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ABSTRACT

The tensile deformation behavior and formability of 
Weldalite™ 049 sheet, a high strength, aluminum-copper- 
lithium alloy designed for launch vehicle applications, were 
evaluated as a function of tempering condition, orientation, 
and strain rate. Data were obtained for samples in the T3, 
T4, Reversion, as-quenched (W), annealed (0), T6, and T8 
conditions and 2014-0 (annealed). Tensile data were 
evaluated to determine yield strengths, ultimate tensile 
strengths, total elongations, strain hardening exponents, and 
strain rate sensitivities. The extremes in tensile 
properties are represented by the W and T8 tempers which 
exhibited the following respective properties : UTS - 310 MPa
versus 637 MPa, total ductility - 27% versus 2%, and strain 
hardening exponent - 0.37 versus 0.03, respectively.

The formability of the sheet in the T3, T4, Reversion 
and W tempers and 2014-0 was evaluated with semi-guided 90° 
bend tests to determine the minimum bend radii. A It minimum 
bend radii was achieved with both the W and Reversion tempers 
and 2014-0 sheet, at sheet thicknesses of 1.6 mm and 3.2 mm. 
The T3 and T4 tempers resulted in minimum bend ratios of 2t- 
3t depending on orientation.
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Punch-stretch testing was also performed on the T3, T4, 
Reversion and W tempers and 2014-0. Circle gridded samples 
were stretch formed on a limiting dome height system and 
forming limit diagrams were constructed from an analysis of 
the deformed circles. Limiting dome heights were determined 
from testing a variety of specimen widths (25 - 2 03 mm) and 
the results were used to establish the plane strain condition 
which occurs at the minimum punch height. The W temper had 
the greatest minimum punch height of 27 mm while the T4 was 
only 17 mm. Forming limit diagrams were also created 
indicating the limiting strains that sheet metals can sustain 
over a range of major-to-minor strain ratios. The W temper 
had the highest level curve of all the forming limit diagrams 
and showed the highest strain levels ranging from a uniaxial 
to biaxial stress state. The Reversion temper had the next 
best stretch forming capability with a minimum forming strain 
on the forming limit diagram of 16% major strain as compared 
to 20% for w and 10% for T3 and T4.

Overall, the Weldalite™ 049 - W temper had the best 
formability under all the tested forming conditions. The 
Reversion temper had the next best formability followed by 
the 2014-0 aluminum, then T3 and T4 tempers.
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1.0 INTRODUCTION

Aluminum alloys have been used extensively in the 
aircraft and aerospace industry due to their combined 
characteristics of excellent strength and light weight.
Recent developments in aluminum technology have included the 
addition of lithium to aluminum alloys which results in a 
major reduction in density, additional precipitation 
hardening capacity, and a significant increase in elastic 
stiffness (1). Space and aircraft applications can increase 
payload mass by decreasing structural weight through the use 
of aluminum-lithium alloys. Much work has been done in the 
development of these new aluminum-lithium alloys to enhance 
strength and fracture toughness (2-7), but little is known 
about the forming characteristics of these materials.
Aluminum alloys, in general, do not have the forming traits 
of steel alloys ; therefore, the introduction of even higher 
strength aluminum alloys necessitates the evaluation of their 
formability.

Weldalite™ 04 9 is the most recently developed aluminum- 
lithium alloy (8), and is currently registered with the 
Aluminum Association as X2094 and X2 0 95 (designation depends 
on copper content). While extensive analyses of the 
microstructure and properties of Weldalite™ 04 9 have been
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completed (9-16), evaluation of the effects of processing on 
formability is limited. In this study, the formability of 
Weldalite™ 04 9 sheet was evaluated as a function of tempering 
condition (17). The formability was analyzed with sheet 
tensile tests to determine ductility and deformation 
behavior, bend tests, and punch-stretch (modified limiting 
dome height) tests.

A brief review of the aluminum-lithium alloy system is 
presented along with a basic description of various forming 
conditions and processes. A detailed description of the 
formability tests performed and evaluations for Weldalite™
049 aluminum-lithium alloy and 2014-0 aluminum alloy sheet 
(which was used as a baseline) follows.

1.1 History of Aluminum Alloys
Aluminum alloys have had wide-spread use throughout 

history due to their unique combination of properties and 
light-weight characteristics. Aluminum also has good 
electrical and thermal conductivity, high reflectivity, and 
excellent corrosion resistance in various environments (18- 
20). It can be cast, rolled, extruded or forged and worked 
into almost any form with a variety of service conditions.
The combination of all these outstanding properties explains 
why aluminum alloys have come to be of prime importance as 
engineering materials.
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The selection of a material for a specific application 
depends upon the requirements of the finished product. For 
structural use, the strongest alloy that meets .the minimum 
requirements for properties such as corrosion resistance and 
ductility or toughness, is usually selected if it is cost- 
effective. The continuing pursuit for cost-effective 
solutions to materials problems remains the driving force for 
alloy development.

Aluminum is alloyed with a large number of elements to 
obtain a variety of properties (18-22). For example, 5XXX 
series aluminum alloys are aluminum-magnesium alloys, many of 
which have been developed as finishing and decorative alloys. 
These alloys have a wide range of strength, good forming and 
welding characteristics and a high resistance to corrosion. 
Applications do include appliances, chemical storage vessels 
and coiled tubes. The aluminum-copper alloys (2XXX series) 
produce considerable solid-solution strengthening and, with 
appropriate heat treatment, can provide enhanced strength 
capabilities. The 2XXX alloys are used extensively in the 
aerospace industry due to their high strength, good 
weldability, enhanced fracture toughness, and superb 
properties at cryogenic temperatures, such as with alloy 2219 
(23). A variety of forming techniques can readily be applied 
to these alloys while retaining their high strength features.
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Combinations of zinc and magnesium in aluminum are used to 
produce the 7XXX series of aluminum alloys. Strengthening 
occurs by precipitation reactions during aging after solution 
heat treatment and quenching. Again, various forming methods 
are used with these alloys to manufacture truck, railroad, 
and trailer parts, missiles and aircraft structures. As can 
be seen with the aforementioned brief introduction to a few 
aluminum alloy systems, aluminum alloys are widely used 
throughout industry due to their flexibility and wide range 
of benefits.

1.2 Use of Aluminum Alloys in Aerospace Applications
Since the 1930s, modern aircraft have been built almost 

universally from aluminum alloys. Since their introduction, 
these alloys have undergone steady, incremental improvements 
driven by engineering needs for high strength combined with 
resistance to fracture, fatigue, and corrosion. Recently, 
additional changes have resulted due to two factors. The 
first was the increase in oil prices during 1970-1980 that 
made the need for light-weight alloys for transportation 
vehicle structural components even more critical. The second 
factor to challenge the traditional alloys was the 
development of totally novel competitive materials. The most 
important has been fiber-reinforced polymeric materials using 
the high-strength, non-metallic fibers developed in the last
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10 to 25 years, particularly graphite and the polymeric 
aramid fibers such as "Kevlar" (21). Other competitive 
materials are the lighter, but weaker, magnesium alloys and 
the heavier, but stronger, titanium alloys.

