When this
occurs, bends nearest the edge of the piece may need to be made first.

Uncoiled sheet may experience coil set, a longitudinal bowing in the di-
rection of coiling, especially near the end of the coil where the radius of
curvature is smallest. To eliminate this, introduce small longitudinal stiffening
bends. Large, flat expanses of sheet are undesirable even when made from
flat sheet stock because they tend to show buckles or waves, action sometimes
referred to as ““oil-canning.” Often these are not a structural concern but can
adversely affect appearance. Small stiffening bends at sufficient intervals can
overcome this.

Quality Assurance Aluminum plate (and other products) may contain flaws
(euphemistically called discontinuities) due to porosity, laminations, cracks,
or foreign material. Aluminum Standards and Data (ASD) provides no re-
quirements other than visual inspection except ultrasonic inspection of certain
2xxx and 7xxx series alloys (Table 6.3), usually referred to as “‘aerospace
alloys.” ASTM B548, Ultrasonic Inspection of Aluminum-Alloy Plate for
Pressure Vessels (65), and ASTM B594, Ultrasonic Inspection of Aluminum-
Alloy Wrought Products for Aerospace Applications (68), also provide spec-
ifications for ultrasonic inspection of aluminum products. Even if your ap-
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plication isn’t a pressure vessel or aerospace vehicle, if structural demands
warrant it, you might consider requiring similar inspection. The ASD test
parameters are similar to the ASTM B594 aerospace inspection, but ASD
establishes the maximum acceptable discontinuities. The lowest acceptable
ASD quality class is B, for which discontinuities may not exceed & in. [3
mm] in size. The ASTM B548 pressure vessel criteria limit discontinuities to
1.0 in. [25 mm]. AWS D1.2-97 section 3.2.4 provides procedures to address
discontinuities larger than 1 in. [25 mm].

Costs Sheet of non-heat-treatable alloys (the 1xxx, 3xxx, and 5xxx series)
bought directly from a mill costs as little as about $1.30/1b [$3.00/kg] in
2001, which is similar to the costs for common extrusions summarized in
Section 3.1.1. On the other hand, heat-treated rolled products (2xxX, 6XxX,
and 7xxx) can cost more than $2.00/1b [$4.40/kg] due to the cost of the heat
treatment. Costs vary widely by alloy, size, and quantity, so these figures are
only a general guide. In 6xxx series alloys, extrusions are usually more ec-
onomical than plate when widths are small enough to be extruded, which can
be as large as 18 in. [457 mm] and even more in certain thicknesses and
alloys.

Water Stains The final note in this section is a warning that applies to all
aluminum products, but most especially to sheet and plate. Water stains occur
when moisture is trapped between aluminum surfaces in contact, causing
stains varying in color from white to dark gray depending on the alloy and
the conditions (Figure 3.19). (High-magnesium-content alloys, common in the
5xxx series, seem most susceptible.) The phenomenon is not unlike white
rust, (which is also called wet storage stain), that occurs on galvanized parts
in similar situations. When it occurs, the surface discoloration is often so
pronounced that laypersons will question the structural integrity of the ma-
terial. Actually, water staining only looks bad; it does not weaken the product
or spread once the water has evaporated. However, restoring the original ap-
pearance is almost impossible, and for these reasons you’ll want to avoid
water staining. Furthermore, it must be removed from surfaces to be welded.
The good news is that at least it isn’t rust.

The Aluminum Association offers advice in its publication AA TR3, Guide-
lines for Minimizing Water Staining of Aluminum (17). Good practice is to
keep aluminum that is closely packed together under roof, dry, and out of
contact with the ground. Avoid bringing cold aluminum into heated areas to
prevent condensation from forming on the material. If aluminum is received
wet, dry it.

Water vapor present in the air will condense on any surface that is colder
than the dew point. You’ve probably observed this phenomenon on a glass
with a cold beverage in the summer. The dew point is a temperature that is
a function of the relative humidity and the actual temperature. For example,
suppose the air temperature in a fabrication shop is 70°F [21°C] and the
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Figure 3.19 Water-stained beams in an aluminum cover. The beams will be covered
by roofing panels, so the water stains pose no detriment to the structure, aesthetic or
otherwise.

relative humidity is 50%. The dew point, which can be determined from a
psychrometric chart, is 65°F [18°C] for these conditions. If cold metal is
brought in from outside where the temperature is, say, 40°F [4°C], water will
condense on the metal. When the relative humidity is 100%, the dew point
temperature and the air temperature are the same. Since the dew point tem-
perature can never exceed the air temperature, condensation won’t occur as
long as the metal is as warm as the air. For this reason, as well to avoid
precipitation, it’s advisable to store aluminum products indoors, especially
products on which water can stand or become trapped between aluminum
parts in contact. Moisture and water stains also wreak havoc with aluminum
welding, so similar cautions apply to parts to be welded.
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Protective techniques are also used to prevent water stains. The Aluminum
Association provides specifications for protective oil to be applied to alumi-
num in Aluminum Standards and Data. Also, producers apply plastic films to
aluminum sheet stock; they can be removed after the material is ready to be
incorporated in the work in the field. This film should be removed before it
is allowed to weather, however, or it degrades and becomes difficult to strip.

3.1.3 Forgings

Introduction Forgings are produced by pounding hot metal into a cavity. If
you think this process sounds vaguely primitive, you’re right—forging is one
of the oldest fabrication methods. Modern forging processes, though, can
produce high-strength parts to very accurate dimensions, and are heavily re-
lied on for complex, critical members such as aircraft frames (8).

Two general categories of forgings exist: hand forgings (sometimes called
open die forgings), and die forgings (also called closed die forgings or im-
pression die forgings). Hand forgings are produced without lateral confine-
ment of the material during the forging operation. Die forgings are more
common and are produced by pressing the forging stock (made of ingot, plate,
or extrusion) between a pair of dies and, thus, are also called closed die
forgings. The complex shapes of parts suited to forgings are similar to those
of castings. Forgings, however, have more uniform properties and generally
better ductility, at least in the direction parallel to the grain, and unlike cast-
ings, they can be strain hardened by working to improve strength. Closed die
forgings can be produced weighing up to 15,000 1b [6,800 kg]. Minimum
thicknesses are a function of width, plan area, and forging method, but they
may be as small as 0.09 in. [2 mm] for a 3 in. [75 mm] width.

Automobile wheels and aircraft structural framing members are good ex-
amples of forging applications, but connection plates for some building struc-
tures also fall in this category. Forgings are more expensive than castings, but
they may be feasible if enough parts are needed and strength and ductility
are important.

Die forgings are divided into four categories described below, from the
least intricate, lowest quantity, and lowest cost to the most sharply detailed,
highest quantity, and highest cost (see Table 3.8). Less intricate forgings are
used when quantities are small because it is more economical to machine a
few pieces than to incur higher one-time die costs. The most economical
forging for a particular application depends on the dimensional tolerances and
quantities required.

Blocker-type forgings have large fillet and corner radii and thick webs and
ribs, so that only one set of dies is needed; generally, two squeezes of the
dies are applied to the stock. Fillets are about 2 times the radius of conven-
tional forgings, and corner radii about 11 times that of conventional forgings.
Usually, all surfaces must be machined after forging. Blocker-type forgings
may be selected if tolerances are so tight that machining would be required
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TABLE 3.8 Die Forgings

Blocker-Type  Finish-Only  Conventional  Precision

Typical Production <200 500 >500

Quantity

Number of Sets of Dies 1 1 2to4

Fillet Radius 2 1.5 1.0 <1.0
Corner Radius 1.5 1.0 1.0 <1.0

in any event, or if the quantity to be produced is small (typically up to 200
units). Blocker-type forgings can be of any size.

Finish-only forgings also use only one set of dies, like blocker-type forg-
ings, but typically one more squeeze is applied to the part. Because of this,
the die experiences more wear than for other forging types, but the part can
be forged with tighter tolerances and reduced fillet and corner radii and web
thicknesses. Fillets are about 11 times the radius of conventional forgings,
and corner radii about the same as that of conventional forgings. The average
production quantity for finish-only forgings is 500 units.

Conventional forgings are the most common of all die forging types. Con-
ventional forgings require two to four sets of dies; the first set produces a
blocker forging that is subsequently forged in finishing dies. Fillet and corner
radii and web and rib thicknesses are the smaller than for blocker-type or
finish-only forgings. Average production quantities are 500 or more.

Precision forgings, as the name implies, are made to closer than standard
tolerances, and they include forgings with smaller fillet and corner radii and
thinner webs and ribs.

You can categorize forgings in other ways. Can and tube forgings are
cylindrical shapes that are open at one or both ends; these are also called
extruded forgings. The walls may have longitudinal ribs or be flanged at one
open end. No-draft forgings require no slope on vertical walls and are the
most difficult to make. Rolled ring forgings are short cylinders circumferen-
tially rolled from a hollow section.

The ASTM specification for aluminum forgings is B247 Die Forgings,
Hand Forgings, and Rolled Ring Forgings (54).

Minimum Mechanical Properties and Allowable Stresses Of the 19 die
forging alloys that the Aluminum Association has identified, alloys 2014,
2219, 2618, 5083, 6061, 7050, 7075, and 7175 are the most popular. Mini-
mum mechanical properties (tensile yield strength, tensile ultimate strength,
and elongation) are given in Aluminum Standards and Data (11). Because of
the fabrication process, some forging alloys have slightly higher strengths and
elongation in a direction parallel to grain flow compared to a direction per-
pendicular to grain flow, and, along with some plate alloys, are unique among
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aluminum products in this regard. Forgings produced to the 6061-T6 temper,
a good candidate for construction applications, have the same minimum
strengths in both directions, and the same strength as extrusions of this temper.
In complex shapes, the grain flow direction may not be obvious, and micro-
structural analysis may be needed.

While tensile yield and ultimate strengths are listed in Aluminum Standards
and Data, compressive yield and shear ultimate and yield strengths are not,
nor are they given in the Aluminum Specification. If these properties are
needed to perform structural design calculations, you should obtain them from
the producer.

Quality Assurance for Die Forgings Aluminum Standards and Data re-
quires that compliance with minimum mechanical property requirements for
die forgings be demonstrated by testing the following number of samples: (1)
for parts weighing up to and including 5 1b [2.5 kg], one sample is taken for
each 2,000 1b [1,000 kg], or part thereof, in a lot; and (2) for parts weighing
more than 5 Ib, one sample is taken for each 6,000 Ib [3,000 kg], or part
thereof, in a lot. Testing is applicable to a direction only when the corre-
sponding dimension is more than 2.000 in. [50 mm] thick. ASTM B247
requires ultrasonic inspection for discontinuities for certain 2xxx and 7xxx
alloys, forging weights, and thicknesses only, so if you want it otherwise you
must specify it. Inspection methods for forgings are the same as for plate, as
discussed in Section 3.1.2.

Dimensional tolerances are suggested in the Aluminum Forging Design
Manual (7). Tolerances for forgings are subject to the same considerations as
those for castings, as discussed in Section 3.1.4.

Identification markings are provided only as required by the forging draw-
ing, so call for them there if you want them. As a minimum, it’s a good idea
to require identification, including part number, vendor identification, and
alloy, and to do so with integrally forged, raised letters on the part.

3.1.4 Castings

Introduction Castings are made by pouring molten metal into a mold. This
process is useful for forming complex three-dimensional shapes, but it suffers
some limitations for structural uses. Most castings have more variation in
mechanical properties and less ductility than wrought (that is, worked, such
as forged, extruded, or rolled) aluminum alloys. This is due to defects that
are inherent to the casting process, such as porosity and oxide inclusions, and
the variation in cooling rates within a casting. Casting alloys contain larger
proportions of alloying elements than wrought alloys, resulting in a hetero-
geneous structure that is generally less ductile than the more homogeneous
structure of wrought alloys. Cast alloys also contain more silicon than
wrought alloys to provide the fluidity necessary to make a casting. On the
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other hand, with proper inspection and design, castings have been used in
critical aerospace parts.

Another point to keep in mind is that for two reasons, castings are rarely
hardened by cold working and so are almost always heat-treated. This is
because castings are, by definition, already produced in essentially their final
shape and they’re brittle. Where some additional shaping is needed, it’s usu-
ally in the form of machining, which doesn’t affect the temper. Consequently,
almost all castings are heat-treated and bear the T temper.

Cast Alloy Designation System Cast aluminum alloys and wrought alumi-
num alloys have different designation systems. While both systems use four
digits, most similarities end there. The cast alloy designation system has three
digits, followed by a decimal point, followed by another digit (xxx.x). The
first digit indicates the primary alloying element. The second two digits des-
ignate the alloy, or in the case of commercially pure aluminum cast alloys,
the level of purity. The last digit indicates the product form: 1 or 2 for ingot
(depending on impurity levels) and O for castings. (So unless you’re a pro-
ducer, the only cast designations you’ll be concerned with will end in “.0.”)
Often, the last digit is dropped (for example, A356-T6); this generally implies
that you're talking about a casting and simply didn’t bother to append the
“.0.” A modification of the original alloy is designated by a letter prefix (A,
B, C, etc.) to the alloy number. The series and their primary alloying elements
are:

1xx.x - Commercially Pure Aluminum: These alloys have low strength.
An application is cast motor rotors.

2xx.x - Copper: These are the strongest cast alloys and are used for ma-
chine tools, aircraft, and engine parts. Alloy 203.0 has the highest strength at
elevated temperatures and is suitable for service at 400°F [200°C].

3xx.x - Silicon with Copper and/or Magnesium: The 3xx.x alloys have
excellent fluidity and strength and are the most widely used aluminum cast
alloys. Alloy 356.0 and its modifications are very popular and used in many
applications. High silicon alloys have good wear resistance and are used for
automotive engine blocks and pistons.

4xx.x - Silicon: Silicon provides excellent fluidity as it does for wrought
alloys, so these alloys are well suited to intricate castings, such as typewriter
frames, and they have good general corrosion resistance. Alloy A444.0 has
modest strength but good ductility.

Sxx.x - Magnesium: Cast alloys with magnesium have good corrosion re-
sistance, especially in marine environments, for example, 514.0; good mach-
inability; and have good finishing characteristics. They are more difficult to
cast than the 2xx, 3xx, and 4xx series, however.
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6xx.x - Unused.

7xx.x - Zinc: This series is difficult to cast and so is used where finishing
or machinability is important. These alloys have moderate or better strengths
and good general corrosion resistance, but they are not suitable for elevated
temperatures.

8xx.x - Tin: This series is alloyed with about 6% tin and primarily used
for bearings, being superior to most other materials for this purpose. These
alloys are used for large rolling mill bearings and connecting rods and crank-
case bearings for diesel engines.

9xx.x - Others: This series is reserved for castings alloyed with elements
other than those used in series 1xx.x through 8.xx.

Before the Aluminum Association’s promulgation of this standard desig-
nation system (also called the ANSI system, since the Association is the ANSI
registrar for it), the aluminum industry used other designations. Also, other
organizations such as the federal government, SAE, the U.S. military, and
ASTM, assigned still other designations to cast alloys. Even though ASTM
finally gave up in 1974, its designations and others are still used by some, so
don’t be alarmed if you occasionally encounter some strange cast alloy des-
ignations. (For example, 535.0 is still sometimes called Almag 35.) A cross-
reference to former aluminum industry, federal, ASTM, SAE, and military
designations is provided in Standards for Aluminum Sand and Permanent
Mold Castings (AA-CS-M1-85) (23). ASTM B275, Standard Practice for
Codification of Certain Nonferrous Metals and Alloys, Cast and Wrought (55),
provides old ASTM designations.

Casting Processes 'Two kinds of molds are commonly used for castings with
construction applications, sand and permanent mold. Sand castings are ad-
dressed by ASTM B26, Standard Specification for Aluminum-Alloy Sand
Castings (47), and use sand for the mold, which is usable only once. This
method is used for larger castings without intricate shapes and produced in
small quantities. Permanent mold castings (ASTM B108, Standard Specifi-
cation for Aluminum-Alloy Permanent Mold Castings (48)) are made by in-
troducing molten metal by gravity or low pressure into a mold made of some
durable material, such as iron or steel. Permanent mold castings are more
expensive but are held to tighter dimensional tolerances than sand castings,
and can produce parts with wall thicknesses as little as about 0.09 in. [2 mm].
Sand castings as large as 7,000 1b [3,000 kg] and permanent mold castings
as large as 400 1b [180 kg] have been produced in aluminum.

Some casting alloys can be made by only one process (sand or permanent
mold), while others can be produced by both methods. Generally, minimum
mechanical properties for an alloy that is sand cast are less than those of the
same alloy when produced by permanent mold. 356.0 and its higher purity
version A356.0 are by far the most commonly used cast alloys in non-
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aerospace structural applications. The cost premium for A356.0 is usually
justifiable in light of its better properties (strength, ductility, and fluidity)
compared to 356.0.

There are a number of other types of castings. Die castings (ASTM B85)
are produced by the introduction of molten metal under substantial pressure
into a metal die, producing castings with a high degree of fidelity to the die.
Die castings are used for castings produced in large volumes because they
can be produced rapidly within relatively tight dimensional tolerances. In-
vestment castings (ASTM B618) are produced by surrounding, or investing,
an expendable pattern (usually wax or plastic) with a refractory slurry that
sets at room temperature, after which the pattern is removed by heating and
the resulting cavity is filled with molten metal. ASTM also provides a spec-
ification for high-strength aluminum alloy castings (ASTM B686) used in
airframe, missile, or other critical applications requiring high strength, duc-
tility, and quality.

Dimensional Tolerances Suggested standards for dimensional folerances
for castings are given in the Aluminum Association’s publication Standards
for Aluminum Sand and Permanent Mold Castings. Tolerances are held on
castings only when purchasers specify them with orders. This is unlike the
case for rolled and extruded products, for which standard dimensional toler-
ances are held by the mill even when purchasers do not specify them. The
dimensions of castings can be hard to control because of difficulty in pre-
dicting shrinkage during solidification and warping due to uneven cooling of
thick and thin regions. Without requirements, castings may be produced with
dimensions that deviate more widely than you anticipated.

Minimum Mechanical Properties Minimum mechanical properties for some
cast alloys taken from ASTM B26 and B108 are shown in Table 3.9. Unless
shown otherwise in the ASTM specifications and Table 3.9, the values given
are the minimum values for separately cast test bars, not for production cast-
ings. Minimum strengths for coupons cut from actual production castings
must be no less than 75% of the values given in Table 3.9. Elongation values
of coupons from castings must be no less than 25% of the values in Table
3.9; in other words, they may be considerably less than the values in the table.
Minimum mechanical properties (tensile ultimate and yield strengths and per-
cent elongation in 2 in. [50 mm)]) for separately cast test bars of cast alumi-
num alloys are also given in Standards for Aluminum Sand and Permanent
Mold Castings and the Aluminum Design Manual, Part V, Material Properties.
All strengths in these tables must be multiplied by 0.75 and all elongations
by 0.25 to obtain values for specimens cut from castings. The ASTM B26
and B108 specifications are updated more frequently than the Aluminum As-
sociation publications and so may better reflect current industry standards.
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TABLE 3.9 Minimum Mechanical Properties of Some Cast Aluminum Alloys

Minimum Minimum
Sand (S) Tepsile Tensile Yield Minimum
Ultimate Strength .
. or Strength - Elopgatlf)n
Alloy Specimen Permanent _ — " °° (% in 2 in.
Temper Location Mold (P)  (ksi) (MPa) (ksi) (MPa) or 4d)
356.0-T6 SC S 30.0 205 20.0 140 3.0
A356.0-T6 SC S 34.0 235 24.0 165 3.5
356.0-T6 SC P 33.0 228 22.0 152 3.0
A356.0-T61 SC P 38.0 262 26.0 179 5.0
A356.0-T61 DL P 33.0 228 26.0 179 5.0
A356.0-T61 NL P 28.0 193 26.0 179 5.0

Notes: Except for A356.0-T61, where properties are for separately cast test bars, the tensile
ultimate strengths and tensile yield strengths of specimens cut from castings shall not be less than
75% of the values given in this table, and the elongation of specimens cut from castings shall
not be less than 25% of the values given in this table.

SC = separately cast test specimen

DL = specimen cut from designated location in casting

NL = specimen cut from casting; no location specified

Allowable Stresses The Aluminum Specification gives allowable stresses for
castings used in bridge type structures only (Allowable Stress Design Alu-
minum Specification Table 3.4-4), probably because of their well-known
structural uses as bases for highway light poles and bridge rail posts. Ironi-
cally, though, these applications are building type structures. Castings have
also been used, however, in actual building structures, especially as gussets
and in connections. Allowable stresses for castings in building structures can
be derived from those given in Table 3.4-4 of the Aluminum Specification by
multiplying the values found there by the ratio of bridge to building safety
factors (1.12). Allowable stresses for castings subject to fatigue, however, are
not provided in the Aluminum Specification, and it requires that they be es-
tablished by testing. No design stresses are given in the Load and Resistance
Factor Design (LRFD) version of the Aluminum Specification.