As shown in Figure 1, the major material utilized in two 
very different aircraft structures is aluminum. Specifically, 
a light-weight fighter is manufactured with 71% aluminum 
while a large commercial transport consists of 7 9% aluminum, 
the very similar use of materials on these aircraft is

4% 3% Composites

71%
Aluminum

79%
Aluminum

Titanium

Lightweight Fighter 
(Northrop F-20A)

Large Commercial Transport 
(Boeing 757)

Figure 1: Material Distribution Based on Percent of
Structural Weight for a Light-Weight Fighter 
(Northrop F-20A) and a Large Commercial Transport 
(Boeing 757) (24)
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interesting despite their very different roles. Another 
example of aluminum alloys in aerospace is in the area of 
space launch vehicles (24). Launch vehicle tankage often 
utilizes either 2219 or 2014 aluminum alloys which have been 
formed with a variety of techniques (25). Extruded chord 
frames, stretch-formed gore panels, spun-formed domes, 
machined and extruded barrel panels are a few examples of the 
various forming methods applied in the manufacturing of a 
simple tank.

The most significant recent development in aluminum 
physical metallurgy has been the interest in aluminum-lithium 
alloys. Aluminum alloys that contain lithium as a primary 
alloying constituent offer great potential for improving the 
structural efficiency of aircraft and aerospace structures.

1.3 Aluminum-Lithium Alloys in Aerospace
The quest for advanced aerospace materials with 

increased specific strength and stiffness has led to the 
introduction of lithium as an alloying element for aluminum 
alloys. It has been known for many years that lithium is a 
valuable alloying addition in aluminum, giving a major 
reduction in density, additional precipitation hardening 
capacity, and a significant increase in elastic stiffness. 
Large development programs initiated more than a decade ago 
in the United States, Europe, the Soviet Union and Japan have



T-4138 7

resulted in a new generation of light-weight aluminum-lithium 
alloys. While some of them are still in a very early 
research state, others are sufficiently developed to be 
introduced into large aerospace programs.

Several trade studies have been performed to define the 
influence of various engineering properties on aerospace 
vehicles structural weight savings (2,24,12 9-131). A typical 
example of these findings is shown in Figure 2, where it 
should be noted that density is three to ten times as

Lockheed S-3A
àP

Density12w
ty>
c-H>(0
CO

Strength
Stiffness

DAD TA

0 5 10 20 2515
Property Improvement (%)

Figure 2: The Influence of Various Properties on Structural
Weight Savings for the Lockheed S-3A Aircraft. 
Density is Identified as the Property of Principle 
Importance for Reducing the Structural Weight of 
Aerospace Vehicles (24)
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influential as strength, modulus, and durability and damage 
tolerance (DADTA) in reducing structural weight (24, 27) . The 
studies show that these relationships will vary somewhat 
based on the aircraft design, but the overall story does not 
change; density is overwhelmingly the single most important 
property influencing structural weight, based on a percent 
change from the baseline alloys of construction (28). 
Significantly, lithium is the only viable element that will 
provide a substantial density reduction in aluminum alloys.

Lithium has been an additive in aluminum alloys for many 
years for various purposes. A historical summary of the use 
of lithium in aluminum is shown in Figure 3. The first 
serious attempt to use lithium as an alloying element for 
aircraft aluminum alloys was by LeBaron of Alcoa in 1941 
(patent application). Alloy development work was continued 
by Alcoa through the early and mid 1950s. During this same 
period, phase diagram studies (44) on several Al-Li systems 
were performed in Great Britain. Alloy X2020, an Al-Cu-Li 
alloy, was introduced in 1957 and was soon used in the Navy 
RC-5A Vigilante (1). X2020 received limited use at this time
due to low fracture toughness properties. The Soviet Union 
introduced VAD 23 in 1961 and initiated extensive studies in 
the Al-Li-Mg system, this culminated in the development and 
introduction of alloy 01420 in the late 1960s. In the middle
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and late 1970s several important factors combined to greatly
accelerate activity in the Al-Li technology area, including :
1) the realization that fracture toughness difficulties could 
be solved, 2) the improvement in aerospace structures 
efficiency with advanced materials, and 3) the introduction 
of carbon fiber composites into material selections (24).
Each of these factors has varying importance to materials 
suppliers, manufacturers, and users, but the total combined 
effects have been tremendous. The surge in research resulted 
in the initiation of aluminum-lithium technology conferences 
in 1981 (2), 1983 (3), 1985 (4), 1987 (5), 1989 (6) and 1991 
(7) encompassing world-wide interest. The most recent 
aluminum-lithium alloy, Weldalite™ 04 9, was invented in 1987 
and introduced at the Al-Li V conference in 1989. This alloy 
has the highest strength properties ever achieved with an 
aluminum alloy (9).

Aluminum-lithium alloys are excellent candidates to 
replace mainstay aluminum alloys on launch vehicles, with the 
payoff measured in terms of increased payload capability and 
design margins (10). One candidate alloy, Weldalite™ 04 9 
[composition, wt%: A1 - (4.0-6.3) Cu - 1.3 Li - 0.4 Ag - 0.4 
Mg - 0.14 Zr] (8) is an ultrahigh strength aluminum-lithium 
alloy designed specifically for aerospace applications. The 
alloy system, which includes a relatively high Cu/Li ratio.
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was selected to promote precipitation of the T% (Al2CuLi) 
phase; the addition of Ag and Mg allow Ti to precipitate 
without prior cold work (12) . Weldalite™ 049 also exhibits 
significant temper flexibility; thus, forming can be 
accomplished in the T3, T4, reversion-aged (Rev), as-quenched 
(W), or annealed (0) tempers. Tensile strength levels 
greater than 714 MPa may then be obtained with (T8) or 
without (T6) cold work prior to artificial aging (9).

1.4 Forming Characteristics of Metals
Sheet metal forming is the process of converting a flat 

sheet into a part of desired shape without fracture or 
excessive localized thinning. Many forming processes require 
sequences or combinations of primary operations such as 
bending, stretching, drawing and coining. Each of these 
primary operations is unique because it imposes a specific 
strain state on the material being deformed (29-31) . These 
general forming operations and their related testing 
techniques are described in detail in Sections 3.2 and 3.3.

Sheet metal forming operations are so diverse in type, 
extent, and deformation rate that no single test provides an 
accurate indication of the formability of a material in all 
situations. Hecker (32) states that it is not possible to 
totally simulate production manufacturing processes in the 
laboratory because individual process variables (e.g.