Quality Assurance The most commonly used inspection techniques are ra-
diography, liquid penetrant, and ultrasonic; all are non-destructive.
Radiography is done by x-raying the part to show discontinuities, such as
gas holes, cracks, shrinkage, and foreign material. These discontinuities are
rated by comparing them to reference radiographs (x-ray pictures) shown in
ASTM E 155. The ratings are then compared to inspection criteria established
beforehand by the customer and the foundry. The inspection criteria for qual-
ity and frequency of inspection can be selected and then specified from the
Aluminum Association’s casting quality standard AA-CS-M5-85, which is
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published in Standards for Aluminum Sand and Permanent Mold Castings.
You can choose from seven quality levels and four frequency levels (the
number of castings to be inspected). Quality level IV and frequency level 3
are considered reasonable requirements for building structures. Frequency
level 3 is “foundry control” without a specified number of inspections, so
the additional stipulation of how many radiographs must be taken per lot is
required. Two radiographs per lot is typical for building structure parts.

ASTM B26 and B108 also provide radiographic inspection quality levels
and corresponding acceptance criteria. Rather than the seven quality levels
given in the Aluminum Association’s casting quality standard, B26 and B108
provide only four levels (from highest quality to lowest: A, B, C, and D).
Level A should be specified only if you need perfection since it allows no
defects; conversely, if grade D is specified, not only are the radiograph-
revealed discontinuity criteria very liberal, but also no tensile tests are re-
quired from coupons cut from castings. Regardless of the quality level you
specify, you must also specify the number of radiographs required. No stan-
dard inspection frequency levels are provided in B26 or B108, so you have
to make this up yourself.

The liquid penetrant inspection method is suitable only for detecting sur-
face defects. Two techniques are available. The fluorescent penetrant proce-
dure is to apply penetrating oil to the part, remove the oil, apply developer
to absorbed oil bleeding out of surface discontinuities, and then inspect the
casting under ultraviolet light. The dye penetrant method uses a color pene-
trant, enabling inspection in normal light; because of this method’s simplicity,
it tends to be used more often than the fluorescent penetrant. No interpretative
standards exist for penetrant methods, but a penetrant-revealed defect is like
pornography: it’s hard to define, but you know it when you see it. Frequency
levels are given in AA-CS-MS5-85 for penetrant testing also. For building parts
carrying calculated stresses, 100% penetrant testing is often considered ap-
propriate since penetrant inspection is relatively inexpensive.

Ultrasonic inspection may be performed, but no provisions exist in ASTM
B26 or B108 or standards for such inspection. This reflects the fact that
ultrasonic inspection is probably as much art as science.

A test bar cast with each heat is also useful. It can be tested and results
compared directly to minimum mechanical properties listed for the alloy in
the relevant ASTM specification or Standards for Aluminum Sand and Per-
manent Mold Castings.

3.1.5 Prefabricated Products

A number of prefabricated aluminum structural products are available. Some
of the most common are discussed here.

Roofing and Siding Commercial roofing and siding (Figure 3.20) is pro-
duced in various configurations, including corrugated, V-beam, and ribbed
(Figure 3.21). For these old stand-by styles, dimensions and weights are given
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Figure 3.20 Column-supported aluminum roof with preformed sheathing, covering
a water storage reservoir. (Courtesy of Temcor)

in the Aluminum Design Manual, Part VI, Section Properties, Table 31, and
section properties in Table 32. Tolerances on sheet thickness, depth of cor-
rugations, length, parallelness of corrugations, and squareness are given in
Aluminum Standards and Data Tables 7.26 through 7.30.

Maximum spans are given in the Aluminum Design Manual, Part VII,
Design Aids, Tables 4-4 and 4-5, but the ADM 2000 and earlier versions of
these tables contain errors. Correct versions are given here in Table 3.10 for
corrugated and V-beam roofing and siding and in Table 3.11 for ribbed siding.

The maximum span tables are based on limiting stresses to the allowable
stresses for Alclad 3004-H151,-H261, and -H361 (Section 3.2.5 explains al-
clad) and limiting deflections to 1/60 of the span. The L/60 deflection limit
matches that stated in the Aluminum Specification, Section 8.4.4. Because
non-alclad versions of these alloys have slightly higher strengths, using the

2.67" x7/8" Corrugated _/ N\ _/" U/ U\ NN\
veean /N N\ L
4RibbedSiding __/ \/ / \/ \_

8" Ribbed Siding —/ / —

Figure 3.21 Examples of typical preformed roofing and siding profiles.
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maximum span tables is conservative for non-alclad versions of these alloys.
The Aluminum Design Manual, Part VIII, Illustrative Example 29 shows how
section moduli, load carrying capacity, and deflections are calculated for 8 in.
ribbed siding. Ribbed roofing is not addressed in the Manual. Ribbed siding
is not symmetric about its neutral axis, so its ability to span depends on how
it’s oriented with respect to the direction of the load.

Standard finishes available for roofing and siding as purchased from the
manufacturer are given in Aluminum Standards and Data, Table 7.20. These
include mill finish, stucco embossed, painted, and low reflectance. Stucco
embossed sheet is an economical way to reduce the effect on appearance of
smudges and other surface marring. Chances are the manufacturer of your
refrigerator used this trick. The low reflectance finish is measured in accord-
ance with ASTM Method D 523. More information on finishes is given in
Section 3.2.

Roofing and siding can be produced in almost any length because they are
made from coil. However, shipping considerations and allowance for thermal
expansion may limit length. Thermal expansion and contraction is discussed
further in Section 10.1, Cold-Formed Construction.

Some manufacturers produce corrugated, V-beam, and ribbed sheet in
thicknesses not given in the Aluminum Association publications. Other styles
that various manufacturers produce include standing seam types and those
with attachment fasteners that are concealed from view. Dimensions for pro-
prietary styles should be obtained from the manufacturer; allowable spans
may be provided by the manufacturer or calculated using the method from
Example 29. Obtaining load capacities from manufacturers is easier said than
done. A practical guide is: If the manufacturer doesn’t readily provide the
information necessary to check load capacity (i.e., section modulus per unit
width), the section probably doesn’t carry enough load to bother calculating
it. Many standing seam sections fall into this category because they are in-
tended to be used with a continuous substrate providing support. Some are
capable of spanning a worthwhile distance between purlins, though. A method
for calculating the bending deflection of a cold-formed sheet member is given
in Section 10.1.

Tread Plate Tread plate, which is also called checkered plate, diamond
plate, and floor plate, has a raised diamond pattern providing a slip-resistant
surface on one side. The ASTM specification is B632, Aluminum-Alloy Rolled
Tread Plate (69). A load-span table is given in the Aluminum Design Manual,
Part VII, Design Aids, Table 4-3. This table is based on 6061-T6 plate with
simply supported edges and a limiting deflection of L/150, (where L is the
shorter of the two dimensions spanned by the plate) for tread plate thicknesses
of 0.188 in., 0.25 in., 0.375 in., and 0.5 in. [S mm, 6 mm, 10 mm, 12 mm].
(Tread plate is also available in 0.100 in., 0.125 in., 0.156 in., and 0.625 in.
[2.5 mm, 3.2 mm, 4 mm, 8§ mm, and 16 mm thicknesses]). Tread plate is
commonly sold in 48 in. [1,220 mm] widths; 60 in. [1,520 mm] and even 72
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in. [1,830 mm] widths are available in certain thicknesses. Tolerances for tread
plate dimensions (thickness, width, length, height of pattern, camber of pat-
tern line, lateral bow, and squareness) are given in Aluminum Standards and
Data, Tables 7.37 through 7.43. Load-span tables for other support conditions,
thicknesses, and spans can be calculated from cases given in Roark’s For-
mulas for Stress and Strain, Table 26 (140).

The most common alloy for tread plate is 6061, but it is also produced in
3003-H231 with a bright finish and 5086-H34 mill finish.

Punches for holes in tread plate should enter the material from the raised
pattern side.

Bar Grating Aluminum grating is sometimes used as a substitute for plate.
It is available in a number of configurations, such as rectangular bar and I-
beam bar grating, with various strengths. The grating may be either serrated
for skid-resistance or plain (smooth) and is usually made of 6061-T6, 6063-
TS, or 6063-T6. Information, including dimensions and load-carrying capac-
ity, is available from manufacturers and the National Association of Archi-
tectural Metal Manufacturers (NAAMM).

Corrugated Pipe Two types of corrugated aluminum pipe are available:

Factory-made corrugated aluminum pipe made of alclad 3004-H34 sheet
is used for storm-water drainage and culverts. ASTM B745, Corrugated Alu-
minum Pipe for Sewers and Drains (72), addresses corrugated pipe, which is
available in two cross-sectional shapes: Type I, which is circular, and Type
II, which is circular on top and approximately flat on bottom and called pipe-
arch. Both shapes are also available with an inner liner of smooth (uncorru-
gated) sheet. Circular cross sections are also available with perforations (of
several styles) to permit water to flow in or out. Two types of seams are used:
helical lock seams, which are mechanically staked (indented) and riveted
seams. The nominal sheet thicknesses range from 0.036 in. [0.91 mm] to
0.164 in. [4.17 mm], and circular pipes’ nominal inside diameters range from
4 in. [100 mm] to 120 in. [3,000 mm]. Installation practices are given in
ASTM B788, Installing Factory-Made Corrugated Aluminum Culverts and
Storm Sewer Pipe (74); structural design practices are given in ASTM B790,
Structural Design of Corrugated Aluminum Pipe, Pipe Arches, and Arches
for Culverts, Storm Sewers, and Other Buried Conduits (76).

Corrugated aluminum structural plate pipe (ASTM B746, Corrugated Alu-
minum Alloy Structural Plate for Field-Bolted Pipe, Pipe-Arches, and Arches
(73) is suitable for more structurally demanding applications. It’s available in
circular and pipe-arch shapes and made with 5052-H141 sheet and plate and
6061-T6 or 6063-T6 extruded stiffeners. Seams are bolted and stiffening ribs
are used; corrugations are 9 in. X 2.5 in. [230 mm X 64 mm]. Nominal
thicknesses range from 0.100 in. [2.54 mm] to 0.250 in. [6.35 mm] in 0.025
in. [0.64 mm] increments. Nominal diameters for pipe range from 60 in.
[1,525 mm] to 312 in. [7,925 mm]. Installation practices are given in ASTM



3.1 PRODUCT FORMS 85

B789, Installing Corrugated Aluminum Structural Plate Pipe for Culverts and
Sewers (75); structural design practices are given in ASTM B790.

Large, aluminum box culverts used as small bridges and grade-separation
structures are addressed in ASTM B864 Corrugated Aluminum Box Culverts
(77). They use the corrugated plate described in ASTM B746 to make a
conduit that has a long-radius crown segment, short-radius haunch segments,
and straight-side segments supported by a foundation and stiffened with 6061-
T6 ribs.

Honeycomb Panels Honeycomb panels are made by adhesively bonding a
honeycomb aluminum foil core to two thin aluminum face sheets. The hon-
eycomb core can be made of perforated foil so that there are no isolated voids
in the core. Aerospace and naval applications use 2024, 5052, and 5056 foil
cores; general commercial applications include architectural panels, storage
tank covers, walls, doors, and tables, and utilize 3003 cores. Commercial
grade honeycomb is manufactured in several cell sizes with densities from
about 1 Ib/ft*> to 5 Ib/ft® [16 kg/m? to 80 kg/m?] (compared to 170 1b/ft®
[2,700 kg/m?] for solid aluminum) and in overall thicknesses between 0.125
in. and 20 in. [3 mm and 500 mm]. Face sheets are made of an aluminum
alloy compatible with the core.

Aluminum Foam Closed-cell aluminum foam is made by bubbling gas or
air through aluminum alloys or aluminum metal matrix composites to create
a strong but lightweight product. The foam density is 2% to 20% that of solid
aluminum. Foamed aluminum’s advantages include a high strength-to-weight
ratio and good rigidity and energy absorbency. Current applications include
sound insulation panels. Standard size blocks up to 6 in. [150 mm] thick, as
well as parts with complex shapes, can be cast.

Aluminum Composite Material Aluminum composite material (ACM), de-
veloped in the 1970s, is made of aluminum face sheets adhesively bonded to
plastic cores to make sandwich panels used for building cladding, walls, and
signs. One of the earliest and most dramatic installations was the cladding
for the EPCOT sphere in Disney World (Figure 3.22). Because the first man-
ufacturers were not American, standard thicknesses are in round metric di-
mensions such as 3 mm, 4 mm, 5 mm, and 6 mm [0.118 in., 0.157 in., 0.197
in., and 0.236 in.], with 4 mm the most common. The aluminum face sheets
are usually 0.020 in. thick [0.51 mm] and come in a wide variety of colors
(painted or anodized), while the cores are made of either polyethylene or
proprietary fire-resistant plastic, the latter being useful in building applica-
tions. ACM has come into its own upon inclusion in the International Build-
ing Code (Section 1407) (114).

Load-deflection tables are available from manufacturers. The L/60 deflec-
tion limit (see roofing and siding above) is customary, and wind load is the
primary consideration. The Aluminum Specification does not offer specific
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Figure 3.22 Aluminum-clad panels cover the sphere at the entrance to Walt Disney
World’s EPCOT Center in Florida.

design provisions for sandwich panels, but they are discussed in the Aluminum
Design Manual, Part III, Section 6.0.

ACM is easy to work with: panels can be routed, punched, drilled, bent,
and curved with common fabrication equipment, and manufacturers provide
concealed fastener panel attachment systems. Installed costs naturally depend
on volume, but for more than a few thousand square feet are under $20/ft*
[$200/m?], about 20% of which is for installation.

3.2 COATINGS AND FINISHES

A variety of finishes are available for aluminum. Factors in the selection of
the type of finish include the usual suspects: cost, appearance, and durability.
The primary purpose of this book is to provide guidance in structural design,
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but sometimes design engineers inherit the challenge of specifying a finish,
so we’ll give you a little orientation.

Common finishes include mill finish (generally, a fancy way to say ‘‘bare
aluminum™), anodizing, painting, and mechanical finishes. Some considera-
tions in their use are discussed in this section.

An identification system for aluminum finishes is given in the Aluminum
Association publication Designation System for Aluminum Finishes (14). This
system identifies the finish by its mechanical, chemical, and coating charac-
teristics, and examples of its use are given below.

3.2.1 Mill Finish

The Aluminum Association publication Specifications for Aluminum Sheet
Metal Work in Building Construction (21) states:

“One of aluminum’s most useful characteristics is its tendency to develop an
extremely thin, tough, invisible oxide coating on its surface immediately on
exposure to air. This oxide film, although only 2 to 4 ten-millionths of an inch
thick on first forming, is almost completely impermeable and highly resistant to
attack by corroding atmospheres.”

This aluminum-oxide film does not weather away or stain adjacent materials.
Whereas most steel must be coated for protection, aluminum is generally
coated only when a certain appearance is desired. When aluminum is left in
its natural state, its initial bright appearance will weather through shades of
gray.

When a coating is desired, aluminum may be anodized or painted. Coat-
ings, however, may impose a maintenance concern that would not be present
with mill-finish aluminum since coatings must be maintained. Coatings also
affect the price and delivery schedule of aluminum components. Anodizing
is limited to pieces that will fit in anodizing tanks and cannot be done in the
field. Tank sizes vary by anodizer, with lengths up to 30 ft [10 m] common-
place. Few tanks, however, are deeper than 8 ft [2.5 m], so anodizing limits
shop-assembly sizes. Painting of aluminum is also typically performed in the
factory to take advantage of controlled conditions. This limits the size of an
assembly to that which fits in paint booths and ovens. Simply using aluminum
in the unadorned state in which it leaves the mill (i.e., mill finish) eliminates
these limitations on assembly sizes.

Mill finish may be specified under the Aluminum Association system by
the designation “Mill finish AA-M10 as fabricated.”

3.2.2 Anodized Finishes

Anodizing is a process that accelerates the formation of the oxide coating on
the surface of aluminum, producing a thicker oxide layer than would occur
naturally. An anodized coating is actually part of the metal, and so has ex-
cellent durability. One of the primary advantages of anodizing is its resistance
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to abrasion. The color, however, depends on the alloying elements and, thus,
varies among different alloys and even among parts of the same alloy due to
nonuniform mixing of alloying elements.

Anodized color tends to be more consistent in some alloys than others.
When aluminum is to be anodized, the color match between components of
varying alloys and fabrications should be considered, but it may result in a
trade-off with other considerations, such as price, strength, and corrosion re-
sistance. Alloy 3003 is often used for wide sheet, for example, but alloy 5005
AQ (anodizing-quality) may be substituted (at a premium price) for improved
color consistency. Extrusions of alloys 6463 and 6063 are generally regarded
as providing better anodized appearance than 6061, but they are not as strong.
When their use is not constrained by price, strength, or availability, 5005
sheet material and 6063 extrusion alloy are preferred for color consistency.
6463 is used when a bright anodized finish is desired.

Architectural coatings are sometimes specified to tone down the glare from
mill finish, as well as to minimize the appearance of handling marks, surface
imperfections, and minor scratches. A dull gray initial appearance may be
cost effectively achieved with a Class II clear anodizing of 3003 alloy, fol-
lowing an appropriate chemical etch (e.g., C22 medium matte). Over time
Class II clear anodizing might weather unevenly, but it will retain variations
of a dull gray, low-sheen appearance.

Anodizing can also affect at least one structural issue: the selection of weld
filler alloy. As mentioned above, when anodized by the same process, differ-
ent alloys will anodize to different colors. Because filler alloys are typically
different than the alloy of the base metal, filler alloys should be selected for
good color match if weldments are to be anodized. An example is weldments
of 6061, for which the Aluminum Specification (Table 7.2-1) recommend the
use of 4043 filler alloy. However, 4043 anodizes much darker than 6061,
resulting in the welds being a distinctly different color than the rest of the
anodized assembly. To avoid this two-tone appearance, 5356 filler alloy
should be used. Since anodizing must be removed before welding, assemblies
requiring both welding and anodizing should be welded before anodizing.
The size of the completed assembly should, therefore, be limited to that which
will fit in an anodizing tank.

Specifying an Anodized Finish Designating an anodized finish requires the
selection of color, process, and architectural class. The architectural class is
an Aluminum Association designation indicating the thickness of the oxide
layer. Class I is the thicker, and more expensive, designation. Some anodizers
recommend Class II as the best value, whereas others believe that Class I will
retain a more even appearance over time and is the more suitable choice.
Anything thinner than Class II is not recommended for exterior use. Thick-
nesses are given in Table 3.12.

Anodizing may be colored or clear. Clear anodizing retains the gray alu-
minum color, but it results in a more even appearance than mill finish. The
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TABLE 3.12 Anodizing Thicknesses

Thickness Thickness
Description (mils) (pm) AA Designation
Protective and Decorative t<04 <10 A2X
Architectural Class IT 04=1r=07 10=r< 18 A3X
Architectural Cass 1 t=0.7 t> 18 AdXx

Note:
1 mil = 0.001 in.

availability of other colors depends on the anodizing process used. These
processes, and the resulting typical colors, are summarized below:

Integral Coloring: The color is inherent in the oxide layer itself in this process
and ranges from pale champagne to bronze to black. This process has been
largely replaced by electrolytic coloring.

Electrolytic (two-step) Coloring: The first step in this process is to clear-
anodize the surface, and the second is to deposit another metal oxide in the
pores of the aluminum by means of an electric current. Electrolytic deposition
of tin is commonly used as a more efficient method of producing the bronze
shades that have been associated with integral coloring. Shades of burgundy
and blue, which are achieved by modulating power-supply wave form or by
depositing copper salts, are also commercially available.

Impregnated Coloring: In this process, color is produced by the use of dyes.
While this allows a greater variety of color to be achieved, you should take
extreme care in selecting a dye that is suitable for exterior use. Only a handful
are colorfast, including a gold that has been used with good results and certain
reds and blues that have been reported to have superior performance. All
dyed, anodized coatings for exterior use should be processed to a Class I
coating thickness.

Anodizing may be specified in accordance with the Aluminum Association’s
Designation System for Aluminum Finishes (14). The nomenclature is illus-
trated as follows:

Aluminum Association

| | Mechanical and Chemical Surface Preparation

AA MXX CXX AXX

L Coloring Process
Architectural Class



90 WORKING WITH ALUMINUM
where AA indicates Aluminum Association

M = prefix for mechanical finishes

C = prefix for chemical etches

A = prefix for the architectural class and coloring process to be used in
the anodizing.

Common mechanical and chemical preparations for anodizing are designated
M12 and C22, respectively. The architectural class designations are A3X for
Class II and A4X for Class I. The coloring process designations are:

AX1—Clear

AX2—Integral (no longer in common use)
AX3—Impregnated (dyed)
AX4—Electrolytic (two-step).

Examples:

AA M12C22 A31: The 3 following the A indicates that this is a Class II
finish, and the trailing 1 indicates that it is clear. This is a relatively low-cost
finish to reduce sheen.

AA M12C22 A44: The first 4 after the A indicates that this is the more
durable Class I finish, and the second 4 signifies that it is produced by the
electrolytic process. This designation can be used to specify a durable, mod-
erate-cost bronze or black finish. The shade in the bronze-to-black spectrum
would also have to be specified.

AA M12C22 A43: This also has a 4 after the A for a Class I finish, but
the 3 indicates that the color is to be imparted by the impregnated (dyeing)
process. A highly decorative metallic gold is one of the colors that can be
achieved with this designation.