T-4138 12

geometry, pressure and lubrication) have large effects on 
formability. He concludes that operative combinations of 
process variables are unique and cannot be reproduced from 
one production article to the next and especially cannot be 
duplicated in a single laboratory test. Ghosh et. al. (33) 
have emphasized this point in a more applied way. They 
state: "...no single universal formability index can be
determined for a given lot of material. What counts is how 
successfully the material can be formed on a specific 
(stamping) press, using certain dies and a certain 
lubrication on a certain day." Keeler (34) summarized this 
sentiment best by saying that "...formability is an elusive 
quality to measure." However, knowledge of basic material 
properties and careful analysis of the various forming 
methods are essential to understanding and predicting forming 
response of a material. Even though a single formability 
index or a single simulative test does not exist, the 
importance of individual or combined properties needs to be 
assessed through specific tests which correlate with certain 
aspects of a given forming operation.



2.0 THE ALUMINUM-LITHIUM ALLOY SYSTEM

Aluminum alloys with 0 - 5 0  atomic percent additions of 
lithium are of considerable scientific and engineering 
interest. The addition of lithium lowers the density of 
aluminum and increases both its strength and modulus. As is 
the case with the conventional 2XXX and 7XXX series aluminum 
alloys, the Al-Li based alloys under development are also 
precipitation-hardened. However, the phase equilibria and 
precipitation reactions that control the microstructure and 
hence the properties are significantly different from those 
of conventional alloys. In this chapter the microstructures 
of a number of Al-Li base alloys are described. These 
include the binary Al-Li system, the Al-Li-Zr system, the Al- 
Li-Cu system, and specifically the Weldalite™ 049 (Al-Cu-Li- 
Mg-Ag-Zr) alloy system. Typical physical and mechanical 
properties of commercially available Al-Li alloys will also 
be discussed.

2.1 Historical Background
Small amounts of lithium were added to Al-Zn-Cu alloys 

as early as 1924 in Germany, to help improve properties such 
as strength (35-37). This alloy, called Scleron, was the 
first commercial aluminum-base alloy to contain lithium and 
had strength levels up to 490 MPa. The advent of the heat
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treatable aluminum alloy. Duralumin, developed prior to World 
War I, spawned active pursuit of competitive age-hardenable 
alloys with higher strength, better fabricability, or 
improved resistance to corrosion. During the post-war decade 
numerous combinations of solutes were tested, many of which 
contained lithium. These results prompted two patent 
applications in 1927 in the U.S. emphasizing Li additions of 
0.5 (38) and 40 wt% (39) Li. Subsequent to the publication
of an Al-Li equilibrium phase diagram in 1924 (40), Assmann 
(41,42) characterized 21 binary Al-Li alloys (0.62 - 12.1 wt% 
Li) and several ternary alloys (Al-Li-X, X: Cu, Zn, Si). It 
was the discovery by LeBaron in 1942 that lithium could be a 
major strengthening element in Al-Cu alloys when accompanied 
by small amounts of various other elements, primarily 
cadmium, that marks the true beginning of Al-Li alloy 
metallurgy as we know it (43).

Although Assman's extensive test matrix did not show 
promise, LaBaron filed a patent (43) in 1945 for alloy 2020 
(Al-4.5 Cu-1.0 Li-0.8 Mn-0.15 Cd). Despite promising yield 
strength levels of 523 MPa, the fracture toughness of alloy 
2020 was the poorest of all commercially used aerospace 
alloys. Also, the parallel development and successful use of 
7075 precluded a serious 2020 scale-up effort. During this 
same time period, in Britain, Hardy and Silcock published Al-
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Li-Cu phase equilibrium results (44-45) and composition- 
property interactions.

The first serious production effort of Al-Li alloys was 
initiated by Alcoa in 1958 to introduce alloy 2020.
Promising 2020 property data generated by 15 aerospace 
companies prompted the U.S. Navy to substitute 2020 for 7075 
on the Vigilante aircraft, resulting in a 6% weight 
reduction. The drawback of 2020's low fracture toughness was 
alleviated on the Vigilante through careful design and 
manufacturing to minimize flaws. Stringent fracture 
toughness requirements adopted by the Air Force, however, 
prevented the use of 2020 for most aircraft applications. 
Consequently, the reduction of demand did not warrant the 
maintenance of an Al-Li casting facility which further 
prompted the ceasing of production and a withdrawal from 
registration in 1974.

Meanwhile, the Soviets had developed a weldable alloy 
similar to 2020, VAD-23 (Al-5.3 Cu-1.1 Li-0.6 Mn-0.17 Cd) in 
1961 (4 6). A lower strength temper was found to be 
advantageous for fracture toughness. Another Soviet alloy, 
01420 (Al-2.0 Li-5.3 Mg- 0.5 Mn) was patented (47) in 1969. 
The well-published merits of 01420, low density, increased 
elastic modulus and excellent weldability, were accompanied 
by claims of widespread use in aircraft structures.
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Research on the Al-Li system was resurrected in Great 
Britain and the United States in the early 1970's. Work 
began with Al-Mg-Li-Zr alloys in Great Britain at the Fulmer 
Research Institute (48) and in the U.S. as Naval Air Systems 
Command sponsored work at Alcoa (49,50). Fortunately, 1973 
was the year of the Middle East oil embargo, thus elevating 
the concern of high fuel cost and increasing the importance 
of reducing structural aircraft weight through the use of Al- 
Li alloys (1,51-54).

An accelerated interest in Al-Li alloy research and 
development was observed during the late 197 0's as aluminum 
producers, aerospace companies and universities endeavored to 
thoroughly characterize both fundamental Al-Li metallurgical 
aspects and promising new alloy innovations. This rapid 
increase of alloy development is attributed to two important 
facts : 1) improved thermoplastic and resin-matrix composites
might soon replace aluminum as the primary aerospace material 
of construction if significant advancements in aluminum 
metallurgy did not take place and 2) the recognition that 
density is the most potent property target for decreasing 
aircraft structural weight relative to equivalent percentage- 
based improvements in strength, modulus and toughness 
(24,55,56). As depicted in Table 1, the increasing 
attendance for the six Al-Li conferences (52) can be used as
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Table 1: Attendance at the Various International Aluminum-
Lithium Conferences (52)

Conference Location Number of Number of
/ Year Participants Countries

 ____________________________________________________ Represented
I 1981 Stone Mountain, GA USA 90 4
II 1983 Monterey, CA USA 118 8
III 1985 University of Oxford 

Oxford, United Kingdom
267 17

IV 1987 Paris, France 2 92 18
V 1989 Williamsburg, VA USA -300
VI 1991 Garmisch-Parkenkirchen,

Germany
-300

an indicator of the growing interest in this alloy system.
In the midst of these conferences, several alloys were
registered by 1985, including 20 90 (Alcoa), 8090 (Alcan and 
Pechiney), 20 91 (Pechiney) and 8091 (Alcan). The 
compositions of these commercial aluminum-lithium alloys are 
shown in Table 2.

Currently, several aircraft applications are using Al-Li 
alloys, e.g. 20 90 extrusions are prevalent as floor beams on 
the Air Force's C-17 Transport. Complete substitution of 
baseline aluminum alloys, however, has not taken place. This
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Table 2: Compositions of Several Aluminum-Lithium Alloys (61)

Alloy Designation/ Major Alloying Elements (Weight Percent) 
Producer Cu Li Mg Ag Zr

01420 (Soviet Alloy) -- 2.0 5.3 -- --

2090 (Alcoa) 2.7 2.3 0.25 —  0 .12
2091 (Pechiney) 2.2 2.0 1.5 —  0.10
8090 (Alcan) 1.3 2.5 1.0 0.10
8091 (Alcan) 2.0 2.6 0.9 —  0 .14
Weldalite™ (Reynolds) X2094 4.7 1.3 0.4 0.4 0.14
Weldalite™ (Reynolds ) X2095 4.0 1.0 0.4 0.4 0.14

can be attributed to specific property shortcomings, which 
will be discussed in later sections, and to the fact that the 
economic payoff in terms of aircraft fuel savings does not 
always overcome increased cost associated with Al-Li alloys.

2.2 Physical Metallurgy of the Binary Al-Li System
The primary phases of interest in binary Al-Li alloys 

are the face-centered (FCC) aluminum solid solution a; the 
equilibrium AlLi phase Ô, and the metastable Al3Li phase 6'.

A proposed Al-Li phase diagram by Gayle and VanderSande
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(132), shown in Figure 4, presents phase fields of the 
primary phases and their combinations. This phase diagram 
proposes a monotectoid system in which Ô * exhibits a wide 
stoichiometric range. The a + 8 1 and 8* phase fields are not 

well defined, but in general extend from 5-25 and 15-35 at%
Li respectively, dependent upon temperature. The 
precipitation sequence for this system is shown to be:

CCSS —» 8' (Al3Li) -»8 (AlLi)

In the view of structure-property relationships, the 
formation of 8* is the most important precipitation reaction

in the binary Al-Li system as it provides the precipitation- 
hardening capability of Al-Li base alloys. The Al3Li phase,
8', is a metastable, coherent phase with an ordered Ll2

superlattice structure and is fully coherent with the solid- 
solution matrix (54). In alloys containing >~7 at% Li (or
1.3 wt% Li), the S' phase precipitates during the quench from

the solution treatment temperature. The breakdown of the 
solid solution occurs by the precipitation of the ordered 8*

phase, which nucleates homogeneously throughout the matrix 
due to its low misfit parameter and low interfacial energy. 
The morphology of 8' is spherical. Upon artificial aging, 8 1

precipitates coarsen, but retain their coherency and
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spherical morphology to relatively large sizes (< 50 nm). If
8 1 precipitation can be surpressed upon quenching from the

solution treatment temperature, an alloy can decompose to 
produce lithium rich Guinier-Preston (GP) zones.

The 8  (AlLi) phase, which is occasionally designated (3, 

has a NaTl structure. It is generally considered that 8

nucleates heterogeneously due to the large misfit between the
OC and 8 lattices. 8 forms initially at grain boundaries 
where is generates 8' PFZs (precipitate free zones), but also 
forms within the matrix. It has been proposed (54) that 8' 
transforms to 8 via a shear mechanism (131) and also that 8 
nucleates directly on the a—8 1 interface.

2.3 Physical Metallurgy of the Al-Li-Zr System
Zirconium is a frequent addition to high-strength 

aluminum alloys since it suppresses recrystallization and 
improves toughness and stress corrosion resistance (132, 133) . 
In all Zr-containing alloys, the metastable (3' (Al3Zr) phase 
is formed. In alloys containing <0.18 wt % Zr, the (31 is

approximately spherical and can be coherent or semicoherent 
depending on processing history. (31 has a marked effect of 
the 8* distribution, and aging below the 8 1 solvus line leads 
to the development of duplex 8 1 /(3' precipitates. A minimum 

Zr level of 0.06 wt% is needed to ensure an unrecrystallized 
microstructure (66). In common with the binary Al-Li alloys.
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the equilibrium 8 phase precipitates at high-angle grain 

boundaries and eventually on sub-boundaries and within the 
matrix in the Al-Li-Zr system.

2.4 Physical Metallurgy of the Al-Li-Cu System
The addition of copper to an Al-Li alloy decreases the 

maximum solid solubility of lithium in aluminum at all 
temperatures (44, 45) . Copper in solid solution does not 
influence the basic character of the 8' precipitation

reaction, but it does introduce additional beneficial 
precipitation reactions that occur independent of the 8*

reaction. The nature of the phases that form within this 
alloy system depend on the C u : Li ratio and on the aging 
temperature.

A schematic representation of the various phases found 
in basic as well as more complex Al-Li systems that encompass 
modern Al-Li-Cu alloys is shown in Figure 5. The 
stoichiometry and structure of the predominant phases are 
identified in Table 3. The precipitation sequence of Al-Li- 
Cu alloys (68-70) has been suggested to occur as follows :

CCSS —> GP zones —> 0  * 1 —> 0  1 —> 0  (Al^Cu ) 
a ss —>Ti (AlgCuLi)
(Xss —>8' —>8 (AlLi)
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Table 3: Phases In the Aluminum-Lithium-Copper System (68)

Phase Stoichiometry Structure Strengtheners

a Al FCC

Ô AlLi Cubic Deleterious GB ppt

8' Al3Li Cubic Moderate

B' Al3Zr Hexagonal Pins Sub-grains

0' A12Cu Tetragonal Moderate/Equil

Ti Al2CuLi Hexagonal Potent/Equil

t 2 Al6CuLi3 Tetragonal Equilibrium

Q Unknown Orthorhombic

S' Al2CuMg Orthorhombic Potent

Tb Al7Cu4Li Cubic/
Tetragonal
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As noted by Sanders (44), the relative size and volume 
fraction of the various precipitates are functions of both 
composition and aging temperature.

During aging of an Al-Li-Cu alloy (at 390-470K) the 
decomposition of the solid solution results in the formation 
of the metastable 0' phase (Al2Cu - the primary strengthening
phase in Al-Cu alloys) and the equilibrium T% phase (Al2CuLi) . 
0 1 (A12Cu ) has a tetragonal crystal structure and the

precipitates form as platelets parallel to the {100} planes 
of the matrix, whereas the T% has a hexagonal crystal 
structure and develops as thin platelets parallel to the 
{111} planes of the aluminum matrix (52). In commercial Al- 
Li-Cu alloys, Tx is the predominant copper-bearing
strengthening phase present after artificial aging to the 
near peak-age strength condition, although some 0' may be 
present to a lesser degree. Both Tx and 0 '  nucleate

heterogeneously on dislocations, low angle grain boundaries, 
and other substructural features. 8 ’ (Al3Li) normally is the

first precipitate that forms during aging of Al-Li-Cu alloys. 
Subsequent precipitation of Tx and 0' may reduce the volume 
fraction and alter distribution of 8' since Tx incorporates

lithium and artificial aging may result in some reversion and 
reprecipitation of 8' .
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Apart from the metastable 9' and equilibrium T 1

precipitates, the addition of copper also introduces another 
copper containing phase, T2, having the stoichiometry of 
Al3CuLi3 . T2 nucleates predominately on high angle boundaries 
and displays five-fold icosahedral symmetry. The formation 
of the T2 phase particles along the grain boundaries leads to 
the development of Ô 1 PFZs adjacent to these boundaries with

concomitant reduction in ductility and fracture toughness 
(52). The presence of T2 on a boundary can be deleterious 
with respect to fracture initiation and stimulation of low- 
energy intergranular fracture. T2 is stable in the 
temperature range from 443-793K and is therefore present in 
slowly cooled products of those aged at temperatures > 443K.