The American Architectural Manufacturers Association (AAMA) provides
two voluntary specifications concerning anodizing:

+ Cleaning and Maintenance of Architectural Anodized Aluminum (AAMA
609-93) (28), which recommends methods of cleaning anodized
aluminum

« Anodized Architectural Aluminum (AAMA 611-98) (29), which provides
requirements for inspection of material prior to anodizing, appearance,
color and gloss uniformity, coating thickness, abrasion resistance, cor-
rosion resistance, color durability, ability to seal the surface, craze resis-
tance, and sealant compatibility.
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Anodizing is a cost-effective way to enhance the initial appearance of alu-
minum. Even clear anodizing will minimize the handling marks and dull the
glare inherent in a mill finish. When color selection and chemical resistance
are more important than abrasion resistance, however, paint is generally
recommended.

3.2.3 Painted Finishes

Coatings based on polyvinylidene fluoride (PVDF) resins (commonly known
by the Elf Atochem North America tradename of Kynar 500 but also available
under other tradenames from other sources) have become the standard for
architectural applications of painted aluminum. These products are chemically
inert and exhibit excellent weatherability. The many licensed applicators are
continually introducing new products based on this resin. A wide variety of
standard colors are available, and custom colors can generally be matched on
large orders. Premium metallic colors are also available, including products
that are intended to give the appearance of anodizing with the consistency of
paint.

These products vary in availability and cost, but are typically more expen-
sive than anodizing when applied to fabricated assemblies. If you’re working
from a budget price for a generic Kynar coating, be aware that the cost
probably assumes a ‘“‘standard” finish and a “‘standard” color. Should you
then decide to specify a custom primer, such as urethane, under a custom
color with a metallic finish, and then cover it all with a clear topcoat, you
will have approximately tripled the dry-film thickness and caused a corre-
sponding escalation of the price.

As with any coating application, preparation of the substrate is critical.
Once again invoking the Aluminum Association’s system, a sample paint
designation could be “AA C12C42 R1X.” The C12 and C42 refer to an
inhibited chemical cleaning and a chemical conversion coating, respectively.
No mechanical finish is specified, and the R1X simply indicates that it is an
organic coating. The coating itself, including primer and topcoat, would have
to be further specified in terms of material, dry-film thickness, color, and
gloss.

A practical caution when specifying baked-on organic coatings is to re-
member that they are generally factory-applied in an electrostatic process,
which tends to draw some overspray to the back side of a part being painted.
If only one side is to be painted and overspray is unacceptable on the back
side, then it should be masked for protection.

Pre-painted sheet and coil are also available. These materials significantly
reduce the cost of the coating as compared to painting post-fabricated assem-
blies, but there are limitations to the fabrication that the preapplied coatings
can withstand. Certain fabrication methods, including bending, may be em-
ployed when proper procedures are followed. Recommended minimum bend



92 WORKING WITH ALUMINUM

radii for selected coating types, alloys, and thicknesses are given in Aluminum
Standards and Data, Table 7.19 (11). These bend radii are generally larger
than those required for mill-finish material to avoid damaging the coating.
The recommended bend radii should be taken as a starting point for trial
bends for specific applications.

Generally, painting reduces minimum strengths from those of the bare
product because the paint is baked on at temperatures that tend to anneal the
aluminum. (See Section 3.1.2 for more on aluminum at elevated tempera-
tures.) Minimum mechanical properties of painted sheet must, therefore, be
obtained from the manufacturer.

The American Architectural Manufacturers Association (AAMA) provides
voluntary specifications concerning painting:

« Pigmented Organic Coatings on Aluminum Extrusions and Panels
(AAMA 2603-98) (30)

« High Performance Organic Coatings on Aluminum Extrusions and Panels
(AAMA 2604-98) (31)

« Superior Performing Organic Coatings on Aluminum Extrusions and
Panels (AAMA 2605-98) (32)

These specifications provide requirements for: material pretreatment, color
uniformity, gloss, film hardness, film adhesion, impact resistance, abrasion
resistance, chemical resistance (to muriatic acid, mortar, nitric acid, detergent,
and window cleaner), corrosion resistance (to humidity and salt spray), and
weathering (color retention, chalk resistance, gloss retention, and erosion re-
sistance). The order of quality, from lowest to highest, is 2603, 2604, and
2605. The 2603 spec is primarily for interior or residential applications, 2604
is used for low-rise buildings, and 2605 is used for high rises. Although the
2605 spec is labeled a 10-year-specification, 20-year warranties are available
when it’s used. Finishing costs compare at about $2/ft> for anodizing, $3/ft
for 2604 spec paint, and $4/ft> for 2605.

The less corrosion-resistant aluminum alloys are sometimes painted not for
aesthetics, but to provide protection from corrosion. Typical of this group are
the 2xxx series alloys and some of the 7xxx series group. In fact, these alloys
are sometimes clad with a more corrosion-resistant aluminum alloy as a coat-
ing. (See the cladding paragraph below.) A general indication of the suitability
of an aluminum alloy in a particular service may be found in the Aluminum
Association’s publication Guidelines for the Use of Aluminum with Food and
Chemicals (18). There is no substitute, however, for testing in actual service
conditions before selecting an alloy or coating.

Painting is sometimes considered to be a method of isolating aluminum
from dissimilar materials. Guidance on painting for this purpose is found in
Aluminum Specification Section 6.6.
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3.2.4 Mechanical Finishes

Mechanical methods, such as abrasion blasting and buffing, may enhance the
appearance of aluminum without coatings. These are sometimes called for as
economical ways to reduce reflectance initially, rather than waiting for natural
weathering to occur. Because abrasion blasting introduces compressive stress
to the blasted surface, it tends to curl thin material, and so is limited by
Aluminum Specification Section 6.7 to material thicker than % in. [3 mm]. A
floor buffer with a stainless steel pad can be run over flat aluminum sheet to
produce an inexpensive finish and can be used on thinner material.

Both abrasion blasting and buffing have the potential to be performed un-
evenly. To achieve a more consistent mechanical finish, run sheet or coil
material through a set of textured rollers, thereby producing an embossed
finish. The most common embossed pattern is called stucco, but leather-grain
and diamond patterns are also available. These textured patterns tend to hide
smudges, scratches, and other minor surface blemishes. Embossing is readily
available on material up to 48 in. [1,220 mm] wide, but finding a facility that
can handle anything wider is difficult.

3.2.5 Cladding

Some wrought aluminum products (sheet and plate, tube, and wire) may re-
ceive a metallurgically bonded coating of high-purity aluminum (such as
1230), or corrosion-resistant aluminum alloy, (such as 7008 and 7072), to
provide improved corrosion resistance or certain finish characteristics (like
reflectivity), or to facilitate brazing. When such a coating is applied for this
purpose, the product is referred to as alclad (sometimes abbreviated “‘alc’).
The thickness of the coating is expressed as a percentage of the total thickness
on a side for sheet and plate, the total wall thickness for tube, and the total
cross-sectional area for wire. Tube is clad on either the inside or the outside,
while plate and sheet may be clad on one side or both, but alclad sheet and
plate, unless designated otherwise, is clad on both sides. The only tube com-
monly clad is of alloy 3003, and the only wire commonly clad is 5056.
Among sheet and plate, 2014, 2024, 2219, 3003, 3004, 6061, 7050, 7075,
7178, and 7475 are clad. Nominal cladding thicknesses range from 1.5% to
10%. More details are given in Aluminum Standards and Data, Table 6.1
(11). Alloying elements are often added to the base metal to increase its
strength, and the cladding typically has lower strength than the base alloy
being clad. This is enough to affect the overall minimum mechanical prop-
erties, so alclad material has slightly lower design strengths than non-alclad
material of the same alloy and temper. This is accounted for in the minimum
mechanical properties for alclad sheet; some examples are given in Table 3.13.
For all tempers of the 3003 and 3004 alloys, the alclad tensile ultimate
strength is 1 ksi [5 MPa] less than the non-alclad strength.
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TABLE 3.13 Alclad vs. Non-Alclad Minimum Strengths

Non-Alclad Alclad F,, Non-Alclad F,, Alclad F,,
Alloy Temper F,, (ksi) (ksi) (MPa) (MPa)
3003-H12 17 16 120 115
3003-H14 20 19 140 135
3003-H16 24 23 165 160
3003-H18 27 26 185 180
3004-H32 28 27 190 185
3004-H34 32 31 220 215
3004-H36 35 34 240 235
3004-H38 38 37 260 255

The cost premium for alclad products is a function of the cladding thick-
ness and the product. Alclad 3004 sheet for roofing and siding costs about
6% more than the non-clad 3004 sheet.

3.2.6 Roofing and Siding Finishes

Finishes available for roofing and siding as purchased from the manufacturer
are given in Aluminum Standards and Data, Table 7.20 (11). These include
mill finish, embossed, painted, and low reflectance. As mentioned previously,
embossed sheet is an economical way to reduce the effect on appearance of
smudges and other surface marring. The low reflectance finish is measured
in accordance with ASTM Method D 523, and is specified in terms of a
specular gloss number. Before you get too creative in specifying low reflec-
tance or any other finish, it would be wise to check with suppliers to deter-
mine what’s available here in the real world.

3.3 ERECTION

As with other topics peripheral to our central theme of providing guidance in
the structural design of aluminum, we share only a few observations con-
cerning the erection of aluminum structures. The properties of aluminum that
differ from steel and most significantly affect erection are density and mod-
ulus of elasticity. An aluminum member of exactly the same size and shape
as a steel member will weigh one-third as much and deflect about three times
as far under live load. Aluminum members are often sized larger than steel
members in the same application, however, in order to limit deflections,
stresses, or fatigue effects. The net result is that aluminum structural com-
ponents and assemblies weigh about one-half those of steel designed to sup-
port the same loads. This means they require less lifting capacity to handle
and place and usually can be erected more quickly (Figure 3.23).
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Figure 3.23 An aluminum dome being set in place with a crane. Aluminum domes
as large as 190 ft [58 m] in diameter have been built alongside the structure to be
covered, and then set in place in this manner. (Courtesy of Conservatek Industries,
Inc.)

Field welding of aluminum should be performed only by companies that
specialize in this type of construction, such as erectors of welded-aluminum
storage tanks. Even then this work is subject to limitations, including frequent
radiographic inspection. The old maxim, “Cut to fit, paint to match,” should
never be applied to aluminum. It cannot be cleanly cut with an oxygen-
acetylene torch, and even if it could, the application of heat would affect its
strength. It would be preferable to not have any equipment that can generate
temperatures above 150°F [65°C], such as welding equipment and torches, on
site. (The temptation to try to straighten out that beam they bent while un-
loading the truck is just too great for some field crews to resist.) Consequently,
most aluminum structures are designed to be field assembled by bolting.

One fastener that can be installed very quickly, even under field conditions,
is the lockbolt. This fastener system (see Figure 8.5) requires access to both
sides of the joint and consists of a pin that has ribs and a narrow neck section,
as well as a collar that is swaged onto the pin. When the tension force in the
pin exceeds the strength of its neck, the neck breaks, resulting in a predictable
clamping force between the parts joined. The lockbolt cannot be removed
without destroying the fastener. This can be readily achieved, if necessary, by
splitting the collar with bolt cutters. The need for involved installation pro-
cedures, such as those using torque wrenches or turn-of-the-nut methods, is
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eliminated, and visual inspection is sufficient. Lockbolts useful in aluminum
structures are available in aluminum alloys and austenitic stainless steel. They
do, however, require special installation tools, which can be bought or rented.
Information on the design of fasteners for aluminum structures is given in
Section 8.1.

When aluminum weldments are used, consider inspection after installation,
even if the welding was performed in the shop. Shipping and erection stresses
can damage weldments of any material, and aluminum is no exception. In-
formation on welding and weld inspection can be found in Section 8.2.

Aluminum members and assemblies may be marked in the shop for field
identification by stamping, scribing, or marking with paint or ink. Stamping
should not be used on parts subject to fatigue and when used should be placed
away from highly stressed areas. Because the location of marking may be
difficult for the engineer to control, paint or ink marking may be preferred.

Take care storing aluminum on the job site. Aluminum that is allowed to
stay wet or in contact with other objects will stain. Once stained, the original
appearance cannot be restored. (See Section 3.1.2 regarding water staining.)
No harm is done to the strength or life of the material by surface staining,
so it is generally accepted on concealed components. Water staining of ex-
posed components, however, can leave the structure ‘‘aesthetically chal-
lenged” (i.e., quite ugly). If sheet material that is to be used on an exposed
surface is left lying flat, either on the ground or in contact with other sheets,
you can expect the owner to develop an attitude. That attitude might be ex-
pressed as ‘““Somebody’s going to pay!”” On the other hand, this entire scenario
can be avoided by simply storing material properly.

Aluminum should also be protected from splatter from uncured concrete
or mortar, as well as muriatic acid used to clean or prepare concrete and
masonry. Once these are allowed to stand on aluminum surfaces, the resulting
stains cannot be readily removed.

There is no aluminum equivalent to the AISC’s Code of Standard Practice
for Steel Buildings and Bridges (37), which addresses such erection issues as
methods, conditions, safety, and tolerances. The most frequent question is:
which tolerances apply to general aluminum construction? Unless a specific
code, such as ASME B96.1 for welded-aluminum storage tanks (85), applies,
the AISC Code of Standard Practice is a good starting point. Some differ-
ences apply, however, due to differences in properties of steel and aluminum.
For example, thermal expansion and contraction of aluminum is about twice
that of steel, so expect about 4 in. of movement per 100 ft for each 15°F
change in an aluminum structure (versus about § in. in steel), or 2.4 mm per
10,000 mm for each 10°C change. Also, don’t expect field tolerances to be
any tighter than the cumulative effect of aluminum material and fabrication
tolerances.

A final caution: because of to its relatively high scrap value, aluminum
may need to be secured against what might be charitably termed ‘‘premature
salvage.”



PART 11
Structural Behavior of Aluminum

Aluminum barrel vault covers. (Courtesy of Koch Refining Co.)






4 Material Properties for Design

Before we discuss the properties of aluminum alloys, it’s useful to review
how alloys are commonly identified in the aluminum industry. Unlike steel,
which is usually identified by its ASTM specification and grade, (for example,
A709 grade 50 steel), aluminum alloys are identified by their Aluminum As-
sociation alloy and temper, (for example, 3003-H16). Since the Aluminum
Association designation system is used throughout most of the world, this
method of identification is more portable than the one used in the U.S. for
steel. On the other hand, just identifying the alloy and temper can, in a few
instances, still leave some doubt as to the material’s properties since different
product forms of the same aluminum alloy may have different properties. A
notable example is 6061-T6; 6061-T6 sheet has a minimum tensile ultimate
strength of 42 ksi [290 MPa], whereas 6061-T6 extrusions have a minimum
tensile ultimate strength of 38 ksi [260 MPa]. But if this were simple, you
wouldn’t be paid the big bucks.

4.1 MINIMUM AND TYPICAL PROPERTIES

Because of small but inevitable variations in production, two specimens of
the same alloy, temper, and product form are likely to have slightly different
strengths. Because strengths are a statistical distribution about an average, as
shown in Figure 4.1, the minimum strength is arbitrary. The aluminum in-
dustry has historically used a very rigorous definition of a minimum strength
for mill products—it’s the strength that will be exceeded by 99% of the parts
95% of the time. This definition is not used by the steel industry and may
have its roots in the use of aluminum in critical parts, such as aircraft com-
ponents, which predates aluminum’s use in construction. The U.S. military
calls such minimum values “A” values and defines “B” values as those that
90% of samples will equal or exceed with a probability of 95%, a slightly
less stringent criterion that yields higher minimum values. For 6061-T6 ex-
trusions, for example, the A-basis minimum tensile yield strength is 35 ksi
[240 MPa], while the B-basis minimum tensile yield strength is 38 ksi [260
MPa]. As for other structural materials, minimum strengths are used for alu-
minum structural design, and since the A-basis minimum strengths are the
ones given in ASTM aluminum product specifications, they are the ones used
for general structural design.
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Figure 4.1 Distribution of material strengths.

Typical (average) strengths are given in the Aluminum Design Manual, Part
V, but they are not used in structural design. Typical strength values are used
instead of minimum strengths, however, to calculate the necessary capacity
of fabrication equipment, such as punches and shears. Typical strengths are
about 15% higher than minimum strengths.

4.2 STRENGTHS

The only minimum strengths that are required in product specifications for
most mill products, and, thus, are said to be guaranteed are tensile yield and
ultimate strengths. (Wire and rod to be made into fasteners must also meet
minimum shear ultimate strength requirements.) The tensile test procedure is
given in ASTM B557, Tension Testing Wrought and Cast Aluminum and
Magnesium Alloy Products (66), and the shear test procedure is given in
ASTM B565, Shear Testing of Aluminum and Aluminum Alloy Rivets and
Cold Heading Wire and Rods (67).

Yield strength is determined by the 0.2% offset method because the stress-
strain curves for aluminum alloys are not precisely linear up to yield and
don’t exhibit a sharply defined yield point. By this method, a line is drawn
parallel to the initial linear portion of the curve; the stress at which this line
intersects the actual stress-strain curve is defined as the yield strength. This
definition is used worldwide.

The Aluminum Specification Table 3.3-1 provides minimum strengths for
22 alloys by temper and product form. The strengths given are:
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- tensile yield strength (F,))

- tensile ultimate strength (F,,)

- compression yield strength (F,,)
- shear yield strength (F))

+ shear ultimate strength (F,,)

The tensile yield and tensile ultimate strengths are the minimum specified
strengths from Aluminum Standards and Data (11) (a subset of those in the
corresponding ASTM specifications). Shear ultimate strengths (for material
other than fasteners) and compression yield strengths given in the table are
based on test data since they are not given in product specifications. The
shear yield strengths given were derived by dividing the tensile yield strengths
by V3 (equivalent to multiplying by approximately 0.58 and called the Von
Mises yield criterion) and rounding the results.

Compressive ultimate strength is not a measured mechanical property for
aluminum alloys. For material as ductile as aluminum, compressive ultimate
strength has no meaning; in compressive tests, the metal swells but does not
exhibit brittle fracture.

We’ve provided the minimum mechanical properties for the alloys listed
in the Aluminum Specification Table 3.3-1, as well as for some additional
alloys, in Appendix C. For other alloys, you must obtain these properties
from the producer, other publications, or approximately derived from their
relationships with tensile strengths. Approximate relationships between tensile
yield and ultimate strengths and other strengths are:

F., =09 F, For strain-hardened (—H) tempers

F,=F, For all other tempers
F\‘u = 06 Ftu
F,=06F,

The strength of thick material tends to be less than for thin material, as shown
in Table 4.1 for 5086-H112 plate. The thickness that should be used to de-
termine the strength of a product is the original thickness of the material, not
the final fabricated thickness. For example, if a part is machined to a thinner
dimension, the mechanical properties for the original thickness are the proper
ones to be used in structural calculations.

4.3 MODULUS OF ELASTICITY (E), SHEAR MODULUS (G), AND
POISSON’S RATIO (v)

A material’s modulus of elasticity E (also called Young’s modulus) is the slope
of the elastic portion of the stress-strain curve and is a measure of the ma-
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TABLE 4.1 Tensile Strengths of 5086-H112 Plate as a Function of Thickness

Minimum Minimum Minimum Minimum
Tensile Tensile Tensile Tensile
Ultimate Yield Ultimate Yield
Thickness Strength Strength Thickness Strength Strength
(in.) (ksi) (ksi) (mm) (MPa) (MPa)
0.250 to 36 18 4.00 to 250 125
0.499 12.50
0.500 to 35 16 12.50 to 240 105
1.000 40.00
1.001 to 35 14 40.00 to 235 95
2.000 80.00
2.001 to 34 14

3.000

terial’s stiffness and buckling strength. The modulus of elasticity of aluminum
alloys is roughly the weighted average of the moduli of its constituent alloying
elements, so it tends to be about the same for alloys in a given series. (For
example, for 6xxx series alloys, E is 10,000 ksi [69,000 MPa].) Temper does
not significantly affect the modulus of elasticity. Steel’s modulus (29,000 ksi
[200,000 MPa]) is about three times that of aluminum, making steel consid-
erably stiffer.

Compressive moduli of elasticity are given in Aluminum Specification (Ta-
ble 3.3-1 [3.3-1M]) because the modulus of elasticity’s effect on strength is
limited to compression members, as we’ll discuss in Section 5.2.1. The mod-
ulus varies from 10,100 ksi [69,600 MPa] to 10,900 ksi [75,200 MPa] (about
10%) for the alloys listed in the Aluminum Specification. Aluminum’s tensile
modulus of elasticity is about 2% less than its compressive modulus. Since
bending involves both tensile and compressive stress, bending deflection cal-
culations use an average modulus, found by subtracting 100 ksi [700 MPa]
from the compressive modulus.

At strains beyond yield, the slope of the stress-strain curve is called the
tangent modulus and is a function of stress, decreasing as the stress increases.
The Ramberg-Osgood parameter n defines the shape of the stress-strain curve
in this inelastic region and is given in the U.S. Military Handbook on Metallic
Materials and Elements for Aerospace Structures (MIL HDBK 5) (137) for
many aluminum alloys. The Ramberg-Osgood equation is:

e = o/E + 0.002 (¢ /F,)"

where:
€ = strain
o = stress
F, = yield strength
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For example, for 6061-T6 extrusions in longitudinal compression, the typical
Ramberg-Osgood parameter n is 38. The parameter varies widely by alloy,
temper, product, type of stress, and direction of stress with respect to product
dimensions.