Initial studies regarding composition effects on phases 
in the Al-Li-Cu system were conducted at 623K and 773K 
(44,45,69). These temperatures were selected to represent 
the typical artificial aging and solution treatment 
temperatures respectively. Figure 6 displays the aluminum 
corner of an Al-Li-Cu equilibrium phase diagram at 623K 
(solid line) and 773K (dotted line). The major phases 
identified include 0 (Al2Cu) , Tx (Al2CuLi) , TB (Al-yCu^Li) and 
T2 (Al6CuLi3) . 0 is the equilibrium phase at low Li levels
from which the previously discussed 0 '  precipitates. T2 is 
the equilibrium phase at high lithium levels from which the T 1
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and Ô phases precipitate. Additional work by Silcock (69)

revealed that the precipitates that form upon aging at 438K 
include 0 ' ,  Tlf and 5 ' .

The introduction of nucléation sites by applying cold 
work or stretching prior to aging is not needed to 
precipitate 8 1 since this phase nucleates homogeneously.

Conversely, stretching can have a drastic affect on strength 
in the Al-Li-Cu system, especially since Tx nucleates 
heterogeneously; the degree of stretch can effect the size 
and distribution of T1# The magnitude of stretch prior to 
aging, when combined with optimum aging parameters, can 
simultaneously increase strength, ductility and fracture 
toughness (73). By increasing the stretch, the number 
density of Tx and 0 1 precipitates increases, thereby

increasing strength. A relatively low aging temperature 
increases the degree of supersaturation, which serves two 
purposes : 1) to increase the driving force for nucléation and
2) to reduce the diffusion distance. This low temperature 
refines both matrix and grain boundary precipitates. 
Accordingly, the cumulative effect results in an increased 
number density of matrix precipitation (greater strength) and 
less grain boundary phases (improved fracture toughness).
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2.5 Physical Metallurgy of Weldalite™ 049(Al-Cu-Li-Mg-Ag-Zr)
Although Weldalite™ 04 9 is an Al-Cu-Li based alloy, the 

relatively minor additions of Ag and Mg give it unique 
properties. Trace addition effects on precipitation in 
aluminum alloys have been studied extensively by Polmear and 
coworkers (12,85,134) with particular emphasis on Ag and Mg 
additions. They observed a large increase in strength by 
adding Ag and Mg to an Al-Cu alloy, resulting in the 
precipitation of the so-called £2 phase with a {111} habit 
plane rather than 9 ’ type precipitates with a {100} habit

plane. The structure of the £2 phase is very close to that of 
the Ti phase, which has shown to be a very potent strengthener 
in Al-Cu-Li alloys.

When magnesium is added to Al-Li alloys containing 
copper, matrix precipitation of S' (Al2CuMg) occurs. The S ’ 
phase has an orthorhombic crystal structure and forms 
initially as rods or needles aligned along the <100> 
directions in the matrix. The precipitates are partially 
coherent with the matrix and show a strong tendency for 
heterogeneous nucléation along matrix dislocations, low-angle 
grain boundaries, and other structural inhomogeneties.
However, unlike the case of Tj precipitation, the 
heterogeneous precipitation of S ' does not result in PFZs 
along either low- or high-angle grain boundaries.
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Al-Li-Cu-Mg alloys are very complex with respect to 
decomposition mechanisms. Alloy composition, quench rate, 
the amount of stretch prior to aging, the aging time and 
temperature, and the degree of recrystallization all 
interact, producing a limitless variety of microstructures 
and properties.

2.6 Physical and Mechanical Properties of Commercial Al-Li
Alloys
Several Al-Li alloys have been developed and registered 

with the Aluminum Association. The common characteristics of 
those alloys, previously listed in Table 2, are that Cu, Li, 
and Mg are all used in different proportion, thus making each 
alloy unique in the type and volume fraction of phases that 
precipitate. Sheet, plate and extrusion product forms are 
commercially available.

Strength levels of most Al-Li alloys are targeted to be 
equivalent to that of the conventional aluminum alloys used 
in aircraft applications, e.g. 7075-T6. A summary of typical 
mechanical properties for commercial Al-Li alloys is shown in 
Table 4.
1420: To briefly introduce the commercial Al-Li alloys,
01420 alloy is a Soviet developed Al-Li alloy with strength 
levels of 460 MPa in the T6 temper. Although the reported 
strength levels are below those possible with 7XXX series
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Table 4 : Summary of Commercial Aluminum - Lithium Alloy
Mechanical Properties (47,57-60) and Reference to 
Commercial Aluminum Alloys (135)

Alloy - 
Temper

Yield
Strength

(MPa)

Ultimate % 
Strength 

(MPa)

Elong Elastic
Modulus
(GPa)

Density
(g/cm3)

01420-T6 283 462 9 73.8 2.47

2090-T8 517 558 6 78.6 2.57

2091-T8 441 483 6 77 . 9 2.58

X2094-T8 600 627 9 77 . 9 2.71

X2095-T8 614 648 7 77 . 9 2.71

8090-T6 427 503 6 79.3 2.54

Reference to Commercial Aluminum Alloys

7075-T6 496 551 8 71.0 2.79

2219-T8 331 420 8 72.4 2.85

2014-T6 400 448 6 72.4 2.79
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aluminum alloys, the increased specific stiffness offered by 
the alloys with high lithium content could not be ignored. 
Extensive work has been completed on low and elevated 
temperature strengths (71), fatigue strength in air and water 
under rotating bending (94) and strength variability within 
large extruded panels (73).
2090 : Alloy 2090 has strength levels reaching 560 MPa
with 6% elongation. This alloy is offered in a variety of 
medium- and high-strength temper conditions (95,96). As with 
all Al-Li alloys, thermomechanical processing is crucial to 
achieve improved combinations of strength and toughness.
2090 has good weldability and corrosion-resistance 
characteristics. It is normally processed to have an 
unrecrystallized grain structure and therefore displays a 
relatively high degree of anisotropy with considerably 
reduced strength properties at 4 5° and 60° from the extrusion 
or rolling direction. The alloy possesses high plane-strain 
fracture toughness (except in the short-transverse direction) 
and exhibits excellent strength and toughness at cryogenic 
temperatures.
2091 : Alloy 2091 is very similar to alloy 2090, having
modifications which include the addition of magnesium and 
minimal changes in the Li, Cu and Zr content. The strength 
properties are lower for 2091, approximately 480 MPa ultimate
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strength while maintaining a density of 2.58 g/cm^. Expected 
applications for 2091 were for relatively thin sheet 
processed to develop a recrystallized fine-grain structure. 
Shear and off-axis strength properties are somewhat improved 
over Al-Li alloys having unrecrystallized structures, but 
still do not match the levels of baseline aluminum alloys.
To date, however, the recrystallized grain structure for 
alloy 2091 can only be retained up to a thickness of about 
3.8 mm. In addition, the alloy cannot be heat-treated to 
strengths much above those for 2014-T6 (135), thus have seen 
very limited use.
X2094 : As shown in Table 4, the Weldalite™ 04 9 alloys,
X2094 (having 4.5-5.0% Cu) and X2095 (having 4.0-4.5% Cu) 
have unprecedented strength values, exceeding 625 MPa. As 
previously mentioned, Weldalite™ 049 was designed 
specifically for launch vehicle applications. In launch 
vehicles weldability is a major concern due to pressure 
service conditions and inspection considerations.
Weldability is often defined as resistance to hot-cracking 
(the inability of the liquid weld pool to support 
solidification strain) during welding. Although hot-cracking 
theory is complicated and somewhat controversial (74), 
phenomenological data exist for Al-X binary systems showing 
composition regions where hot-cracking susceptibility is low
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(75-78). Cross et. al. (7 9) have shown that copper additions 
of approximately 3.0 wt% and lithium additions of 
approximately 2.5 wt% are peak amounts to promote hot 
tearing. Weldalite™ 04 9 was designed to minimize hot 
cracking susceptibility. The original Weldalite™ 04 9 
composition included 6.3 wt % percent copper and 1.3 wt% 
lithium levels which are outside of the hot-tearing regime.
The Weldalite™ 04 9 composition has since evolved to a 4.0-4.5 
wt% Cu level with 1.0-1.3 wt% Li to enhance fracture 
toughness values, but still maintain adequate weldability 
(60,80,81,).

Extensive work has been done with Weldalite™ 04 9 in the 
areas of stress corrosion (88), liquid oxygen compatibility 
(89,90), reversion aging (13,15), net shape forming (25,91) 
and superplastic forming (92). This information can be found 
in the appropriate references and in numerous Martin Marietta 
Corporation internal reports.
8090: 8090 Al-Li alloy has strength levels exceeding 500
MPa with an elastic modulus of 7 9 GPa. This alloy has been 
developed in both a recrystallized and unrecrystallized grain 
structure (97,98). The alloy has found applications as 
sheet, plate, extrusion and forgings. 80 90 does retain its 
attractive engineering characteristics up to thicknesses of 
100 to 150 mm, thicker than for existing Al-Li alloys. Alloy
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8090 is also weldable and demonstrates excellent cryogenic 
properties. This alloy has been used in more product forms 
and for more diverse applications than any other Al-Li alloy 
developed to date.

In general, ductility values for Al-Li alloys are low in 
the longitudinal orientation relative to conventional alloys 
and are somewhat higher in the long-transverse and 4 5° 
orientations. Because of the unrecrystallized, elongated 
grain structure and substructure, there is a high linear 
number fraction of constituent particles and precipitate free 
zones in the through-thickness direction (68,70).
Accordingly, short-transverse (ST) elongation values are 
usually < 1.0%. One consequence of poor ST elongation is 
that delamination can occur when tensile loading is applied 
in other orientations, thus plastic flow can be inhibited.

Fracture toughness properties of Al-Li alloys were 
initially very low, yet significant progress has been made in 
processing and aging practices to provide fracture toughness 
properties comparable with conventional alloys. It is well 
known that increased levels of cold work prior to aging and 
low temperature/longer time aging practices can significantly 
improve fracture toughness. Plane-strain fracture toughness 
testing has shown significant increases in Klc values (up to 
40%) in the L-T orientation as test temperature is lowered
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from 298 to 77K ( 100-102) . The improvements, however, are 
associated with delaminations in the ST direction which 
effectively divide the specimen into several plane-stress 
elements.

With regard to additional characteristics of Al-Li 
alloys, an extensive review would be necessary to address 
sufficiently each of the specific areas. The following list 
is an attempt to summarize some of the unique characteristics 
of Al-Li alloys :

1) the thermal conductivity is generally 30% lower than 
most conventional aluminum alloys,

2) oxidation occurs at a rate that is an order of 
magnitude greater than conventional aluminum alloys at 
elevated temperatures,

3) Al-Li alloys can be superplastically formed (103),
4) Al-Li alloys are weldable using conventional filler 

alloys (60) or Li-containing filler alloys (9),
5) Al-Li alloys display adequate corrosion and stress 

corrosion resistance (84), and
6) most conventional processing techniques can be used 

(24).
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3.0 FORMASILITY OF METALS

3.1 Definition of Formability
The term "formability" describes the performance of a 

material in a solid-state shaping operation. Formability is 
not simply related to fundamental mechanical properties such 
as strength and ductility and there is no single measure to 
quantify forming response. The formability of sheet metal 
depends on the imposed forming operation and is a complex 
function of a number of factors (e.g., material flow 
properties and ductility, die geometry, die material, 
lubrication, and press speed). In order to simplify 
evaluation of formability, forming operations are often 
considered to be composed of three basic modes of 
deformation : 1) bending, 2) stretching, and 3) drawing (108) .

The response of a material to an imposed strain path 
directly controls formability. Two properties of the 
material are important : 1) the ability to distribute strain 
and 2) the resistance to localized deformation under a given 
strain state condition (123) . The strain distribution in the 
sample at any stage of deformation is primarily determined by 
the interaction of friction and the strain hardening behavior 
of the material (124) . The resistance to localized
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deformation is governed by the limiting strains which are 
defined by the forming limit curves for the material.

Characterization of the forming limits for a material is 
achieved through intrinsic tests, such as the uniaxial 
tensile test, and simulative tests which closely model 
specific forming operations. This evaluation allows 
perspective materials and tempers to be ranked based on their 
performance in a test and indicate which is preferable for a 
particular forming operation.

3.2 Stretch Forming
Stretching occurs when the forming process causes 

tensile stresses in the plane of the sheet to exceed the 
yield stress of the material and can occur as "in-plane" as 
in a standard tensile test or "out-of-plane" as in a punch- 
stretch test. A schematic of a typical punch-stretch test 
apparatus is shown in Figure 7. Sheet specimens, securely 
clamped between two die plates, are stretched to failure over 
a hemispherical steel punch. This operation involves only 
tensile strains and can be characterized by either a uniaxial 
or biaxial stress state. In the biaxial case, when the 
stresses are equal, a state of balanced biaxial stretching 
exists which affords the highest deformation level of any 
sheet forming process (29). Gore panels of launch tankage
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domes and automobile body panels are common examples of 
components formed primarily by out-of-plane stretching.

An additional important stretching condition is plane- 
strain stretching which consists of strain in one direction 
with no dimensional change in the perpendicular direction. 
Plane-strain stretching is an important consideration since 
it is estimated that 85-90% of all stamping failures occur in 
the plane-strain condition (114) .