The shear modulus of aluminum (also called the modulus of rigidity) is
generally calculated from its relationship with the modulus of elasticity and
Poisson’s ratio (v) for aluminum. Poisson’s ratio (v) is the negative of the
ratio of transverse strain that accompanies longitudinal strain caused by axial
load in the elastic range. Poisson’s ratio is approximately 4 for aluminum
alloys, similar to the ratio for steel. While the ratio varies slightly by alloy
and decreases slightly as temperature decreases, such variations are insignif-
icant for most applications. For a modulus of elasticity of 10,000 ksi [70,000
MPa], the shear modulus G is:

G = E/[2(1 + v)] = E/[2(1 + $)] = 3E/8 = 3,800 ksi [26,000 MPa]

4.4 FRACTURE PROPERTIES

Ductility is the ability of a material to withstand plastic strain before fracture.
Material that is not ductile may fracture at a lower tensile stress than its
minimum ultimate tensile strength because it is unable to deform plastically
at local stress concentrations that inevitably arise in the real world, even if
they don’t in machined laboratory-test specimens. Instead, brittle fracture may
occur at a stress raiser. Since this is premature failure of the part, it’s important
to have a way to measure the ductility of structural alloys. Unfortunately,
that’s not so easy.

Fracture toughness is a measure of a material’s resistance to the extension
of a crack. Aluminum has a face-centered cubic crystal structure, so unlike
steel, it does not exhibit a transition temperature below which the material
suffers a significant loss in fracture toughness. Furthermore, alloys of the
I1xxx, 3xxx, 4xxx, 5xxx, and 6xxx series are so tough that their fracture
toughness cannot be readily measured by the methods commonly used for
less tough materials and is rarely of concern. Alloys of the 2xxx and 7xxx
series are less tough, and when they are used in such fracture critical appli-
cations as aircraft, their fracture toughness is of interest to designers. How-
ever, the notched bar impact tests that were developed for steel to determine
a transition temperature, such as Charpy and Izod tests, don’t work on alu-
minum alloys because they don’t have a transition temperature to determine
(26).

Instead, the plane-strain fracture toughness (K,) can be measured by
ASTM B645 (70). For those products whose fracture toughness cannot be
measured by this method—such as sheet, which is too thin to apply B645—
nonplane-strain fracture toughness (K_.) may be measured by ASTM B646.
Fracture toughness is measured in units of ksi Vin. [MPa Vm] and is a
function of thickness (thicker material has lower fracture toughness). Fracture
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toughness limits established by the Aluminum Association are given in Alu-
minum Standards and Data (11) for certain tempers of several plate and sheet
alloys (2124, 7050, and 7475), but none of these alloys are included in the
Aluminum Specification. Fracture toughness is a function of the orientation
of the specimen and the notch relative to the part, so toughness is identified
by three letters: L for the length direction, T for the width (long transverse)
direction, and S for the thickness (short transverse) direction. The first letter
denotes the specimen direction perpendicular to the crack; the second letter,
the direction of the notch.

Elongation is defined as the percentage increase in the distance between
two gauge marks of a specimen tested to tensile failure. Typical elongation
values for some aluminum alloys are given in the Aluminum Design Manual,
Part V, Table 5. Minimum elongation values for most alloys and product forms
are given in Aluminum Standards and Data and ASTM specifications. They
are dependent on the original gauge length (2 in. [SO mm)] is standard for
wrought products) and original dimensions, such as thickness, of the speci-
men. Elongation values are greater for thicker specimens. For example, typical
elongation values for 1100-O material are 35% for a & in. [1.6 mm] thick
specimen, and 45% for a 1 in. [12.5 mm] diameter specimen. Elongation is
also very dependent on temperature, being lowest at room temperature and
increasing at both lower and higher temperatures.

The elongation of aluminum alloys tends to be less than mild carbon steels.
For example, while A36 steel has a minimum elongation of 20%, the com-
parable aluminum alloy, 6061-T6, has a minimum elongation requirement of
8% or 10%, depending on the product form. The elongation of annealed
tempers is greater than that of strain-hardened or heat-treated tempers, while
the strength of annealed tempers is less. Therefore, annealed material is more
workable and has the capacity to undergo more severe forming operations
without cracking.

All other things being equal, the greater the elongation, the greater the
ductility. Unfortunately, other things usually aren’t equal for different alloys,
so elongation isn’t a very useful indicator of ductility. The percentage reduc-
tion in area caused by necking in a tensile specimen tested to failure is similar
to elongation in this regard. Unlike elongation, however, the reduction in area
is not usually reported for aluminum tensile tests and is not generally available
to designers.

Probably the most accurate measure of ductility (we saved the best for last)
is the ratio of the tensile strength of a notched specimen to the tensile yield
strength, called the notch-yield ratio (119, 120). Various standard notched-
specimen specifications are available, but 60° notches with a sharp (0.0005
in. [0.01 mm] radius) tip seem to provide good discrimination between var-
ious alloys. The notched-specimen strength alone is not very useful since
stress raisers in actual structures aren’t likely to match the test specimen’s
notch. But if the notched strength is less than the yield strength of the ma-
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terial, then not much yielding can take place before fracture, a condition to
be avoided. Of the alloys in the Aluminum Specification, only 2014-T6 and
6070-T6 suffer this fate. Therefore, these alloys (and 6066-T6, which is sim-
ilar to 6070-T6) are considered to be notch-sensitive. The effect this has on
design is discussed in Section 5.1.1.

4.5 THE EFFECT OF WELDING ON
MECHANICAL PROPERTIES

Although alloying aluminum with elements like copper or magnesium in-
creases the strength of aluminum, much of aluminum alloys’ strength comes
from precipitation-heat treatments (all tempers beginning with TS5, T6, T7,
T8, T9, or T10) or strain-hardening (all tempers beginning with H1, H2, H3,
or H4). Heating the material tends to erase the effect of precipitation-heat
treatments and strain-hardening, so arc welding, which brings a localized
portion of the metal to the melting point, decreases the material’s strength at
the weld. For non-heat-treatable alloys (the ones that are strengthened by
strain-hardening, that is, the 1xxx, 3xxx, and 5xxx series), the heat-affected
zone’s strength is reduced to the annealed strength. For heat-treatable alloys
(the 2xxx, 6xxx, and 7xxx series), the heat-affected zone’s strength is reduced
to slightly below the solution-heat-treated strength (T4 temper), wiping out
the effect of precipitation-heat treatment. Since the strength of mild carbon
steel is not reduced by welding, welding’s effect on aluminum can be an
unpleasant surprise to some structural engineers. Welding does not, however,
affect the modulus of elasticity (E) of the metal.

The effect of welding on strength varies by alloy. The reduction in strength
is smallest for some of the 5xxx series alloys designed to be especially suit-
able for welding. For example, the unwelded tensile ultimate strength of 5086-
H112 plate under 0.500 in. [12.5 mm)] thick is 36 ksi [250 MPa]; its welded
strength is 35 ksi [240 MPa]. At the other extreme, most alloys containing
appreciable amounts of copper (these tend to be the highest strength alumi-
num alloys and include all of the 2xxx series and many alloys of the 7xxx
series) are difficult to weld at all.

The effect of welding depends on many factors, including how much heat
is applied during welding. This can vary by welding process (gas tungsten or
gas metal arc welding), thickness of the parts welded, welding speed, and
preheating. It also depends on the filler alloy used. All these effects are av-
eraged to establish the minimum welded strengths given in Aluminum Spec-
ification Table 3.3-2, and are distinguished from the unwelded strengths by
adding w to the subscript. (For example, the minimum welded tensile yield
strength is F, ,.) Two warnings should be heeded in using this table:

1) The welded tensile ultimate strengths (F,,,) must be multiplied by 0.9
before they may be used in formulas for member strength in the Specification.
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This factor is intended to account for the possibility that welds might receive
only visual inspection, so their strengths might not be as reliably attained as
that of the AWS qualification welds from which welded tensile ultimate
strengths are established.

2) The welded yield strengths (F,,, and F,) for tempers other than an-
nealed material (—O) must be multiplied by 0.75 before they may be used in
formulas for member strength in the Specification. This multiplication has
been performed, and the results tabulated in Appendix C. This factor effec-
tively adjusts the yield strength from a 10 in. [250 mm] to a 2 in. [50 mm]
gauge length, which is more representative of weld-affected material. This is
because the 10 in. gauge length yield strengths were obtained from specimens
with a transverse groove weld that affected only approximately 2 in. [50 mm]

of the base metal (1 in. [25 mm] to either side of the weld centerline).

The ultimate tensile strengths for welded aluminum alloys given in Alu-
minum Specification Table 3.3-2 are defined there as the AWS D1.2 Structural
Welding Code—Aluminum (91) weld qualification test values. This means that
these are the strengths that must be attained in a tensile test of a groove weld
in order for the weld procedure to be qualified according to AWS require-
ments. These same values are also required by the American Society of Me-
chanical Engineers (ASME) Boiler and Pressure Vessel Code to qualify a
weld procedure. Table 4.2 of AWS D1.2-97 gives values of minimum tensile
ultimate strength for thicknesses not included in Aluminum Specification Ta-
ble 3.3-2, as well as for additional alloys, including several cast alloys.

Section 9.1 explains the structural design of welded members.

4.6 THE EFFECT OF TEMPERATURE ON
ALUMINUM PROPERTIES

As temperature decreases from room temperature, the tensile strengths and
elongation values of aluminum alloys increase, and unlike steel, aluminum
suffers no transition temperature below which the risk of brittle fracture in-
creases markedly. This makes aluminum an excellent choice for low-
temperature structural applications (2). (This low-temperature ductility is a
pleasant surprise to engineers familiar with steel.)

On the other hand, aluminum has a considerably lower melting point than
steel (about 1,220°F [660°C]), and the decrease in aluminum strengths is fairly
significant for most alloys above 200°F [95°C]. Figure 4.2 shows the variation
in typical tensile ultimate strength with respect to temperature for various
aluminum alloys. (See Aluminum Design Manual, Part V, for typical tensile
strength and elongation values of alloys at temperatures from —320 to 700°F
[—195 to 370°C].) Generally, the longer the alloy is held at an elevated tem-
perature, the lower the strength. Under a constant stress, the deformation of
an aluminum part may increase over time; this behavior is known as creep.
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Creep effects increase as the temperature increases. At room temperature, very
little creep occurs unless stresses are near the tensile strength. Creep usually
is not a factor unless stresses are sustained at temperatures more than about
200°F [95°C]. Properties of aluminum alloys at high and low temperatures
are given in Kaufman’s Properties of Aluminum Alloys—Tensile, Creep, and
Fatigue Data at High and Low Temperatures (118).

For most alloys, the minimum mechanical properties given in the Alumi-
num Specification are used for service temperatures up to 200°F [95°C], but
above this are decreased to account for reduced strength. An example of how
allowable stresses at elevated temperatures are decreased is given in ASME
B96.1, Welded Aluminum-Alloy Storage Tanks (85). Aluminum alloys are used
in structural applications to 400°F [200°C] with appropriately reduced design
strengths.

Alloys that have more than 3% magnesium content (such as 5083, 5086,
5154, and 5456, as well as filler alloys 5183, 5356, 5556, and 5654) should
not be held above 150°F [65°C] because these elevated temperatures make
them sensitive to exfoliation corrosion. Exfoliation is a delamination or peel-
ing of layers of the metal in planes approximately parallel to the metal sur-
face. Unfortunately, magnesium content is directly related to strength, so this
leaves only modest-strength Sxxx alloys available for elevated-temperature
applications.

4.7 FIRE RESISTANCE

When it comes to fire resistance, aluminum can be confusing (16). On one
hand, finely divided aluminum powder burns so explosively that it’s used as
rocket fuel; on the other hand, aluminum is routinely melted (every time it’s
welded) without any concern regarding combustion. Because of the relatively
low melting point of aluminum alloys (around 1,100°F [600°C]), however,
aluminum is not suitable when exposed to high temperatures, such as in
fireplaces, where it quickly turns to mush. In fires, thin-gauge aluminum sheet
can melt so fast that it appears to be burning. But in reality, semi-fabricated
aluminum products, such as extrusions, sheet, plate, castings, and forgings,
are not combustible under ordinary conditions.

Building codes classify a material as noncombustible if it passes ASTM
E136. In this test, solid pieces of material 14 in. X 14 in. X 2 in. [38 mm X
38 mm X 50 mm] are placed in an oven and heated to 1,382°F [750°C];
unless flames are produced, the material is called noncombustible. Aluminum
alloys subjected to this test have been classified noncombustible since no
flames result even though aluminum’s melting point is lower than the test
temperature. Other fire performance tests, such as ASTM E108 for exterior
fire resistance and ASTM E119 for interior fire endurance, exist. These test
a building assembly (for example, an insulated metal roofing assembly) and
must be evaluated for specific designs because they are dependent on the
dimensions and combination of materials of the assembly being tested.
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4.8 HARDNESS

The hardness of aluminum alloys isn’t used directly in structural design, but
since it’s relatively easy to measure, it’s frequently reported. Hardness can be
measured by several methods, including Webster hardness (ASTM B647),
Barcol hardness (ASTM B648), Newage hardness (ASTM B724), Vickers
hardness, and Rockwell hardness (ASTM E18). The Brinnell hardness
(ASTM E10) for a 500 kg load on a 10 mm ball is used most often and is
given in the Aluminum Design Manual, Part V, Table 5 [SM]. Hardness mea-
surements are sometimes used for quality-assurance purposes on temper. The
Brinnell hardness number (BHN) multiplied by 0.56 is approximately equal
to the ultimate tensile strength (F,,) in ksi; this relationship can be useful to
help identify material or estimate its strength based on a simple hardness test.
The relationship between hardness and strength, however, is not as dependable
for aluminum as for steel. Hardness measurements are sometimes used to
measure the effect on strength at various points in the heat-affected zone
across a weld.

Typical hardness values for some common alloy tempers are given in Table
4.2.

4.9 PHYSICAL PROPERTIES

Properties other than mechanical properties are usually referred to under the
catch-all heading of “‘physical properties.” The significant ones for structural
engineers include density and coefficient of thermal expansion. These prop-
erties vary among aluminum alloys; they’re given to three significant figure
accuracy in the Aluminum Design Manual, Part V. Often, however, the vari-
ations between alloys aren’t large enough to matter for structural engineering
purposes.

TABLE 4.2 Typical Hardness Values

Typical Brinnell Hardness

Alloy Temper (500 kg load 10 mm ball)
1100-H14 32
2014-T6 135
3003-H16 47
5005-H34 41
5052-H32 60
5454-H32 73
6061-T6 95
6063-T5 60
6063-T6 73

6101-T6 71
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Figure 4.3 Densities of several metals.

Density doesn’t vary much by alloy because alloying elements make up
such a small portion of the composition. For aluminum alloys, density aver-
ages about 0.1 Ib/in®[2,700 kg/m?]; most alloys are within 5% of this number.
This is about one-third the density of carbon and stainless steels, which weigh
about 0.283 Ib/in® [7,640 kg/m?]. Since density is the weighted average of
the densities of the elements that constitute the alloy, the 5xxx and 6xxx series
alloys are the lightest because magnesium is the lightest of the main alloying
elements. The actual density of wrought alloys is usually close to the nominal
value, but the density of castings is about 95% to 100% of the theoretical
density of the cast alloy due to porosity. Nominal densities for wrought alu-
minum alloys are listed in Table 4.3—if you need to be that precise.

The coefficient of thermal expansion, which is the rate at which material
expands as its temperature increases, is itself a function of temperature, in-
creasing with increasing temperature. Average values are used for a range of
temperatures, usually from room temperature (68°F [20°C]) to water’s boiling
temperature (212°F [100°C]). The coefficient also varies by alloy. The average
coefficient is approximately 13 X 107/°F [23 X 107%/°C]. Table 4.4 com-
pares aluminum’s coefficient to some other materials.

4.10 ALUMINUM MATERIAL SPECIFICATIONS

A number of sources of specifications for aluminum mill products exist, in-
cluding the American Society for Testing and Materials (ASTM), Military



TABLE 4.4 Coefficients of Thermal Expansion

TABLE 4.3 Nominal Densities of Aluminum

Alloys in the Aluminum Specification

Density Density
Alloy (Ib/in.?) (kg/m?)
1100 0.098 2,710
2014 0.101 2,800
2024 0.100 2,780
3003 0.099 2,730
3004 0.098 2,720
3005 0.098 2,730
3105 0.098 2,720
4043 0.097 2,690
5005 0.098 2,700
5050 0.097 2,690
5052 0.097 2,680
5083 0.096 2,660
5086 0.096 2,660
5154 0.096 2,660
5183 0.096 2,660
5356 0.096 2,640
5454 0.097 2,690
5456 0.096 2,660
5554 0.097 2,690
5556 0.096 2,660
5654 0.096 2,660
6005 0.097 2,700
6061 0.098 2,700
6063 0.097 2,700
6066 0.098 2,720
6070 0.098 2,710
6105 0.097 2,690
6351 0.098 2,710
6463 0.097 2,690
7075 0.101 2,810

Coefficient of Thermal Expansion

Material X 107¢/°F X 107¢/°C
Copper 18 32
Magnesium 15 27
Aluminum 13 23
304 Stainless steel 9.6 17
Carbon Steel 6.5 12
Concrete 6.0 11

111



112 MATERIAL PROPERTIES FOR DESIGN

(MIL), federal, Aerospace Materials Specifications (AMS) published by the
Society of Automotive Engineers (SAE), American Society of Mechanical
Engineers (ASME), and American Welding Society (AWS) (for welding elec-
trodes and rods). The MIL and federal specifications are being phased out—
mercifully, since they often duplicated private-sector specifications—but in
many cases, AMS has merely replaced the federal spec prefix with “AMS”
and continues to publish it.

Of these, the ASTM specifications are probably the most widely used. Most
ASTM aluminum-material specifications include a number of different alloys
and tempers. What these alloys have in common in a given ASTM specifi-
cation is that each is used to make the product covered by the specification.
For example, ASTM B210 (50) is for aluminum drawn seamless tubes and
includes alloys 1100, 2014, 3003, 5005, 5050, and 6061. The ASTM speci-
fications and alloys listed in the Aluminum Specification are tabulated in Table
4.5.

TABLE 4.5 ASTM Specifications and Alloys Listed in the Aluminum
Specification

ASTM
Specification Product Alloys
B209 Sheet and Plate 1100, 2014, 3003, Alclad 3003, 3004,
Alclad 3004, 3005, 3105, 5005,
5050, 5052, 5083, 5086, 5154, 5454,
5456, 6061
B210 Drawn Seamless Tubes 1100, 2014, 3003, Alclad 3003, 5005,
5050, 5052, 5083, 5086, 5154, 5456,
6061, 6063
B211 Bar, Rod, and Wire 1100, 2014, 3003, 5052, 5154, 6061
B221 Extruded Bars, Rods, 1100, 2014, 3003, Alclad 3003, 3004,
Wire, Profiles, and 5052, 5083, 5086, 5154, 5454, 5456,
Tubes 6005, 6061, 6063, 6066, 6070, 6105,
6351, 6463
B241 Seamless Pipe and 1100, 2014, 3003, Alclad 3003, 5052,
Seamless Extruded 5083, 5086, 5454, 5456, 6061, 6063,
Tube 6066, 6351
B247 Die Forgings, Hand 1100, 2014, 3003, 5083, 6061, 6066
Forgings, and Rolled
Ring Forgings
B308 Standard Structural 6061
Profiles
B316 Rivet and Cold Heading 1100, 2017, 2117, 5056, 6053, 6061,
Wire and Rods 7050, 7075
B429 Extruded Structural 6061, 6063

Pipe and Tube
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The ASTM aluminum specifications are maintained by ASTM’s Commit-
tee B-7 on Light Metals and Alloys. This committee is composed mostly of
representatives of aluminum producers, and many of these representatives are
also members of the Aluminum Association’s Technical Committee on Prod-
uct Standards (TCPS), which maintains the Aluminum Association’s Alumi-
num Standards and Data (11) publication. Hence, it isn’t too surprising that
the ASTM and Aluminum Standards and Data requirements are almost
identical.

ASME aluminum specifications are nearly identical to ASTM specifica-
tions of the same name except that ASME specifications include only those
alloy tempers included in the ASME Boiler and Pressure Vessel Code and
the ASME specification numbers are prefixed with an “S” (for example,
ASME SB-209 is similar to ASTM B209). The ASME aluminum welding
electrode and rod specifications SFA-5.3 and SFA-5.10 are identical to AWS
specifications AS5.3 and AS5.10, respectively (87)(88).

4.11 ALLOY IDENTIFICATION

A color code has been assigned to some common wrought aluminum alloys
for identification purposes (11). The color may be used on tags attached to
the material, or in the case of extrusions, rods, and bars, may be painted on
the end of the part. Table 4.6 lists the color assignments for alloys listed in
the Aluminum Specification. While the color code identifies the alloy, it does
not reveal anything about the material’s temper.

4.12 CERTIFICATION DOCUMENTATION

Frequently, owners will require that materials incorporated into the work be
accompanied by “mill certification.” Often, the specific properties to be cer-
tified are not identified. Various forms of documentation are available to pur-
chasers to certify that suppliers have inspected and tested the material and
that it meets requirements, typically those established by the Aluminum As-
sociation (11) or the appropriate ASTM specification for the material. Cus-
tomers buying aluminum for structural applications may obtain one of the
following types of documentation:

Certificate of Compliance: Issued to cover shipments made over a period of
time (usually one year), rather than a specific shipment. No test results are
included.