3.2.1 Intrinsic Tests (Tensile Testing)
Intrinsic tests include the uniaxial tensile test, 

plane-strain tensile test, Marciniak stretching and sheet 
torsion tests, hydraulic bulge test, shear tests and hardness 
tests. Intrinsic tests are primarily insensitive to material 
thickness and surface condition and provide characteristic 
material properties that can be applied to many sheet forming 
operations. The uniaxial tension test is the most common and 
extensively used intrinsic test and what was used in this 
study.

Material properties have been traditionally evaluated 
based on the simple uniaxial tension test (117) . The tensile 
properties relevant to sheet formability are the strain 
hardening capacity, strain rate sensitivity, anisotropy, 
total elongation and flow strength of the material. Each of 
these properties is of principle importance in influencing
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strain distribution in the presence of stress gradients.
The main criticism of the tensile test is that it does not 
duplicate strain states or strain paths most often found in 
forming operations at failure. Tensile properties are, 
however, an overall indication of the materials potential 
performance. Because of the complexity of formability it is 
a combination of tensile properties which are important to 
press performance.
Mechanical Properties: The mechanical properties which can
be determined from a uniaxial tensile test include the yield 
strength (0.2% offset), ultimate tensile strength, uniform 
elongation, total elongation, reduction in area and elastic 
modulus. Yield strength and elongation are the primary 
mechanical properties which relate to formability. A 
comparison of these properties between similar materials can 
provide insight into the respective formabilities.

Yield strength signifies the stress at which the stress- 
strain curve deviates in elongation from the initial elastic 
slope by a specified amount. Typically, in aluminum alloys 
there is not a distinct upper yield point; therefore, a 
plastic-strain offset of 0.2% is used to designate a yield 
point. This smooth yielding behavior is desirable in sheet 
metal forming. The yield strength determines the load 
necessary to initiate deformation in a forming operation.
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Elongation at the point of fracture is known as total 
elongation. Total elongation is a tensile property which 
incorporates strain hardening, strain rate sensitivity, 
anisotropy, flow strength, and limiting strains. It should 
be noted, however, that total elongation is measured for the 
unique strain path resulting from uniaxial loading. Even 
though formability is path dependent, it is expected that a 
general correlation between total elongation and formability 
exists.

Table 5 is a summary of typical mechanical properties 
for a variety of materials. Ultimate strength levels vary 
from 720 MPa with Ti-6A1-4V to 134 MPa with 1100 aluminum. 
Strain hardening exponents range between 0.560 with 70:30 
brass to 0.065 with titanium. Mechanical properties vary 
extensively with alloy and temper, which in turn effect the 
formability.
Fundamental Forming Parameters: The three fundamental
forming parameters which can be determined from a uniaxial 
tensile test include the strain hardening exponent (n-value), 
strain rate sensitivity (m-value) and the plastic strain 
ratio or anisotropy factor (r-value). These parameters 
determine the strain distribution in a forming operation 
(29).
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Table 5: Summary of Typical Mechanical Properties of Sheet
Materials (113, 115)

Material Yield
Strength

(MPa)

Ultimate
Strength
(MPa)

Strain
Hardening
Exponent

(n)

Strain
Rate

Sensitivity
(m)

Plastic
Strain
Ratio
(r)

AK-1
(Steel)

106.2 298.5 0.281 0.010 2.23

AK-2
(Steel)

172.8 296.2 0.215 0.016 1.84

70:30
(Brass)

113.0 328.1 0.560 0 .000 0.90

1100-H19 
(Aluminum)

125.5 134.5 0.040 0.005 0.27

2036-T4
(Aluminum)

186.9 317.2 0.130 0.003 0.68

5052-H24
(Aluminum)

160.0 241.1 0.175 --- 0.81

Ti-6A1-4V
(Titanium)

--- 720.0 0.065 0.016 0.50
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Strain Hardening Exponent: The most important material
property influencing the cold formability of sheet is the 
intrinsic ability of the sheet to harden with deformation.
The strain hardening capacity of the formed material is 
characterized in a tensile test by the strain hardening 
exponent, n, which is also known as the coefficient of work 
hardening. True stress (a) and true strain (£) for many

materials are approximately related by the simple power law 
relation :

a = k en (3.1)

where k is the strength coefficient. For materials which 
follow equation 3.1, at instability n = £u, the true uniform
strain (136).

The exponent n of equation 3.1 is clearly a measure of 
the ability of the material to harden with deformation.
Strain hardening is caused by the storage of dislocations 
within a metal and the resistance they offer to the passage 
of other dislocations (113). If n is high (e.g., > 0.5), 
each increment in the true strain results in substantially 
greater increases in the material's stress level with strain 
as compared with a low n-value (e.g., 0.1). Instability is 
postponed to greater strain levels by the materials ability 
to strengthen with deformation (as measured by n ) .
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Strain Rate Sensitivity; The effect of strain rate on 
material flow stress is characterized by m, the strain rate 
sensitivity, which is defined by:

m = d In ar (3.2)
d In e

where, £ is strain rate (d£/dt). During deformation, 

gradients in strain correspond to gradients in the rate of 
straining. Therefore, in a material with positive strain 
rate sensitivity, an increasing m-value will tend to broaden 
out strain peaks. If m is negative, an increase in its 
absolute value will result in a narrower strain peak.
Aluminum killed low-carbon sheet steel is a representative 
material with a positive m behavior, and 2036-T4 aluminum 
alloy has a negative m behavior at room temperature. The low 
or slightly negative m values which are typically seen with 
aluminum alloys and brass, explains their low post-uniform 
elongation. The values of m for most cold forming materials 
are quite small (<0.05), however the presence of even a small 
m can be responsible for 50% of the total elongation to 
failure (113) .
Plastic Strain Ratio: Directionality and variations in
mechanical properties in the sheet will effect formability.
A higher strength through the thickness than in the plane of 
the sheet is known as normal anisotropy. Normal anisotropy
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is commonly estimated by the plastic strain ratio, r, which 
is equal to the ratio of the width strain to the thickness 
strain in a simple tensile test, as follows :

r = Ey, / £t (3.3)

where,
Ew = In (wf/w0) (3.4)
£t = In (tf/t0) (3.5)

then, by assuming constant volume,
£t = In (l0w0/lfwf) (3.6)

thus,
r = In (w0/wf) / In (lfwf/l0w0) (3.7)

with w0 and wf representing the initial width and final width 
respectively, 1 signifying length and t thickness. The 
reason for this estimation is because it is difficult to 
measure directly the strain across the thickness of a thin 
sheet. For isotropic sheet, r=l, indicating that the metal 
has equivalent strength in all directions. r>l indicates 
through thickness strengthening, whereas r<l indicates less 
strength in the thickness direction.