Certificate of Inspection: Similar to the certificate of compliance, but for a
specific shipment of material. This certificate is what ASTM specifications
require manufacturers to provide when purchasers require material certifica-
tion in their ordering information.
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TABLE 4.6 Color Code for Aluminum

Specification Alloys

Alloy Color
1100 White

2014 Gray

2024 Red

3003 Green

3004 —

3005 —

3105 —

5005 —

5050 —

5052 Purple

5083 Red and Gray
5086 Red and Orange
5154 Blue and Green
5454 —

5456 Gray and Purple
6005 —

6061 Blue

6063 Yellow and Green
6066 Red and Green
6070 Blue and Gray
6105 —

6351 Purple and Orange
7075 Black

Certificate of Inspection and Test Results:

Gives minimum and maximum

mechanical properties obtained from testing each lot and lists the applicable
chemical-composition limits (not the actual chemical-composition).

Certificate of Inspection and Test Results including Chemical Analysis:
Gives minimum and maximum mechanical properties and chemical analysis

obtained from testing each lot.

These certificates are listed in ascending order of cost. For most routine
structural applications, a certificate of compliance or inspection is usually

sufficient.



5 Explanation of the
Aluminum Specification

This chapter could also have been titled “Structural Design with Metals™
because it covers a range of metal behavior beyond that covered by the metal
specification we all learned in school (the AISC Specification [38, 39]). In a
number of ways, hot-rolled steel design is just a special case of metal design,
while the Aluminum Specification offers a more panoramic view. Ironically,
learning about aluminum can actually give you better insight into steel design;
in college, most of us studiously avoided any metal but hot-rolled steel.

Design with hot-rolled steel is typically limited to the so-called ‘“‘compact
sections.” These shapes have sufficiently stocky cross-sectional elements so
local buckling is not a concern. In the real world, many metal structures are
made of lighter gauge components instead, whose capacities may be influ-
enced by local buckling. We’ll lead you into the land of postbuckling strength,
where no compact section has ever gone. If you master this concept, you’ll
not only be able to deal with the wide range of shapes available in aluminum,
you will also gain some insight into the design of light-gauge steel structures.
While the Aluminum Specification addresses the full spectrum of element
slenderness, in steel you have to leave the comfort of the Steel Manual and
wade into the complex provisions of the AISI cold-formed steel specification
(40) to design members that have very slender elements. Although the Alu-
minum Specification and the cold-formed steel specification use entirely dif-
ferent methods to address slender elements, they both deal with the same
fundamental behavior.

We’ll discuss the Aluminum Specification’s approach to metal design in
this chapter, giving examples and highlighting sections of the Specification
as we cover them. For the plug-and-chug oriented, you can skip to Chapter
7, where we’ll keep the discussion to a minimum and provide the step-by-
step procedures for applying the Aluminum Specification. Finally, for a
checklist of the applicable provisions of the Specification for each mode of
behavior, refer to Appendix G.

5.1 TENSION MEMBERS

If you’re like most engineers, you appreciate the simplicity of tensile stresses.
After all, tensile stresses and strengths are so much easier to calculate than

115



116 EXPLANATION OF THE ALUMINUM SPECIFICATION

other types of stress. Tensile stresses can cause fracture, however, which is a
failure mode that’s sudden and, therefore, usually catastrophic. This is just
about the worst thing that can happen to your structure.

Tensile stresses may also cause yielding, but the consequences are, perhaps,
not quite as disastrous as fracture. Some yielding occurs in many structures,
whether in a bolt torqued to installation requirements or in a member at a
stress riser, without robbing the structure of its usefulness. It’s only when the
yielding is excessive that failure has occurred.

We’ll keep these limit states in mind as we discuss the Aluminum Speci-
fication’s requirements. Identifying the limit of a structure’s usefulness and
then providing an adequate safeguard against reaching that limit are what
design specifications are all about.

5.1.1 Tensile Strength

Aluminum Specification Section 3.4.1 effectively defines axial tensile strength
as:

1) Yield strength on the gross area
2) Ultimate strength on the net area.

Each of these strengths is factored by its respective safety factor in allow-
able stress design. (The strengths are factored by a resistance factor in load
and resistance factor design [LRFD]. We’ll stick to allowable stress design
for now.) The resulting allowable strength of a member is:

e (5.1)

F,A F A
thmin<ty g tu n>

where:

A, = gross area of the member
net area of the member
F, = tensile yield strength

F,, = tensile ultimate strength

S
Il

=
I

coefficient for tension members (see Aluminum Specification

Table 3.4-2)
n, = factor of safety on yield

n, = factor of safety on ultimate strength

This Specification section is highlighted in Aluminum Specification Table 3.4-
3 reproduced here as Figure 5.1. The general equations are evaluated for
various alloys in the Aluminum Design Manual, Part VII, Tables 2-2 through
2-23, with 6061-T6 being found on Table 2-21 (reproduced here as Figure
5.2).
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5.1 TENSION MEMBERS 121

Substituting for the factors of safety n, and n, for building structures (from
the Aluminum Specification Table 3.4-1), the tensile stress checks become:

F A, F,A
— : 1y g tu n
F, = min ( 1.65° 1.95 k,) 52)

Yielding on the net section is not considered a limit state because it’s assumed
that the net section exists over only a small portion of the total length of the
member. Therefore, yielding on the net section will result in very little elon-
gation of the member in relation to its overall length. Since the gross area
usually equals or exceeds the net area and &, is 1 in most cases, fracture will
govern the allowable tensile strength if F,, > 0.85 F,,. An example is 6061-
T6 where F, /1.65 = (35 ksi)/1.65 = 21.2 ksi and F,/[(k)1.95] = (38 ksi)
/[(1.0)(1.95)] = 19.5 ksi. Since the stress on the gross area is always less
than or equal to the stress on the net area and the allowable stress on the
gross area is higher than on the net area, the fracture strength on the net area
always governs. The Aluminum Design Manual, Part VII, allowable stress
design aid tables are of limited usefulness because they give only the lesser
of the allowable stress based on yield and that based on fracture, even though
the stresses these allowable stresses are compared to differ.

The tension coefficient k, is 1.0 for all alloys that appear in the Aluminum
Specification except 2014-T6, for which k, is 1.25, and 6066-T6 and 6070-
T6, for which it is 1.1. These alloys are notch-sensitive and, thus, require, in
effect, an additional factor of safety against fracture. Notch-sensitive means
that the ultimate stress on the net section attained in standard tests of speci-
mens with sharp notches is less than the specified minimum tensile yield
strength. For alloys not listed in the Aluminum Specification, users must de-
termine the k, factor. (See Section 4.4 of this book for more on this.)

The Aluminum Specification’s provisions for allowable stresses for tension
members are actually very similar to those in the Steel Specification. The
similarities may be obscured, however, because the aluminum allowable
stresses are determined by dividing aluminum strengths by a factor of safety,
while the Steel Specification requires multiplying steel strengths by the recip-
rocal of the safety factor. The steel allowable tensile strength is:

0.60F,, (= F,/1.67) on the gross area (5.3)
0.50F, (= F

u

/2.00) on the effective net area 5.4

The steel safety factors, then, are 1.67 on yield strength (versus 1.65 for
aluminum) and 2.0 on ultimate strength (versus 1.95 for aluminum).

At room temperature, not all aluminum alloys exhibit the ability to sustain
stresses well above yield, a property some structural designers may take for
granted with A36 steel. This is demonstrated by examining their stress-strain
curves up to failure (see Figure 5.3). For example, at a minimum, A36 steel
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B8 f——-—————m————————————————c-==
A36 Steel

( \ 6061-T6 Aluminum

Stress (ksi)
[éM]
[¢ ]

Strain

Figure 5.3 Comparison of the stress-strain curves of A36 steel and 6061-T6
aluminum.

yields at 36 ksi [250 MPa] and breaks at 58 ksi [400 MPa], while 6061-T6
extrusion, its aluminum counterpart, yields at 35 ksi [240 MPa] but breaks at
38 ksi [260 MPa]. Consequently, the allowable strength of 6061-T6 members
is governed by its ultimate strength, unlike the allowable strength of typical
A36 steel members, which is usually governed by its yield strength.

Unlike that of steel members, the strength of aluminum members is af-
fected by welding. We’ll discuss this effect in Section 9.1, Welded Members.
Repeated application of tensile stresses can also affect aluminum member
strength, as covered in Section 9.2, Fatigue. Axial tension in aluminum bolts
is addressed in Section 8.1.9.

5.1.2 Net Area

The net area of aluminum members is calculated in a manner similar to that
for steel. Aluminum Specification Section 5.1.6 gives requirements for deter-
mining the net section, which is the product of the thickness and the least net
width. The net width for any chain of holes (as shown in Figure 5.4) is
obtained by deducting from the gross width the sum of the diameters of all
holes in the chain and adding the quantity s*>/4g for each gauge space in the
chain. The center-to-center spacing of the holes in the direction parallel to
the direction of the load is the pitch s and the center-to-center spacing of the
holes in the direction perpendicular to the force is the gauge g.

Many designers and fabricators prefer to use a standard pitch and gauge
formula for fasteners to standardize detailing and tooling. If the pitch and
gauge are standardized as 2.0D, where D is the diameter of the fastener,
fastener spacing is 2.82D, exceeding the minimum spacing requirement of
2.5D in the Aluminum Specification Section 5.1.9.

For purposes of calculating net width, the diameter (D,) of punched holes
is taken as 55 in. [0.8 mm] greater than the nominal hole diameter (Specifi-
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Figure 5.4 Net width for a chain of holes.

cation Section 5.1.6). The nominal hole diameter is the fabrication dimension,
which is typically slightly larger than the fastener diameter. (See Section 8.1).
The diameter (D,) of drilled or reamed holes is taken as the nominal hole
diameter. This differs from the Steel Specification, where the diameter of all
holes is taken as & in. [1.6 mm] greater than the nominal dimension of the
hole (Steel Specification Section B2).

Example 5.1: Consider the + in. X 4 in. 5005-H32 aluminum plate member
shown in Figure 5.4. Holes for two 3-in. diameter fasteners are to be drilled

=5 in. oversize. Calculate the allowable tensile force for the member.

The tensile ultimate strength and tensile yield strength of 5005-H32 plate
are taken from Table 3.3-1 of the Aluminum Specification:

F, =17 ksi, F,, = 12 ksi (5.5)

By Specification Table 3.4-2, k, = 1.0.
The gross area of the member is:

A, = (7 in.)(4 in.) = 1.00 in. (5.6)

To find the net area of the member, first determine the least net width. The
net width for a failure path through one hole is:
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w, =4in. — ( + 35) in. = 3.47 in.

(The actual hole diameter is used since the hole is drilled.)
The net width for a diagonal failure path through two holes is:

w, =4in. — 2(3 + &) in. + 12/(4)(1) = 3.19 in.
Using the lesser of these widths, the net area is calculated:
A, = (3.19 in)(4 in.) = 0.797 in.?
The allowable tensile force is the lesser of:
T,=F,A,/n, = (12 k/in?)(1.00 in?)/1.65 = 7.27 k
and:
T,=F,A,/(k n)=(17k/in?)(0.797 in.2)/[(1.0)(1.95)] = 6.95 k

So, the allowable tensile force is 6.95 k.

5.1.3 Effective Net Area

Depending on how a member is connected at its ends, the entire net section
may not be effective in tension. Figure 5.5 shows an angle splice that is
connected through only one leg. The leg that is connected is effectively con-
tinuous through the joint, but the other leg is not. How much, if any, of an
unconnected cross-sectional element may be considered effective in tension?
(See Section 5.2.2 for a definition of element).

The aluminum and steel specifications offer different guidelines to deter-
mine effective net area. The Aluminum Specification doesn’t provide effective
net area criteria for all the cases covered by Steel Specification Section B3.
The effective net area cases for aluminum are given in Aluminum Specifi-
cation Section 5.1.7 and cover single and double angles only. A comparison
with steel is made in Table 5.1. The effectiveness of unconnected elements
is a function of the proportions of the elements and the length of the con-
nection. While the 8th edition of the Steel Specification introduced criteria
for the effective net area of I-beams and tees that are not connected through
their webs, the Aluminum Specification requires only a reduction on the out-
standing legs of angles.

When all elements of the cross section are not connected, the resultant
tensile force and the centroid of the section may not coincide. Examples of
this include single and double angles that are not connected through both legs
and tees that are not connected through both the flange and web. In these
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Figure 5.5 Angle splice connected through only one leg.
situations, you must also consider combined bending and axial stress (see
Section 5.5).
5.1.4 Maximum Slenderness Ratios for Tension Members

The Aluminum Specification doesn’t establish maximum slenderness ratios.
However, the practice for steel buildings is to limit slenderness ratios for

TABLE 5.1 Comparison of Aluminum and Steel Specifications for Effective

Net Area
Case Aluminum Specification  Steel Specification
Equal leg angle with 1 leg con- 05+ ($).5 =0.67 0.75
nected, 2 bolts in line
Double equal leg angles, 2 bolts in 05+ ($.5=0.83 0.75
line
Equal leg angle with 1 leg con- 0.67 0.85
nected, 3 bolts in line
Double equal leg angles,3 bolts in 0.83 0.85
line

Tee with flange connected no provision 0.75 or 0.85
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tension members to 240 for main members and to 300 for secondary members
or bracing, except rods. This is to limit vibrations and protect against inci-
dental loads, such as the weight of workers for which stress calculations may
not be computed. Including such considerations result in a more robust struc-
ture; this can be applied to aluminum also. Such a structure is also capable
of resisting loads that have the audacity to be slightly different from the loads
chosen for structural checks.

5.2 COMPRESSION MEMBERS

In this section, we address members in axial compression. The shorthand term
in the Aluminum Specification for such members is columns. This term is not
limited to members actually serving as vertical columns in a building, but
rather applies to any member subject to axial compression regardless of its
location or orientation in a structure.

Wherever compression occurs, buckling lurks as a consideration. Buckling
is strongly influenced by a member’s dimensions, especially cross-sectional
widths, thicknesses, and configuration. The configuration of aluminum shapes
that can readily be fabricated by such methods as cold-forming and extruding
is almost unlimited, and the Aluminum Specification places no limits on the
proportions of members. Consequently, no buckling modes can be dismissed
without consideration. It’s not that aluminum buckles in ways no self-
respecting piece of steel would; any metal produced in the variety of shapes
that aluminum is would require similar buckling checks. This discussion is,
thus, an explanation of the buckling behavior of metal columns in general.

First, let’s deal with a matter of terminology. Each structural shape is con-
sidered to consist of one or more elements. (In the Aluminum Specification,
elements of shapes are also called components of shapes.) Elements are de-
fined as plates either rectangular or curved in cross section and connected
only along their edges to other elements (Figure 5.6). For example, an I-beam
consists of five elements: two rectangular plate elements in each of the two
flanges, and one rectangular plate element called the web. Examples of
shapes, called profiles in the aluminum industry, and their component ele-
ments are shown in Figure 5.7. An angle is an example of a shape with only
two elements; one element for each leg. Other shapes may be considerably
more complex, but all are treated as assemblies of elements, each of which
are approximated by a rectangular plate or by a curved plate of a single radius.

It is helpful to first list all the ways that buckling can occur in a member,
called buckling modes, and then deal with them one at a time. Buckling may
be divided into two types: overall buckling, which occurs over the length of
the member (the way a yardstick buckles), and local buckling, which is con-
fined to an element of a cross section over a length about equal to the width
of the element. Figure 5.8 illustrates an example of overall buckling, which
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Figure 5.6 Elements of shapes.

is discussed below in Section 5.2.1. Local buckling is shown in Figure 5.9
and treated in Section 5.2.2.

Finally, we’ll put it all together: overall and local buckling considerations
and member design. An interaction can occur between overall buckling and
local buckling, causing overall buckling to occur at a lower load than it would
if local buckling were not present. We’ll deal with this insidious effect also.

Local buckling is more likely to limit member strength where slender el-
ements make up the cross section. Designers of hot-rolled steel shapes usually
deal with what is called compact sections. These are composed of elements
deliberately proportioned, so that overall buckling occurs before local buck-
ling. This limits concern to overall buckling. While this limitation simplifies
the design process, material can often be used more efficiently when greater
variation in the proportions of the profile is allowed. When the restriction to
compact shapes is removed, however, and more slender shapes are considered,
both overall and local buckling need attention.

Slender is not necessarily synonymous with thin gage; a plate element of
any thickness can buckle locally before overall buckling occurs if it is wide
enough. The parameter that divides the two camps is the slenderness ratio of
the elements of the shape. For rectangular plate elements, this is the ratio of
the element’s width to its thickness. Even a thick element can be relatively
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Figure 5.7 Examples of shapes and their component elements.

wide and, thus, have a high slenderness ratio, forcing us to consider the
element to be slender.

Finally, a basic ground rule: To calculate compressive stresses, divide the
axial load by the gross area of the cross section, which includes the area of
holes filled by fasteners. (This is one of the reasons for the Aluminum Spec-
ification requirement that holes be no more than - in. [1.6 mm] larger than
the fastener diameter.) Unfilled holes, sometimes used to reduce weight or
for convenience in mass fabrication, should be accounted for in computing
the gross area. The cold-formed steel Specification (40) allows unfilled holes
to be ignored if they exist over less than 1.5% of the length of the column
(AISI Section C4). They also offer more complicated methods of calculating
the effective width of compression elements supported along both edges and
with circular holes (AISI Section B2.2). The Aluminum Specification does
not address unfilled holes in columns.



5.2 COMPRESSION MEMBERS 129

||
Unloaded
=

| | Loaded to failure by
overall member buckling

P

Figure 5.8 Overall buckling of a column.

5.2.1 Overall Buckling (Columns)

Overall member buckling, the action a yardstick exhibits when compressed
at its ends, is the subject of this section. This is the behavior that Aluminum
Specification Section 3.4.7 covers and applies to members in axial compres-
sion (columns) of any cross section or length.

A Qualitative View Let’s examine the general performance of a column as
a function of its slenderness. Imagine a very short metal ruler with a rectan-
gular cross section under an axial compressive load. As the load increases,
the ruler does not buckle, but it is eventually shortened by yielding of its
cross section, as shown in Figure 5.10a.

Now imagine a longer ruler of the same cross section, again loaded as a
column. The load is increased until the ruler buckles laterally. Once buckled,
the member cannot support any additional load. When the load is removed,
the column retains its deflected shape (see Figure 5.10b). Because of this, the
column is said to have undergone inelastic buckling. At the buckle, the metal
has been stressed beyond its yield strength, so the buckled shape is permanent.

Finally, imagine a very long ruler under an axial compression load. As the
load increases, this long ruler buckles much sooner than the intermediate-
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Unloaded Loaded to failure
by local buckling

Figure 5.9 Local buckling of a column.

length ruler, displacing laterally by a distance that varies along its height. The
buckled shape is shown in Figure 5.10c. At the midheight, the lateral dis-
placement is greatest. Once buckled, the member cannot support any addi-
tional load. If the ruler is long enough, at no point on the column is the yield
strength exceeded when the buckling occurs, so when the load is removed,
the ruler springs back to its original straight shape. Because the deflection is
not permanent, this behavior is called elastic buckling.

What’s This Have to Do With the Aluminum Specification? The three
modes of behavior described above correspond to the three cases listed in
Aluminum Specification Section 3.4.7 and Table 3.4-3 (highlighted and
reproduced here as Figure 5.11 and evaluated for 6061-T6 alloy in Fig-
ure 5.12):
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(@)

(b)
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Figure 5.10 Overall failure modes of a column.

3.4.7(a), for stocky columns, which undergo yielding like the shortest ruler
when loaded to failure

3.4.7(b), for columns of intermediate slenderness, which undergo inelastic
buckling like the ruler of intermediate length when loaded to failure

3.4.7(c), for slender columns, which undergo elastic buckling like the long-
est ruler when loaded to failure.

Column strength is determined in the Aluminum Specification by a different
equation for each of these three regimes of slenderness. While we introduced
these regimes in the preceding discussion in the order in which they appear
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in the Aluminum Specification (i.e., compressive yield, inelastic buckling, and
elastic buckling), we’ll reverse this order in the following discussion.

The strength of slender columns (those that buckle elastically) was pre-
dicted by Leonhard Euler in 1757. His equation is still used today for both
steel and aluminum, so the elastic buckling strength is also called the Euler
buckling strength of the column:

2
E
elastic buckling stress = SN 5.7

()
r
This equation is graphed in Figure 5.13. Note that it is independent of the
yield or ultimate strength properties of the material. The elastic buckling
strength of a column made of 6061-T6 aluminum alloy, which has a com-
pressive yield strength of 35 ksi [240 MPa], is exactly the same as that of a
column of the same length and cross section of 3003-H12, which yields at
10 ksi [70 MPa]. The only mechanical property that influences the elastic
buckling strength is the modulus of elasticity, E, the slope of the stress-strain
curve. In the elastic range, E is constant, so the elastic buckling strength for
a given alloy varies only with the slenderness of the column, expressed as
the ratio kL/r, discussed further below.

Inelastic buckling occurs when the stress at the buckle is greater than the
yield strength, which happens in columns of intermediate slenderness. We can

also use the Euler buckling equation to predict buckling strength of such
columns. However, at these higher stresses, the modulus of elasticity, or slope

n2E
(kLAY

Elastic buckling stress

Y

Slenderness ratio (kL/r)

Figure 5.13 Euler column buckling stress.
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of the stress-strain curve, varies depending on the strain, and is called the
tangent modulus of elasticity, E,. (See Figure 5.14.) Substituting E, for E:

7 E,
kfl, 2
r

Fortunately, tests have shown that rather than using the tangent modulus,

which varies with stress, this equation can be conveniently reduced to a linear
function of the slenderness kL/r:

inelastic buckling stress = (5.8)

inelastic buckling strength = B, — D_(kL/r) (5.9)

In this equation, B, is the stress at which the inelastic buckling strength line
intersects the y-axis, and D, is the slope of the inelastic buckling line (Figure
5.15). Formulas for B. and D_ have been determined for aluminum alloys by
testing.

Inelastic buckling strength is graphed with the strengths of the other slen-
derness regimes in Figure 5.16 with safety factors applied. The slenderness
ratio at which the inelastic buckling curve (line) intersects the elastic buckling
curve is called C, (as it is for steel). This slenderness (C,) is called the
slenderness limit S, because it’s the upper limit of applicability of the inelastic
buckling equation. When the slenderness ratio is above this limit, buckling
will be elastic. Collectively, B,, D, and C, are called buckling formula con-

Stress

1 I I } -
T T T

0 0.02 0.04 0.06 0.08 0.1
Strain (in./In.)

Figure 5.14 Tangent modulus of elasticity.
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F.= B,- D(kL/)

Inelastic buckling stress (E)

Y

Slenderness ratio (kL/r)

Figure 5.15 Inelastic column buckling stress.

stants, and they are based on the shape of the stress-strain curve above yield.
As we mentioned in Section 2.4, aluminum alloys are divided into two groups:
those that are not artificially aged (tempers -O, -H, -T1, -T2, -T3, -T4) and
those that are (tempers -T5 through -T9). Now the reason is revealed: These
two groups have stress-strain curves with different shapes, the latter having a

@ Yielding \

14 \

E.’ Fc = Fcy/ ny

b Inelastic buckling

< Fe=[Bc— De(kLin]/ny

e

©

2 1 Elastic buckling

o 2

L E
Fo= & __

< = (KL}

5 Sz
Slenderness ratio (kL/r)

Figure 5.16 The three slenderness regimes for overall column buckling stress.
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flatter curve beyond yield, as shown in Figure 5.17. This means that the
variation of tangent modulus with stress is different for the two groups, hence,
the different buckling formula constants for these groups.

Expressions for the buckling formula constants are given in Aluminum
Specification Table 3.3-3 for alloys not artificially aged, and Table 3.3-4 for
those that are. These expressions are a function of yield strength and modulus
of elasticity only. Aluminum designers do not often use these expressions
because they have been conveniently evaluated for most alloys, and values
have been tabulated in the Aluminum Design Manual, Part VII, Table 2-1 and
Appendix K of this book. It’s useful to remember buckling formula constants
more precisely as inelastic buckling formula constants because they’re used
for calculating inelastic buckling strength.

Finally, the strength of columns so stocky that they will not buckle is just
the compressive yield strength (F,):

compressive yield strength = F. (5.10)

.
This is sometimes referred to as the ‘““squash load.” (Prior to the 7th edition
of the Aluminum Specification, the compressive yield strength was divided
by a coefficient k. which was greater than or equal to one and whose purpose
was to increase the range of slenderness ratios over which the simpler com-
pressive yield equation could be used. This conservative simplification has
been dropped.)

Non-artificially aged

\Artiﬁcially aged

Stress

1 " + 1 + + [

0 0.02 0.04 0.06 0.08 0.1
Strain {in./in.)

Figure 5.17 Comparison of stress-strain curves for artificially aged and non-
artificially aged aluminum alloys.
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Comparison to Steel The AISC Steel Specification (39) doesn’t distinguish
compressive yield of the cross section from inelastic buckling and uses just
two equations (inelastic and elastic buckling) to approximate the behavior of
columns. The Aluminum Specification uses three equations (yielding, inelastic
buckling, and elastic buckling), as shown in Figure 5.18. In steel, predicting
inelastic buckling for any slenderness ratio below the intersection of the elas-
tic and inelastic buckling equations requires a rather complex equation. The
use of two equations to represent this range in the Aluminum Specification
allows the use of simpler expressions, but it does require you to determine
which equation to use or to evaluate both equations and use the lesser strength
from the two.

Safety Factors Until now we’ve discussed only the strength of columns in
compression, leaving untouched the issue of how much of a margin there
should be between working stress and strength for allowable stress design.
The factors of safety used in the three regimes are shown in Figure 5.19 and
contrasted with those used for steel. From Figure 5.19, we see that the factor
of safety for aluminum columns in the compressive yield regime is the fac-
tor of safety on yield (n, = 1.65) since this is the mode of failure. The

2
AISC curve: F,= (35— (kL/n /32533
/ [167 + (kL/r)/201 — (kL/r)*/3,440,000]

N N
N (3,)
: L

iy
«©
L

Aluminum Association curve: Fa= 20.2 — 0.126 (kL/r)

-
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Slenderness ratio (kL/r)

Figure 5.18 Comparison of the column buckling stress equations for steel and
aluminum.
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Figure 5.19 Comparison of the safety factors on overall buckling for steel and alu-
minum columns.

factor of safety on inelastic and elastic buckling is higher: the factor of safety
on ultimate (n, = 1.95) is used.

The most noticeable difference between steel and aluminum column factors
of safety is in the realm of inelastic buckling slenderness ratios. The AISC
Steel Specification uses a sliding scale for steel column safety factors, varying
the factor from 1.67 (= 5/3) for the shortest columns to 1.92 (= 23/12) for
columns at the upper limit of inelastic buckling. The reason is that initial
imperfections are judged to affect the strength of short columns less signifi-
cantly when the shapes are compact, as they are for hot-rolled steel. Alumi-
num shapes (profiles) may not necessarily be compact; they may also be
composed of thin-gauge elements that are deemed to be connected less rigidly
and more eccentrically at their ends. Thus, the Aluminum Specification, while
using a factor of safety of 1.65 for the shortest columns, uses the higher factor
of safety (1.95) throughout the whole range of buckling (inelastic and elastic).
If this rationale seems rather nebulous, you may find solace by considering
the relatively arbitrary nature of safety factors in the first place and that load
and resistance factor design smooths out the rough spots. (See Chapter 11 for
more on LRFD.)

Different Kinds of Overall Buckling and Their Slenderness Ratios So far,
we’ve taken the slenderness ratio, (kL/r), for granted. This probably hasn’t
been too disturbing because kL/r is familiar to most structural engineers, as
well as the designation:
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N =kL/r (5.11)

where:

k = effective length factor (more on this below)

L = length of the column between points of restraint against buckling
(unbraced length)

r = radius of gyration of the column about the axis of buckling.

But what is “the axis of buckling” referred to in the definition of r? Here’s
a hint: It’s a function of the kind of overall buckling.

Up to this point, we’ve described only one kind of overall buckling, the
kind called flexural buckling, demonstrated by the ruler discussed above. Use
of the term “flexural” when we’re talking about columns can be confusing,
so let’s clarify this. Flexural buckling refers to the lateral bowing of the ruler
as it buckles, taking a shape as if it were being bent, even though only an
axial force is applied to the member. This kind of buckling is covered in
Aluminum Specification Section 3.4.7.1. The axis of buckling is the cross-
sectional bending axis about which the flexure occurs, which will be the axis
with the greater slenderness ratio. Because the effective length factor (k) and
the radius of gyration may be different for the two principal axes, designers
must calculate the slenderness ratio for each axis to determine which is
greater. Many engineers are familiar only with this kind of overall buckling,
which is sufficient for typical closed shapes (i.e., round and rectangular tube).

How else can columns buckle? Another kind of overall buckling is tor-
sional buckling, which is a twisting or corkscrewing of the column. Equal leg
cruciform sections, which are point symmetric, tend to buckle this way. No
lateral displacement takes place along the member length during buckling,
only twisting. The axis of buckling is the longitudinal axis of the member for
torsional buckling. Last, shapes that are not doubly symmetric may buckle in
the overall buckling mode called torsional-flexural buckling, a combination
of twisting and lateral deflection.

A way to treat these buckling modes involving torsion is to replace kL/r
with an “‘effective” kL/r. A method for determining the effective slenderness
ratio (kL/r), for both torsional or torsional-flexural buckling for doubly or
singly symmetric sections is given in Aluminum Specification Section 3.4.7.2.
However, the Specification doesn’t provide a method for determining the ef-
fective radius of gyration for unsymmetric shapes. Also, designers must al-
ready know if a shape is subject to torsional or torsional-flexural buckling in
order to choose which Aluminum Specification Section (3.4.7.1 or 3.4.7.2)
applies.

To clear these hurdles, consult Table 5.2, it shows which shapes are subject
to which modes of overall buckling.
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TABLE 5.2 Overall Column Buckling Modes

Flexural Torsional Torsional-Flexural
Shape Buckling Buckling Buckling
Closed Yes No No
Open—doubly symmetric Yes Yes No
Open—singly symmetric Yes No Yes
Open—unsymmetric No No Yes

Next, you must determine the slenderness ratio for each applicable buck-
ling mode since you know that buckling will occur about the axis with the
highest slenderness ratio. Here’s how:

The equivalent slenderness ratio for torsional buckling (1) is:

Ar?

o

kL C
—) =X, =14/0. + — :
( ; > A =y 00387 + s (5.12)

A, = equivalent slenderness ratio for torsional buckling
area of the cross section
r, = polar radius of gyration of the cross section about the shear center:

S
Il

r,=Vr2+ r+x>+y,? (5.13)

x,, ¥, = distances between the centroid and shear center, parallel to the
principal axes

r., r, = radii of gyration of the cross section about the principal axes
J = torsion constant
C, = warping constant
k, = effective length coefficient for torsional buckling
L = length of the column

The equivalent slenderness ratio for torsional-flexural buckling is ., which
may be solved for by trial and error from the following equation (133):

-G - ]G]
-]
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\. = equivalent slenderness ratio for torsional-flexural buckling

= effective slenderness ratios for flexural buckling about the x and
y axes, respectively

\, = equivalent slenderness ratio for torsional buckling

r, = polar radius of gyration of the cross section about the shear center

(see Equation 5.13)
x,, ¥, = distances between the centroid and shear center, parallel to the
principal axes.

>
>
|

Formulas for the torsion constant (/) and the warping constant (C, ) for several
kinds of shapes are given in the Aluminum Design Manual, Part VI, Table
29. Calculated values for the torsion and warping constants for the Aluminum
Association standard I-beams and channels are not given in the Aluminum
Design Manual, but we have calculated them. You can find them in Appen-
dix B.

The Effective Length Factor (k) The effective length factor (k) is multiplied
by the actual unbraced column length (L) to obtain the length between points
of inflection, or the length of Euler’s pin-ended column. The k factor is a
measure of the restraint against rotation and the resistance to lateral deflection
at the ends of the unbraced length. Figure 5.20 gives k values for various
cases. Aluminum Specification Section 3.2, Nomenclature, requires that k be
taken as larger than or equal to 1 ““unless rational analysis justifies a smaller
value.”

The effective length factor is determined for each kind of overall buckling
(flexural or torsional), based on the restraint to rotation about the axis of
buckling rotation. If the mode of buckling is flexural, k is based on the re-
straint placed on the column ends against bending rotation. If the mode of
buckling is torsional, k is based on the restraint on the column ends against
rotation about the member’s longitudinal axis (twisting and warping).

Deviation from Straight The tests (133) used to establish aluminum column
buckling strengths limited the initial crookedness of the columns to less than
L/1000. For this degree of crookedness, the column strength is 80% of that
of a perfectly straight column. The Aluminum Association allows a mill tol-
erance of L/960 for most prismatic member products in Aluminum Standards
and Data (11), and AWS D1.2 Structural Welding Code—Aluminum (91) has
the same tolerance on straightness of welded members. This slight unconser-
vatism was justified by recognizing that in practice columns idealized as pin-
ended have an effective k of less than 1 due to partial restraint against rotation
at end connections, even though columns idealized as having ends fixed
against rotation are not completely fixed in practice. Beware that Aluminum
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Flexural Buckling {Ref. 9) Torsional Buckling

:‘: 3 { o3 E?%
1
! { / ]
Buckled shape of column ! 1 / i
is shown by dashed line | / )
\ / / !
\ / ]
! /
77”7 mn
Theoretical K value 0.7 1.0 20 2.0 0.5 1.0 2.0

Recommended K value
when ideal conditions 0.65 0.80 1.2 1.0 2.10 2.0

are approximated

Jﬁa Rotation fixed. Transiation fixed. Epd fixed against twist.
Fixed against
itudinat .
nition cod V/ Rotation free Trans!ation fixed. longitudinaf warpage
End condition code End fixed against twist.
? Rotation fixed. Translation free Free to warp.
? Rotation free. Transiation free. ? End free to twist.

Figure 5.20 Effective length factors for centrally loaded columns.

Standards and Data does not require some extrusions, such as T6511 tempers
with wall thicknesses less than 0.095 in. [2.4 mm], to meet the L/960 straight-
ness requirement, so they may require special straightening if used as com-
pression members.

How to Check a Column for Overall Buckling

Example 5.2: What is the overall buckling allowable stress of a 6061-T6
Aluminum Association standard I-beam I 12 X 11.7 (shown in Figure 5.21)
that is 66 in. tall and is braced at midheight against minor axis translation?
Assume the column ends are free to rotate about the major and minor axes
of the section but are not free to twist or warp.

Properties for this shape are tabulated in Appendix B. The first step is to
determine the axis of buckling; this is the axis about which the slenderness
ratio is largest. Torsional-flexural buckling will not occur because the section
is doubly symmetric. You have three axes of buckling to consider:

The major axis slenderness ratio is:

kL (1)(66 in) ;3
r o (5.07in)

The minor axis slenderness ratio is:
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Y

';l - 7.00

! \R—n=o.4o

12.0

J \L
\ C —1

Figure 5.21 Cross section of an Aluminum Association standard I-beam I 12 X 11.7.

kL _ (1[(66 in./2)] _

r (1.65 in.) 20

Since the shape is doubly symmetric, Ar,> = I. + I,. The longitudinal axis
slenderness ratio (equivalent slenderness ratio for torsional buckling) is:

kL I+ 1 256 + 26.9 .
o = Y C = 204 = 18.3 in.
e 0.038J + —— 0.038(0.621) + ———
kL)’ 062D+ 105 6607

So, flexural buckling about the minor axis will occur first because the slen-
derness ratio associated with it, 20, is the largest. From the Aluminum Design
Manual, Part VII, Table 2-21 (see Figure 5.12), where allowable stresses have
been tabulated for 6061-T6, we see that this slenderness ratio is between
slenderness limits S, (0) and S, (66). Thus, the overall buckling allowable
stress is:

20.2 = 0.126 (kL/r) = 20.2 — 0.126 (20) = 17.7 ksi

Keep in mind that this allowable stress might have to be reduced due to the
effect of local buckling, the ‘““insidious” effect we mentioned in Section 5.2.
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You won’t know for sure until you read the paragraph on the potential inter-
action between local buckling and overall buckling in Section 5.2.2.

Some Final Observations An understanding of the column buckling pro-
visions of the Aluminum Specification is very useful in getting the gist of the
specification provisions that follow (Aluminum Specification Sections 3.4.8
through 3.4.21), all of which deal with stresses that involve compression. The
form of these other provisions is very similar to those for columns in that
three regimes of slenderness are identified, and an equation for strength is
given for each of the three.

There’s no magic to the column slenderness limits S; and S,. The formulas
for them are simply the result of solving for the points of intersection of the
yielding and inelastic buckling equations (S;) and the inelastic and elastic
buckling equations (S,), respectively, as shown in Figure 5.16. In fact, the
Aluminum Specification places no limits on slenderness ratios, so it might be
better to call S, and S, slenderness intersections.

The situation with slender columns is mildly disconcerting since their
strength is only a function of the modulus of elasticity. Aluminum’s modulus
is only one-third that of steel and doesn’t vary much by alloy. Made of aero-
space alloy or recycled beer cans, a slender aluminum column is going to
buckle at the same stress, which is about one-third that of a steel column of
the same dimensions. Looking at the bright side, you will see that pining (or
paying) for an exotic alloy is pointless if the column is so slender that a
stronger metal won’t make a stronger column.

As mentioned, the Aluminum Specification places no limit on the slender-
ness ratio for a column. The Steel Specification recommends a maximum of
200, which may be reasonable for aluminum columns also in order to avoid
buckling from unforeseen loads. Allowable stresses for artificially aged alu-
minum alloys with a compressive yield strength of 35 ksi and a compressive
modulus of elasticity of 10,100 ksi (like 6061-T6) for slenderness ratios from
0 to 160 are given in Appendix F.

5.2.2 Local Buckling (Components of Columns)

In Section 5.2, Compression Members, we introduced and defined elements
of shapes and showed examples in Figures 5.6 and 5.7. Local buckling is all
about the buckling of these elements. First let’s talk briefly about individual
elements, and then we’ll discuss how they buckle.

Every plate element has four edges, but the important feature of elements
is what they are attached to along their two longitudinal edges (i.e., parallel
to the direction of the compressive force) (Figure 5.22). Along a longitudinal
edge, an element can: 1) be attached to another element, 2) have a free edge,
or 3) have a stiffener (Figure 5.23). When a plate element is continuously
attached to another plate element along its edge (as, say, a channel’s flange
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Compressive
//i// force

<
/ Longitudinal edge

Transverse edge

Figure 5.22 Edges of a plate element.

joined along one edge to the web), the Aluminum Specification calls that
edge “‘supported.” The AISC and AISI specifications (39, 40) differ from
aluminum terminology by calling such an edge “stiffened.” The Aluminum
Specification instead uses the term stiffener to mean additional material at-
tached to an element that serves to increase the element’s capacity to carry
compressive loads. Such stiffeners may occur along an otherwise free longi-
tudinal edge (an edge stiffener, Figure 5.24a) or between the element edges
(an intermediate stiffener, Figure 5.24b).

Supported edge Free edge Stiffened edge
_\ _\A

LLLLLL J

L

. ]

(a) (b) (c)

Figure 5.23 Plate elements with different edge conditions.
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Edge stiffener Intermediate stiffener \

|
3 a;

]

() (b)
Figure 5.24 Types of stiffeners.

Many configurations of element edge conditions and stiffeners are imagi-
nable (and are used, especially in aluminum, where the extrusion process
makes a great variety of shapes readily achievable). For example, an element
might have one edge supported and the other edge free, or it might have one
edge supported, one edge with a stiffener, and an intermediate stiffener in the
middle of the element. As might be expected, the elements we have design
rules for are only part of this universe, but a significant part. Provisions are
given in the Aluminum Specification for the elements shown in Figure 5.25.

Local Buckling for Poets As we did for overall buckling in Section 5.2.1,
let’s start with an overview of local buckling behavior. Once again, the be-
havior is classified in three regimes of slenderness, but we’ll see that slen-
derness has a completely different meaning when applied to an element than
it did for overall buckling.

First, imagine a stocky flat plate in axial compression, with a thickness (¥)
not much less than its width (b), and supported along one longitudinal edge
(Figure 5.26). The axial load may be increased until the stress in the plate
reaches the compressive yield strength of the material. No buckling occurs
because the plate is so stocky. This regime is illustrated by the leftmost por-
tion of the curve in Figure 5.29, where the element’s strength is the yield
strength of the material.

Next, imagine increasing the width of this plate while its thickness remains
the same (Figure 5.27). Again, an axial load is applied, but this time as the
load increases, the plate buckles just before the average stress reaches yield.
The stress increases at the buckles due to their out-of-plane eccentricity, so
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Unsupported edge free
— Supported along one edge
i
Unsupported edge stiffened
ﬁ
Flat plates
Without intermediate stiffener
L~ Supported along both edges
1]
With intermediate stiffener

- O

Curved plates  Supported along both edges

Figure 5.25 Element edge and stiffener conditions for which the Aluminum Speci-
fication has design provisions.

localized yielding occurs, causing the buckles to remain when the load is
removed. Thus, this mode of failure is termed inelastic buckling of the ele-
ment. While the overall buckling we described in Section 5.2.1 was dependent
on the length of the column, this local buckling of an element depends on
the ratio of its width to its thickness (b/t) and is independent of its length.
The center portion of Figure 5.29 shows the regime in which the onset of
inelastic buckling limits the strength of an element.
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Suppotied edge
Unsupponed edge

Figure 5.26 Stocky plate element exhibiting compressive yield.

Finally, let’s increase the plate width further still and once more load the
plate in compression (Figure 5.28). Again, waves or buckles appear, but this
time the free edge is so flimsy that it buckles well below yield. Near the
supported edge, however, the plate is still sufficiently stiff to support the load.
Because the stress is in the elastic range, the buckles disappear when the load
is removed.

Unlike the ruler loaded as a column that we discussed in Section 5.2.1, a
plate with at least one edge supported is capable of supporting additional load
after the onset of elastic buckling. This capacity is called postbuckling
strength and is illustrated by the rightmost portion in Figure 5.29. When
buckling begins, compressive stresses are redistributed across the width of
the plate, with lower stress where buckling has occurred, and higher stresses
along the supported longitudinal edge, which is held straight and in place
under the load by the edge support. At maximum load, the average stress on
the plate cross section is called the crippling stress.

Postbuckling Strength When designing members with slender elements in
compression, you must first reprogram your outlook toward compression be-
havior. With compact sections, you assume that an axial-compression load
results in a uniform compressive stress in the cross section. The stress then,
is:
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o~

Supportied edge
Unsupponed edge

Figure 5.27 Plate element of intermediate slenderness exhibiting inelastic local
buckling.

P
f= A (5.15)
where:
f = stress
P = load

A = area of the cross section.

In actuality, this is a generalization that is no longer valid if any of the cross-
sectional elements have buckled. Consider the design of indeterminate frames,
for example, where we recognize that regions of greater stiffness attract
greater load. These stiffness principles are equally valid in evaluating the
compressive force on an individual member; it’s just that with a compact
section, sufficiently little difference between the stiffness of the individual
elements exists to bother with this differentiation. Slender elements, on the
other hand, may vary dramatically in their relative stiffness. Stiffness may
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Y

Suppotied edge
Uneupponed edge

Figure 5.28 Very slender plate element exhibiting elastic local buckling.

also vary significantly across the width of an individual element. This is what
we observed in Figure 5.28, where the element is much stiffer near the sup-
ported edge than at the unsupported edge.

In Figures 5.26, 5.27, and 5.28, we looked at the relative slenderness and
corresponding stiffness of an individual element supported along one edge.
Now let’s assemble the cross section of an I-beam by combining several
elements, as shown in Figure 5.30a. The web is a flat plate element supported
along both edges by the flanges, and each flange consists of two flat plate
elements supported along one edge by the web. This shape is drawn with
exaggerated proportions so that it is visually evident that some portions have
greater stiffness than others. When a very small load is applied, it is supported
by the entire cross section. As the load increases, the flanges begin to buckle
along their unsupported edges at a stress level well within the elastic range.
This onset of local elastic buckling, as we saw previously when discussing
an individual element, does not limit the load-carrying capacity of the section.
It does, however, introduce a change in its behavior.

Once buckled, the wavy edges of the flanges are rendered ineffective, and
load is redistributed to the stiffer areas nearer the flange-web junction. The
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condition.
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area of the cross section that is actually carrying load is, thus, reduced. As
the load increases, the buckles extend further across the flanges, and the force
continues to be redistributed to the shrinking effective area. Eventually, the
combination of the reduced effective area supporting an increased load results
in failure of the cross section.

Note that the web might experience elastic buckling rather than the flanges
as suggested by Figure 5.30b, or all of the elements as shown in Figure 5.30c.
It is not a matter of flange behavior versus web behavior, but rather an ap-
plication of the principle that the regions of greatest stiffness attract more of
the load. This redistribution of force has two significant results:

1) It allows the member to support additional load beyond the onset of
elastic buckling

2) It results in a reduced effective section in this postbuckled regime.

While taking advantage of the additional load capacity, we must also remem-
ber to account for the reduced area. We will see that the reduced effective
section in the postbuckled condition may require you to recalculate capacities
that were based on the full cross-sectional properties, including deflection and
overall buckling strength of the column.

What’s This Have to Do With the Aluminum Specification? The three var-
iations on plate slenderness illustrated in Figures 5.26, 5.27, and 5.28 corre-
spond to the three equations for allowable stress given in Aluminum Speci-
fication Section 3.4.8, which addresses flat elements supported along one
edge:

3.4.8(a), for stocky plates, which yield across their full cross section at
failure

3.4.8(b), for plates of intermediate slenderness, which undergo inelastic
buckling when loaded to failure

3.4.8(c), for slender plates, which buckle elastically and are then capable
of supporting additional load until they reach failure at their crippling
stress.

These equations are highlighted in Aluminum Specification Table 3.4-3, re-
produced here as Figure 5.31. They are also shown highlighted in Figure 5.32
evaluated for the 6061-T6 alloy.

The equations used in the Aluminum Specification for plate element
strengths are of the same form as those for columns, but the column slen-
derness ratio L/r is replaced by the corresponding slenderness ratio, b/t, (also
called the aspect ratio) of the plate element. The slenderness ratio for curved
elements is expressed as R/t, where R is the radius to the midthickness of
the curved element, and ¢ is its thickness. A factor placed in front of the b/t
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156 EXPLANATION OF THE ALUMINUM SPECIFICATION

term for flat plate elements reflects the edge support conditions and the com-
pressive stress distribution (uniform stress or varying stress across the width).
For example, for uniform compressive stress, for a plate supported along both
edges the equivalent slenderness ratio is 1.6 b/t, while for a plate supported
along only one edge the equivalent slenderness ratio is 5.1 b/t.

The expression for the strength of stocky plates used in the Aluminum
Specification is the same as for stocky columns (Equation 5.10), since yielding
is not a function of slenderness:

yield strength = F_ (5.16)
where:
F., = compressive yield strength

The expression for inelastic buckling of flat plate components of columns is:

inelastic buckling strength = B, — D, (k b/1) (5.17)
where:
B, = stress at which the flat plate inelastic buckling strength line graphed
versus slenderness (b/f) intersects the y-axis
D, = slope of the flat plate inelastic buckling strength line
k = constant dependent on the support at the edges of the plate.

The expression for elastic buckling in the most slender regime is:

w2 E

elastic buckling strength = (kb/1)?

(5.18)

where:

E = modulus of elasticity

When postbuckling strength is recognized, which is done for some (but not
all) types of elements, the ultimate strength of the element is:

k VB,E
blt

postbuckling strength = (5.19)

where:

k = a constant

E = modulus of elasticity
B, = buckling constant for a plate element
b/t = width-to-thickness ratio of the element.
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The equations for the slenderness regimes are plotted for alloy 6061-T6 in
Figure 5.33. Note that for b/t ratios slightly greater than S,, the postbuckling
curve actually imposes a lower limit on strength than would be predicted by
local buckling (Equation 5.18). This is just an anomaly of the empirical nature
of the equations and has no cosmic significance.

When Postbuckling Strength Is Recognized Table 5.3 lists the Aluminum
Specification sections that address various configurations of plate edge support
and stiffeners for elements that are components of columns. This table also
identifies which Specification sections recognize postbuckling strength and
which do not.

In earlier editions of the Aluminum Specification, postbuckling strength
was not recognized for flat plates supported along one edge under axial com-
pression (for example, the flange of an I-beam). In the 6th edition, post-
buckling strength for such elements was recognized, but only when they occur
in columns whose overall member buckling axis is an axis of symmetry.
(Determining the overall member buckling axis was discussed in Section 5.2.1
above.) The reason for this is illustrated by Figure 5.34a, which shows a
column whose buckling axis is not an axis of symmetry. If postbuckling
strength were recognized, the tips of the flanges could buckle locally and
would no longer be an effective part of the section, shifting the neutral axis
for the remaining section resisting the load. The point of application of the

Yield strength

T / Fey . .
i Inelastic buckling
35 B,-5.1D,b/t

Postbuckling strength
2.27(B,E)®

5.1 b/t

Strength (ksi)
o

15T
1 Elastic buckling
TE
5 -
(5.1 bt)’

Slenderness ratio (b/t)
Figure 5.33 The local buckling equations for columns of alloy 6061-T6.
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TABLE 5.3 Aluminum Specification Sections for Local Buckling of
Components of Columns

Postbuckling
Specification Effective Strength
Number Type of Element Slenderness ~ Recognized?
34.8 Flat plate—one edge supported (in 5.1b/t Yes

a section with buckling axis =
axis of symmetry)
3.4.8.1 Flat plate—one edge supported (in 5.1b/t No
a section with buckling axis #
axis of symmetry)

349.1 Flat plate—one edge supported, one Yes
with stiffener

349 Flat plate—both edges supported 1.6b/t Yes

3492 Flat plate—both edges supported No
and with intermediate stiffener

3.4.10 Curved plate—both edges supported No

Neutral axis of
effective section

1]
u

Axial load remains at

Axial load applied

at neutral axis former neutral axis
Effective section before Effective section after
elastic buckling @ elastic buckling
Q
Buckling axis
—— 1
x - x X - X
| — put |
Axial load applied Axial load remains
at neutral axis at neutral axis
Effective section before Effective section after
elastic buckling elastic buckling
()

Figure 5.34 Comparison of buckling axis to the axis of symmetry for a channel.
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load, however, might not shift—say, if the end connection were bolted—and,
thus, an eccentricity and corresponding bending moment, unaccounted for in
the design, would be introduced.

This situation is avoided in sections that would buckle about an axis of
symmetry because the neutral axis would not shift since equal reductions in
the effective section would take place on either side of the neutral axis (Figure
5.34b). Postbuckling strength may, therefore, be used in designing channels
when overall member buckling would occur about the x-axis of the section
in Figure 5.34b, but not when the y-axis is the buckling axis. Cruciforms
governed by torsional buckling buckle about the longitudinal axis of the mem-
ber, which is not an axis of symmetry for the cross section, and so cannot
realize postbuckling strength, even though the section is symmetric about
other axes.

Factors of Safety Factors of safety for elements of columns, as with overall
column behavior, depend on the slenderness regime. When the slenderness
ratio (b/t for flat elements and R/t for curved elements) is less than or equal
to S,, the factor of safety on yield strength is used (n, = 1.65). The factor of
safety on ultimate strength (n, = 1.95) is used to determine the allowable
stress of elements with a slenderness ratio greater than S, and thereby subject
to buckling.

Appearance Limitations Someone (probably with a degree in architecture)
may find elastic buckling of an element unacceptable for aesthetic reasons,
even though the element is structurally adequate and can safely carry more
load while buckled. In cases where the appearance of buckles must be
avoided, Aluminum Specification, Section 4.7.1, Local Buckling Stresses, can
be used to calculate the buckling stress. Table 4.7.1-1 of the Specification
lists only the elastic buckling strength (F,,) of those elements that have post-
buckling strength recognized in the Specification. For the other Specification
sections, where use of postbuckling strength is not allowed, the appearance
of buckling is inherently avoided. When postbuckling strength is otherwise
allowed but is to be avoided only for reasons of appearance, the factor of
safety against local buckling to be used is given in Specification Table 3.4-1
as n, = 1.2. This does not relieve you from also providing a factor of safety
of 1.95 against postbuckling strength, however. The allowable stress is, thus,
the lesser of:

e

F.= 0, = T2 and (5.20)
Fu _ Fu
F.= ”_u =105 (5.21)

where:
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allowable compressive stress for an element for which the appear-
ance of buckling is to be avoided

local elastic buckling stress (given in Aluminum Specification Table
4.7.1-1)

F, = crippling, or ultimate, strength of an element for which postbuckling
strength is recognized (from Equation 5.19).

F.
F,

Plate Widths and Thicknesses Plate width and thickness definitions would
seem to be fairly straightforward, but let’s not jump to conclusions. The AISC
Specification (39) defines plate widths in Section B.5.1, Classification of Steel
Sections, and the definition varies by the shape of the cross section and the
element in question. For example, the width b of an outstanding flange of an
I-beam is half the full flange width, whereas the width of an I-beam web is
the clear distance between flanges (Figure 5.35). The Aluminum Specification
takes a different approach, defining the width of almost all plate elements as

Steel Aluminum
(AISC) (Aluminum Association)

Thickness for tapered element

Figure 5.35 Comparison of AISC and Aluminum Association definitions of element
width.



5.2 COMPRESSION MEMBERS 161

the width of its flat portion. This may also be understood as the clear width
less any corner radii (Figure 5.35), except that a corner radius deduction is
limited to four times the thickness of the element in question. The only plate
element in the Aluminum Specification for which the width is not the flat
width is a web in shear; here, the width is defined as the clear height, that
is, the distance between the flanges. The corner radii should not be deducted
from this width. This is illustrated in Specification Figures 3.4.18-1 and
3.4.19-1.

The provisions of the Aluminum Specification are based on elements of
constant thickness. However, an average thickness may be used for the thick-
ness of tapered flanges, as shown in Figure 5.35. (See Specification Section
3.2, Nomenclature for ¢. Tapered flanges are used in the old American Stan-
dard channels and I-beams, as well as other shapes that became standard when
shapes were produced by rolling.) Extruding enables designers to vary the
thickness across the width of an element in ways other than a constant taper
(see Figure 5.36 for examples), but the Aluminum Specification does not yet
provide a means of calculating the strength of such an element.

The thickness used in design typically does include the thickness of alu-
minum cladding since the effect of the cladding on strength is accounted for
by using different (slightly reduced) minimum mechanical properties for al-
clad alloy products (see Section 3.2). This approach is different from that
used in AISI cold-formed steel Specification Section A.1.2(f), where thickness
used in design excludes galvanized coatings. For both aluminum and cold-
formed steel, the thickness of any non-metallic coating, such as paint, is not
included in the thickness of an element. And, as for cold-formed steel, when
aluminum sheet metal is bent to form a section, the slight reduction in thick-
ness that occurs at bends due to stretching of the material may be ignored
for purposes of design.

How to Check a Column for Local Buckling

Example 5.3: What are the allowable stresses for the elements of a 6061-T6
Aluminum Association standard I-beam I 12 x 11.7 used as a column?

Figure 5.36 Examples of nonuniform element thickness in extrusions.
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Dimensions for this shape are given in Aluminum Design Manual, Part VI,
Table 11, and shown on Figure 5.21 here. You can divide the cross section
of this I-beam into 5 elements: two for each of the two flanges, and one being
the web. The flange elements are all the same: flat plates supported along one
edge (where they join to the web); these are addressed in Aluminum Speci-
fication Section 3.4.8. The web is a flat plate with both edges supported
(where it joins to the flanges) and addressed in Aluminum Specification Sec-
tion 3.4.9. Thus, you have two unique elements to investigate: flange and
web.

The flat width of each flange element is:

[(7in.) — (0.29 in.) — 2(0.4 in.)]

> = 2.955 in.

The flange-to-web fillet radius is 0.4 in. < 4¢ = 4(0.47 in.) = 1.88 in., so the
entire radius may be deducted from the width. The width-to-thickness, or
slenderness, ratio is:

b 2.955in.
T 047m 0%

Referencing the Aluminum Design Manual, Part VII, Design Aids Table 2-21
(Figure 5.32), which gives allowable stresses for 6061-T6 aluminum, we find,
for Specification Section 3.4.8, that this slenderness ratio is between the slen-
derness limits S; (2.7) and S, (10). (This means the flange strength is based
on inelastic buckling.) The allowable stress for the flanges can be determined
from the equation found in Figure 5.32:

23.1 — 0.79(b/f) = 23.1 — 0.79(6.29) = 18.1 ksi.
The flat width of the web is:
(12 in.) — 2[(0.4 in.) + (0.47 in.)] = 10.26 in.
The flange-to-web fillet radius is 0.4 in. < 4¢ = 4(0.29 in.) = 1.16 in., so the
entire radius may be deducted from the width. The width-to-thickness, or

slenderness, ratio is:

b 10.26 in.
- 020m 238

Referring again to Figure 5.32, we find that, for Specification Section 3.4.9,
35.38 > 33 = §,, so the allowable stress for the web is:
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490 .
b—/l = 13.8 ksi

From Table 5.3, we see that postbuckling strength is recognized in Section
3.4.9, and since the web’s slenderness ratio is greater than S,, the web strength
is a postbuckling strength.

The local buckling allowable stress of the cross section could be conser-
vatively taken as the lesser of the allowable stresses for the flange (18.1) and
web (13.8), or 13.8 ksi. However, a less conservative approach for determin-
ing the allowable stress of the elements of the column, called the weighted
average allowable stress method, is permitted by the Aluminum Specification.

Weighted Average Allowable Compressive Stress Aluminum Specification
Section 4.7.2, Weighted Average Allowable Compressive Stress, permits an
alternate calculation of local buckling strength, recognizing the nonuniform
distribution of stress in the cross section. This method determines the local
buckling allowable stress as the weighted average allowable stress for the
individual elements, where the allowable stress for each element is weighted
in accordance with the ratio of the area of the element to the total area of the
section. Perhaps a simpler way of understanding this is to consider it to be a
method by which the strength of each element is calculated, and the strength
of the section is taken as the sum of the strength of the elements.

The weighted average allowable stress is determined by the following
equation:

A F,+AF,+~+A,F

F, = 5.22
" (5.22)
where:
A, = area of element i
F ., = allowable stress of element i
A = area of the cross section (= A, + A, + = + A)),
F ., = the weighted average allowable stress.

The weighted average method may be applied to elements of any slenderness
and is illustrated as a continuation of Example 5.3.

Example 5.4: What is the weighted average allowable stress for the I-beam
of Example 5.3 above?

The allowable stress for the flange was determined in Example 5.3 to be
18.1 ksi, and the allowable stress for the web was 13.8 ksi. The area of the
flanges is:



164 EXPLANATION OF THE ALUMINUM SPECIFICATION
2(7 in.)(0.47 in.) = 6.58 in?
The area of the web is:
(0.29 in)[12 — 2(.47)] in. = 3.21 in?
The weighted average allowable stress is:

 (18.1)(6.58) + (13.8)3.21) .
Fo = 658 + 3.21 = 167 ksi

This value is 21% higher than the 13.8 ksi stress obtained by using the
minimum of the flange and web allowable stresses.

As we mentioned previously and the above examples illustrate, the local
buckling strengths are only a function of the dimensions of the member cross
section, not its length or end supports. Therefore, you can determine local
buckling strengths for cross sections and tabulate them for convenience.
We’ve done this for you in Appendix D for Aluminum Association Standard
I-beams and Aluminum Association Standard channels.

Effective Width Another approach for determining the postbuckling strength
of sections is the effective width method. Aluminum Specification Section
4.7.6 employs only the effective width method to compute the deflections of
sections with very slender elements. We’ll see that this usually is not a con-
cern with extrusions.

The effective width method is required in the AISI’s cold-formed steel
Specification to determine both stresses and deflections for light-gauge steel
design, whereas the Aluminum Specification uses the much simpler weighted
average approach to calculate allowable stress. The steel approach requires
that you know the stress in an element to calculate its effective width. To
know the stress, however, you must already know the effective width of each
element in order to calculate the section’s properties. Consequently, the pro-
cedure is iterative.

While the weighted average method is simpler and gives results for strength
similar to those of the effective width method, it does not afford a way to
calculate deflections in the postbuckled regime. The effective width method
must, therefore, be used to calculate deflections of members with elements in
the postbuckled condition, but the Aluminum Specification avoids the iterative
process because the stress at design loads is already given by the weighted
average method. Aluminum Specification Section 4.7.6 obtains the effective
width of an element by solving in terms of the calculated stress:

b, = b\/F,If. (5.23)

where:
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b, = effective width of an element
b = width of the element
F ., = elastic (local) buckling stress for the element (calculated per Alu-
minum Specification Section 4.7.1, also given here in Table 5.4
f. = compressive stress on the element.

By using this equation to determine the dimensions of the reduced effective
area, you can calculate the section properties in order to determine deflections
in the postbuckled condition.

As we discussed earlier, postbuckling strength and the associated reduced
effective section are considered only when the slenderness ratio of an element
is greater than S,. Deflections of sections with stockier elements will be ac-
curately predicted by the weighted average method. When the slenderness
ratio of any element in a section is above S,, however, some of this element
may be buckled and rendered ineffective before the allowable load is reached.
This reduction in effective area will result in greater deflections than would
be predicted using the full section properties.

Aluminum extrusions usually do not contain these very slender elements
because the extrusion process is generally unsuited for producing them. For
example, the greatest width-to-thickness ratio for a web of any Aluminum
Association Standard channel or I-beam is about 35, just slightly greater than
33, the S, lower limit for elastic local buckling of 6061-T6 elements. Fur-
thermore, the S, limits for the flanges are not exceeded in these standard
channels and I-beams when extruded in 6061-T6 and 6063-T6 alloys. There-
fore, limits on width-to-thickness ratios for extruded elements are not usually
a concern.

On the other hand, sections made by bending or roll-forming sheet may
readily be fabricated with extremely slender elements (Figure 5.37). Conse-
quently, when aluminum formed-sheet sections are used with elements having

TABLE 5.4 Elastic Local Buckling Stresses for Elements

Aluminum Specification Section Elastic Local Buckling Stress (F.,)
w? E
4.8, 34.1 F =—
48 341 “ (5.1b/1)
w E
4.9, 34.1 F o =——_
349, 3416 " (1.6b/1)
(n’ 3 FL')z
3.49.1, 3.4.16.2 ==
F,
w E
4.1 Fo=_T=
3418 “ (0.67Th/1)?
2E
3.4.19 T

= (0.29K/1)
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fl?it"ﬁcul’( to have metal Any thickness
ow through such a /— can be used

narrow siot in the die——\

J

Extrusion Cold-formed sheet section

Figure 5.37 Practical limits on element slenderness of extruded and cold-formed
shapes.

width-to-thickness ratios exceeding the S, slenderness limit, you should do
calculations (based on the effective width method) to assure that deflections
are not excessive. An example of this is included in Section 10.1, Cold-
Formed Aluminum Construction.

The Aluminum Specification does not impose an upper limit on the slen-
derness ratio for elements. AISI cold-formed steel Specification Section B1,
however, limits the width-to-thickness ratio for cold-formed steel sections to
a maximum b/t of 200.

Interaction Between Local Buckling and Overall Buckling A subtle but

potentially dangerous effect that must be guarded against is an interaction
between local buckling and overall member buckling. This is another situation

Figure 5.38 Extruded shape with stiffeners.
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that arises from the reduced effective area in the postbuckled condition. The
elastic buckling of some portions of the cross section results in greater stress
in the remaining area, thereby making the column more susceptible to overall
buckling.

Aluminum Specification Section 4.7.4, Effect of Local Buckling on Col-
umn Strength, accounts for the interaction between local buckling and overall
buckling. You’re probably wondering: when do I need to worry about this?
First, the interaction is potentially a problem only for shapes containing ele-
ments for which postbuckling strength is recognized. (You can tell if it is by
consulting Table 5.4.) Second, the element with postbuckling strength rec-
ognized must be more slender than the S, slenderness limit, since it’s only
then that the postbuckling strength kicks in. These requirements help narrow
the field of consideration a bit. The final requirement for the interaction to
govern is that the elastic buckling stress of an element must be less than the
overall column buckling stress.

Example 5.5: Check the effect of local buckling on the strength of the col-
umn considered in Examples 5.2, 5.3, and 5.4.

Let’s start by asking whether it’s possible that the interaction could limit
the overall column strength. We see from Table 5.4 that the web does have
postbuckling strength recognized and a slenderness ratio of 35.38, which is
greater than S, = 33. Having determined that this shape both utilizes post-
buckling strength and is in the postbuckling slenderness regime, we need to
check whether the onset of buckling occurs before the column reaches its
overall allowable buckling stress (F,). We calculated F, in Example 5.2 as
17.7 ksi. The criteria that must be satisfied in order for the interaction to be
checked is given by Aluminum Specification Equation 4.7.4-2:

I;— <F. (5.24)

u

where:

n, = factor of safety on ultimate strength = 1.95
F., = local buckling stress of the web, (from Table 5.4).

w2 E w2 (10,100) .
F = = =31.1k
 (1.6b/1)*  [1.6(35.38)]2 ks

Since (31.1 ksi)/1.95 = 15.9 ksi < 17.7 ksi, we need to calculate F,. the
allowable stress for a column with buckled elements, using Aluminum Spec-
ification equation 4.7.4-1:
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(F ‘)1/3 (F.)2/3
= n—

u

F

rc

w E w2 (10,100) .
here: F,.= = = 249 k
where « = WLiry 0 9 ksi

So:

b (2497 3L
e 1.95

= 31.9 ksi

Since F,. = 31.9 ksi > 17.7 ksi = F_, the interaction does not govern and
the overall column allowable compressive stress is 17.7 ksi. We can now
compare the overall allowable stress (17.7 ksi) to the allowable stress of the
elements (by the weighted average method used in Example 5.4, 16.7 ksi)
and use the lesser of these (16.7 ksi) as the allowable stress for the column.

Stiffeners In Table 5.3, we listed Aluminum Specification Sections 3.4.9.1
and 3.4.9.2 that deal with stiffeners. You can just plug and chug on these
provisions with no further thought if you prefer. If you’re curious about how
they work, the next two paragraphs are for you.

Specification Section 3.4.9.1 addresses flat plates with one edge supported
and the other with a stiffener (Figure 5.23c). The allowable compressive stress
F. is the lesser of:

F,,
F = n' and FC:FUT+(FST_FUT)pST

c
y

where:
F., = compressive yield strength
F,; = allowable stress for the element calculated according to Specifica-
tion Section 3.4.8 as if no stiffener were present
Fg, = allowable stress for the element calculated according to Specifica-

tion Section 3.4.9 as if the element were supported along both lon-
gitudinal edges

psy = ratio dependent on the radius of gyration of the stiffener and the
slenderness ratio of the element stiffened, determined as:
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psr = 1 for b/t = §/3
b= ——S5 =10 for S/3 < bit =< S

or (2111

S 3

b= ————35—— =10 forS<blt<2S

1.5t blt +3

' S
where:
r, = radius of gyration of the stiffener about the midthickness of the ele-

ment being stiffened
b = width of the element being stiffened
t = thickness of the element being stiffened

| E
S = 1.28 Jak a slenderness limit
cy

The approach is to calculate the radius of gyration of the stiffener about the
midthickness of the flat plate being stiffened and use it to calculate a ratio
(psy) that ranges from 0 to 1.0. Next, calculate the strength of the flat plate
as the strength of a flat plate without an edge stiffener (using Specification
Section 3.4.8, like Figure 5.23b) plus the ratio py, times the difference be-
tween the strength of an unstiffened plate and a plate supported on both edges
(using Specification Section 3.4.9, like Figure 5.23a). The allowable stress for
the element being stiffened also cannot exceed the allowable stress for the
stiffener itself, which is calculated in accordance with Specification Section
3.4.8 since it’s an element supported on one edge, with the other edge free.

For the alloys and tempers in Aluminum Specification, S ranges from 17
for the strongest alloy (2014-T6, with F_, = 59 ksi [405 MPa]) to 43 for the
weakest alloy (Alclad 3003-H12, with F_, = 9 ksi [62 MPa]). S is 21.7 for
6061-T6, for which F,, = 35 ksi [240 MPa].

When is a plate a stiffener and when is it an element? In other words, at
what point is a stiffener so big that it becomes an element? Figure 5.39
illustrates the problem. While it seems clear that the plates attached to the
tips of the flanges in Figure 5.39a are stiffeners, it seems equally clear that
the plates at the tips of the flanges in Figure 5.39c are webs in their own
right, qualifying the flange as supported on both edges. In Figure 5.39b, this
isn’t quite so clear. Are those things at the ends of the flanges stiffeners or
elements?

The answer is: If the stiffener length (D,) exceeds 80% of the width of the
element being stiffened (b), you can’t apply Specification Section 3.4.9.1 be-
cause its limit of applicability is D, /b = 0.8. In such a case, you could
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Stiffener Element or stiffener? Element
(a) b) (c)

Figure 5.39 When is a plate an element, and when is it a stiffener?

conservatively treat the flange as supported on only one edge and disregard
any stiffening effect of the long stiffener, but the Specification doesn’t offer
a way to check the stiffener because you can’t even be sure that it’s supported
on one edge, so it might buckle. This might not have any concrete effect on
the strength of the section, but it wouldn’t inspire much confidence in on-
lookers.

Specification Section 3.4.9.2 addresses flat plates with both edges sup-
ported and an intermediate stiffener (Figure 5.24b). This situation is handled
by calculating an equivalent slenderness ratio for the stiffened flat plate (\,)
based on the area and moment of inertia of the stiffener:

Figure 5.40 A built-up aluminum beam. (Courtesy of Conservatek Industries, Inc.)
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1+ A/bt
+ V1 + 10.67 /b8

N, = 4.62(b/1) \/1

where:

S
|

= area of the stiffener

I, = moment of inertia of a section composed of the stiffener and one-
half the width of the adjacent plate sub-elements, taken about its
neutral axis

= one-half of the width of the element being stiffened

t = thickness of the element being stiffened.

S
|

Notice that the area of the stiffener is defined differently in the determination
of I, than it is in calculating A, and that b is half the width of the element
being stiffened, the distance from the stiffener to a supported edge. Also, as
the area of the stiffener approaches zero, I, approaches br*/12, which results
in A, = 3.0b/t. This is reassuring since the slenderness of an element with a
width 2b and supported on both edges is 2(1.6b/t) = 3.2b/t.

A Final Observation If only one thing stands out from this section, it should
be that while columns cannot support additional load once they experience
overall buckling, they can have additional strength after elements of their
cross section have undergone local buckling. The reason is that elements are
supported along at least one edge by virtue of their being a part of a section,
and this support remains even when a portion of the element buckles. Taking
advantage of the postbuckling strength of elements requires designers to ex-
pend considerable additional effort, but it can yield the reward of higher
design strengths.

5.3 MEMBERS IN BENDING

Just as the term column was used as shorthand for any member in axial
compression, beam is the term used as an abbreviation for a member in bend-
ing. Used in this sense, a beam need not necessarily be a horizontal member
between columns in a building frame; it can be any member subjected to
loads acting transverse to its longitudinal axis.

Bending is associated with three different types of stress in a beam: tension
on one side of the neutral axis, compression on the other, and shear. Since
we’ve already discussed axial tension and compression in previous sections,
we’ve already established some understanding of how aluminum beams are
designed. So armed, let’s tackle each of these stresses as they act on beams.

5.3.1 Bending Yielding and Fracture

The limit states for bending tension are the same as those for axial tension:
fracture and yielding. In other words, we don’t want the beam to break or
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sag excessively by yielding, so we need to determine the bending moments
that will cause these to occur.

For aluminum as for steel, we assume that plane sections through the beam
remain plane during bending. The strain in the cross section, thus, varies
linearly with distance from the neutral axis no matter what moment is applied.
Within the elastic range, the bending stress at any point in the cross section
is, then, also a linear function of the distance of that point from the neutral
axis. The elastic bending stress is:

where:

f, = bending stress at a point in the section
M = bending moment

x = distance from the point to the neutral axis

I = moment of inertia of the net section about the bending axis.

The maximum tensile stress occurs at the most distant point in the section
(extreme fiber) on the tension side of the neutral axis of the beam and is
calculated by the expression:

where:

¢, = distance from the point in the section that is farthest from the neutral
axis on the tension side of the axis to the neutral axis.

This neat, linear arrangement of stress is upset when the extreme fiber stress
exceeds the yield strength. Since the strain remains a linear function of dis-
tance from the neutral axis, the stress distribution plotted versus depth has
the same shape as the stress-strain curve. The moment that can be resisted is
equal to the force resultant of the stress distribution times the distance be-
tween the force resultants (Figure 5.41). The shape of the stress-strain curve,
thus, helps determine the bending moment that can be resisted once the ex-
treme fiber stress exceeds the yield stress.

When the extreme fiber stress reaches the yield stress, yielding across the
entire cross section is prevented by the material closer to the neutral axis,
which is at a lower strain and, consequently, at a lower stress. Similarly, when
the extreme fiber stress reaches the tensile ultimate stress, fracture across the
whole section is prevented by the material closer to the neutral axis and,
therefore, at a lower stress. So, the actual yield and fracture limit state
strengths are also a function of the distribution of the material of the cross
section about the neutral axis.

Concentrating the material of a cross section away from the neutral axis
increases the section’s moment of inertia, thereby decreasing the extreme fiber
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Figure 5.41 Stress and strain diagrams for a section stressed beyond yield at the
extreme fiber.

stress. Thus, if an I-beam and a solid rectangular bar of the same area and
depth are subjected to identical bending moments, the I-beam will have a
lower extreme fiber stress. It will require a greater bending moment, then, to
cause the extreme fiber of the I-beam to yield than for the bar. Upon reaching
yield of the extreme fiber, however, more of the I-beam’s cross section will
be near the yield stress because its area is concentrated near the extreme fiber.
The rectangular bar, having more of its area distributed near the neutral axis,
has more reserve strength beyond yield of the extreme fiber than the I-beam
does. Although concentrating the area of a cross section away from the neutral
axis increases the moment capacity at the extreme fiber yield stress, it also
decreases the reserve moment capacity beyond extreme fiber yield.

The shape factor accounts for the effect of the shape of the cross section,
as well as the shape of its stress-strain curve. There’s a shape factor for
yielding and another for fracture. The shape factor for yielding is the ratio of
the moment at which the section is fully yielded to the moment at which
initial yielding occurs. Similarly, the shape factor for fracture is the ratio of
the ultimate moment the section can support to the moment at which the
extreme fiber stress first reaches ultimate strength.

The Aluminum Specification takes advantage of shape factors by recog-
nizing different strengths for different beam shapes. For example, the allow-
able tensile stress for an I-beam bent about its strong axis is F,,/n,, while the
allowable tensile stress for a rectangular bar is 1.3F ,y/ n,. If you"re accustomed
to the Steel Specification, you’ve been using similar factors, although it’s a
little less obvious there. For compact steel sections, the allowable tensile stress
for I-beams bent about the strong axis is 0.66 F,, while for bars, it’s 0.75 F,.
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The factor of safety and the shape factor have all been rolled into one number
for steel, but the idea is the same. A more direct comparison of the aluminum
and steel specifications can be drawn from Table 5.5. Aluminum’s stress-strain
curve is slightly different from that of steel, so we don’t expect the effect of
shape factors used for the two materials to be identical, but it is similar.

The shape factor for an I-beam depends on the dimensions of the section,
but it is greater than 1.0 for practical I-shapes. For hot-rolled steel, the di-
mensions of I-beam shapes are limited to the standard shapes. This enables
steel designers to calculate and use a shape factor for steel I-beams, which
accounts for the difference in allowable stress for steel in axial tension (0.6F))
and bending tension (0.66F)). In aluminum, however, anyone who can afford
several hundred dollars for a die can employ I-beam shapes other than the
standard shapes appearing in the Aluminum Design Manual. Consequently,
the Aluminum Specification does not use a shape factor greater than 1.0 for
I-shapes.

Because the ultimate strength of aluminum alloys can also govern bending
capacity, additional checks are required for aluminum beams against ultimate
strength. A summary of the aluminum requirements for both yielding and
fracture is given in Table 5.6. These expressions are obtained from Aluminum
Specification Table 3.4-3, which is reproduced and highlighted here as Figure
5.42. Values for alloy 6061-T6 from Aluminum Design Manual, Part VII,
Table 2-21, are highlighted in Figure 5.43. For beams that don’t buckle (such
as a compact shape bent about its weak axis), yielding is the only compressive
limit state. In the Aluminum Specification, compressive yielding is treated in
the same way as tensile yielding, except the compressive yield strength (F.),
rather than the tensile yield strength (F))), is used in the calculation of bending
strength.

Weighted Average Tensile Stress in Beams Aluminum Specification Section

4.7.3 allows the weighted average allowable stress method (described earlier
in Section 5.2.2 for compressive stress) to be applied to the tensile flange of

TABLE 5.5 Comparison of Aluminum and Steel Shape Factors

Steel Allowable Aluminum Allowable
Shape Stress Stress on Yielding

I-beams and channels bent

about strong axis 1.1 (0.6F,) = 0.66F, 0.61F,
I-beams bent about weak axis,

rectangular plates, solid

bars 1.25 (0.6F)) = 0.75F, 0.79F, = 1.3 (F,/1.65)
Rectangular tubes 1.1 (0.6F,) = 0.66F, 0.61F, = 1.0 (F,/1.65)
Circular tubes 1.1 (0.6F,) = 0.66F, 0.71F, = 1.17 (F,/1.65)

1.0 (F,/1.65)
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TABLE 5.6 Allowable Stresses for Aluminum Beams

Compressive Tensile Tensile
Shape Yielding' Yielding Fracture?
(Aluminum Specification Section Number Shown Below)
Structural shapes bent about F.In, F./n, F, lkn,
strong axis 34.11 342 34.2
Shapes bent about weak axis, 1.30 F_ /n, 1.30 F, /n, 142 F, /k,n,
rectangular plates, solid 34.13 344 344
bars
Rectangular tubes F./n, F,/n, F,lkn,
34.14 342 342
Round or oval tubes 1.17 F/n, 1.17 F/n, 1.24 F, /k,n,
3.4.12 343 343
Notes

"For compression in beams, buckling must also be checked.
2k, is the coefficient for tension members that factors for notch sensitivity. See Aluminum
Specification Table 3.4-2.

beams. For example, the weighted average tensile bending stress for trape-
zoidal formed-sheet beams can be calculated (Figure 5.44). For this purpose,
the flange is defined as the actual flange and that portion of the web farther
than two-thirds the extreme fiber distance (c,) from the neutral axis. At mid-
span between roof purlins, a cross section of the beam is as shown in Figure
5.45. The allowable stress for the actual flange (segment bc on Figure 5.45)
may be calculated from Specification Section 3.4.2 (for which the shape factor
is 1.0), and the allowable stress for the web portion of the flange (segments
ab and cd on Figure 5.45) may be calculated from Specification Section 3.4.4
(for which the shape factor is 1.3 on yield and 1.42 on ultimate strength).

When the applied load tends to deflect the beam’s tensile flange toward
the neutral axis (also called flange curling, as shown in Figure 5.46), the
ability of the beam to carry moment is diminished. To address this, the Alu-
minum Specification limits the allowable stress for the tensile flange to the
magnitude of the allowable compressive stress for the same flange if it were
in compression. This will govern only if the tensile flange is wider than the
compression flange.

5.3.2 Bending Buckling

If the compressive stresses due to bending cannot cause buckling of the beam,
they can be dealt with in the same way as tensile bending stresses, as we
noted above. Once buckling rears its ugly head, however, it’s a whole new
ball game. But how do we know when buckling can occur? Just as for axial
compression, there are two areas of concern in bending compression.
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Figure 5.46

Figure 5.45

Figure 5.44 Continuous load applied over multiple spans to a trapezoidal formed-
sheet beam.

The first is overall buckling of the beam as a member. This is called lateral
or lateral torsional buckling. In this failure mode, the material on the com-
pression side of the neutral axis buckles laterally. Meanwhile, the tensile force
on the tension side of the bending axis tends to hold the tension flange
straight. The net effect is a combination of lateral displacement and twisting
(torsion). An example is an I-beam bent about its strong axis (Figure 5.47).

The second type of buckling that can affect a beam is local buckling, which
occurs when an element of the beam is slender enough to buckle under the
compressive stress imposed on it by bending. (In the Aluminum Specification,
elements of beams are called components of beams.) An example is local
buckling of the flange of an I-beam due to the nearly uniform compressive
stress acting on it (Figure 5.48). These buckles are considered to be local
because they occur over a length roughly equal to the width of the element.
As you might expect, the strength of elements of beams that are under es-

Load

lHHHHHHHHHHHHHHH

Neutral axis  ©of neutral axis

Deflected shape of tension flange

Figure 5.45 Cross section of a trapezoidal formed-sheet beam at midspan, where the
bottom flange is in tension.
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Load

R AR R AR AR RARARAY

—T Neutral axis Tension flange curling toward
neutral axis under load

Figure 5.46 Cross section of a trapezoidal formed-sheet beam at an interior support,
where the loaded (top) flange is in tension.

sentially uniform compression, like the flange of an I-beam bent about its
major axis, is very similar to the strength of elements of columns.

Just as we did for axial compression, we must check the possibility of both
types of buckling—overall and local buckling—for a given member. The
possibility of local buckling isn’t a quirk unique to aluminum. It’s just that
the Aluminum Specification addresses the full spectrum of element slender-
ness, unlike the Steel Specification, which places limits on the ratios of width
to thickness of elements and then relegates exceptions to an appendix (B).
All cross sections, regardless of how slender their component elements, may
be designed with the Aluminum Specification. Now we’ll show how.

Lateral Buckling Lateral buckling can occur only if the beam in question

has a cross section with a larger moment of inertia about one principal axis
than the other, and the beam is bent about the axis of the greater moment of

Load

Initial v
position\_

Buckled —_|_~/<
position /

L

~

~.

Deflected shape Section at midspan

Figure 5.47 Lateral buckling of an I-beam. Note that lateral displacement of the
compression flange results in twisting of the section.
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Deflected shape

Figure 5.48 Local buckling of the compression flange of an I-beam.

inertia. For example, a wooden 2 X 4 spanning between two points of support
and laying on the 4-inch face won’t buckle no matter how much load you
apply (Figure 5.49). There is no position it can assume with respect to bending
that would be more stable than its initial orientation. Stand it up on the 2-
inch face, however, and you can load it to the buckling point fairly readily.
Similarly, round tubes cannot buckle laterally under bending moment because
their section modulus is the same about a vertical or a horizontal axis. (For
this reason, the Aluminum Specification bending strengths for round tube

Lateral buckling Lateral buckling
cannot occur can occur

Figure 549 A 2 X 4 subject to bending about each of its principal axes.
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beams are independent of the length of the beam; see Specification Section
3.4.12))

Once you deal with the cases where overall buckling need not be consid-
ered, you have to consider situations where it can occur. After all, you're
more likely to place a beam so that it is bent about its strong axis since the
beam has a greater moment of inertia to resist loads this way. Lateral buckling
strengths can be more conveniently expressed if the type of beam shape (I-
beam, rectangular plate, or box section) is given. The Aluminum Specifica-
tion, therefore, provides separate expressions for each of these cross-sectional
shapes and summarizes them in Specification Table 3.4-3. This table is re-
produced here as Figure 5.50 with the lateral buckling portions highlighted.
The form of the equations for 6061-T6 is highlighted in Figure 5.51.

As mentioned above, the provisions for round tubes (Specification Section
3.4.12) are not a function of the length of the beam because these shapes do
not buckle laterally. The other provisions (Specification Sections 3.4.11, 13,
and 14) are a function of beam length since these shapes can buckle laterally.
The beam length to be used in calculating beam buckling strength is denoted
L, in the Aluminum Specification, just as for hot-rolled steel. L, is the length
of the beam between points of lateral support of the compression flange or
restraint against twisting of the cross section (not the length of the compres-
sion flange between points of inflection).

You can stop at this point, use these provisions just as they appear in
Aluminum Specification Sections 3.4.11, 13, and 14, and skip ahead to local
buckling of beam elements. However, doing so will be conservative, espe-
cially when:

1) The bending moment near the middle of the unbraced segment is less
than the maximum moment in the segment

2) L,/r, is greater than about 50 for single web beams

3) The transverse load acts in a direction away from the shear center of
the beam. An example of this is shown in Figure 5.52. Here the load
tends to counteract the lateral buckling.

If, on the other hand, you