The strength in the plane of the sheet usually varies 
with orientation as well. Therefore, an average normal 
strain ratio, rm , is generally reported and is given by:

rm = (r0 + 2r45 + r90)/4 (3.8)
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where the subscripts 0, 45, and 90 represent angular 
orientation in the plane of the sheet with respect to the 
rolling direction. Ar is a measure of the tendency of sheet

to draw in nonuniformly and to form ears in the flange of 
deep-drawn cylindrical parts in the direction of higher r 
values. Ar is defined as,

Ar = (r0 + r90 - 2r45)/2 (3.9)

The plastic strain ratio, r, is principally controlled 
by the crystallographic texture of the sheet. An ideal 
condition would be a high rm value with a minimum variation 
in r with respect to direction in the plane of the sheet 
(120). While n and m relate to necking resistance under 
stretching conditions, the value of rm is the most important 
variable in deep drawing applications (29).

3.2.2 Simulative Tests (Punch Testing)
Simulative tests model one specific forming operation 

and provide information as to whether a specific material is 
suitable for that operation. These tests are normally 
sensitive to thickness, surface condition, lubrication, 
temperature, as well as tooling geometry and type. The 
simulative tests can be divided into categories indicative to 
the forming operation they model. The categories include 
bending, stretching, drawing, stretch-drawing, wrinkling and 
buckling and springback tests. Most simulative tests



T-4138 48

currently employed are intended to evaluate stretch forming 
and bending.

3.2.2.1 Limiting Dome Height Testing
The limiting dome height (LDH) test is a punch stretch 

test designed to evaluate material formability, which uses 
specimens of different widths to control the strain ratio at 
fracture (122). The measure of formability in this test is 
the height at failure to which the spherical punch, typically 
102 mm (4 in.) diameter, can penetrate a rigidly clamped 
sheet of a given width. A drawbead - clamping system is 
employed to restrain the sheet during testing. Drawbeads are 
used for complex stampings since friction alone between a 
blank and platen is usually not sufficient to resist drawing. 
The final punch height at fracture marks the end of 
stretching in the sheet sample. Any further advancement by 
the punch will result primarily in tearing at a much reduced 
punch load. The LDH test is an important simulative 
formability test and is commonly used to assess the pressing 
quality of sheet materials.

The measure of formability derived from a specific 
simulative test is a system parameter, because of the 
interdependency of material properties and process 
parameters. The height at failure in the LDH test is a 
function of the strain state which evolves in the sheet as
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the punch advances. Experimentally, this final punch height 
is found to be a function of lubrication and sample width 
with a minimum corresponding to a strain state of plane 
strain at the failure location (122).

3. 3. 2. 2 Forming Limit Diagrams
Forming limit diagrams are a graphical representation of 

the major strain as a function of minor strain for a variety 
of strain states. The hemispherical punch, or LDH method, is 
used in conjunction with circular gridded specimens to 
determine these strain states. Test coupons ranging in width 
from 25.4 to 203 mm (1.0 to 8.0 in.), are clamped in a die 
ring and stretched to fracture. The narrowest strip compares 
to a uniaxial tensile test. As the strip width increases, 
the strain ratio increases. The strains are measured in and 
around regions of visible necking and fracture. As shown in 
Figure 8, the measured strains from the various width 
specimens are plotted, then a forming limit curve is drawn 
below the fractured regions and above the near fracture and 
success regions. The vertical position of the curve depends 
on the sheet thickness and the n-value. The intercept of the 
curve with the vertical axis, which represents plane strain 
and is also the minimum point on the curve, has a value equal 
to n in the zero thickness region. The shape of the curve 
varies with material and also within the temper of a specific
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material as shown in Figure 9, where forming limit diagrams 
for a variety of materials are compared. The forming limit 
diagram helps determine how close to failure a forming 
operation is or how a variety of materials or materials with 
various tempers relate to one another.

Sporadic formability data have been generated for 
various Al-Li alloys, but in general initiation of an Al-Li 
alloy into an application has been on a trial-and-error 
method. The hope would be to utilize the material in a 
proven design then later modify the design to take advantage 
of the Al-Li alloy weight and strength benefits.

Limiting dome height (LDH) tests performed by Warren and 
Rioja at Alcoa reveal that Al-Li alloy 2090 has less out-of- 
plane formability than 7075 aluminum in similar tempers and 
gauges (105) . The limiting dome height for 7076-T6 is -18.5 
mm while the 2090-T3 material only reaches a 13.5 mm punch 
height, reducing to 10.9 mm with 2090-T8. An option for very 
severe forming requirements is for the user to solution heat 
treat, form and age. Although 2090-W is more formable it is 
possible to achieve T8 temper strength/toughness properties 
only when sufficient cold work is applied over the entire 
part before aging.

A recent study of interest on the formability of Al-Li 
alloy 8090 and 2090 sheet is one by Jaensson and Ahmad (107).
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Alloy 8090-T3 and 2090-T3 tempers and additionally 2024-T3 
were evaluated in stretch forming tests. The overall 
formability of 8090 sheet is on par with that of 2024, 
although the latter material exhibits larger minor strains as 
was determined in a limiting dome height test. Forming 
limits at plane strain for both materials was ~10% strain.
As evidenced from tensile properties and forming limit 
diagrams the Al-Li sheet materials are clearly anisotropic. 
The forming limit strain decreased from -10% to -7% for 8090 
and from -9% to -7% for 20 90. This behavior has been 
explained in terms of strong texture present in the sheet.

3.3 Bend Forming
Bending is the simplest, most common operation and 

occurs in virtually all forming processes. Figure 10 is a 
schematic of a wrap-around 90° bend test. A sheet coupon is 
clamped on one end with a specific size mandrel at the 
midpoint. A roller applies pressure to the test coupon 
against the mandrel and forms it around the mandrel. This 
operation has both tensile and compressive strain components. 
It is characterized by a through thickness strain gradient 
with a tensile strain at the outside bend radius and a 
compressive strain at the inside bend radius. This tensile 
strain on the outer surface is a potential site for tearing 
(113). Bending around small radii can lead to splitting in
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the early stages of a forming process because it localizes 
strain and prevents uniform strain distribution throughout 
the part.

Bending ductility tests determine the smallest radius 
around which a specimen can be bent without cracks being 
observed on the outer (tension) surface. This forming limit 
is called the minimum bend radius and is expressed in 
multiples of the sheet thickness (121) . For example, a 
specific material and temper combination having a 2t minimum 
bend radii can be bent without cracking through a radius 
equal to twice the specimen thickness. It can therefore be 
discerned that a material with a minimum bend radii of It has
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greater ductility that a material with a 4t minimum bend 
radius. Test specimens are usually cut parallel and perpen
dicular to the direction of rolling due to anisotropy of the 
sheet material.

In a recent formability study by Warren and Rioja (105) 
alloys 2090 and 2091 were compared to 2024 and 7075 
conventional aluminum alloys in the area of minimum bend 
radii. The effects of gauges (1.0-3.2 mm) , microstructure, 
and temper on formability were evaluated. The 20 90 alloy has 
shown a It minimum bend radius in the 0° and a 2t minimum 
bend radii in the 90° orientations with respect to rolling 
direction in both an annealed (O) and T3 temper at 
thicknesses up to 2.2 mm. Alloy 2091 had a 2t minimum bend 
radii in both the T3 and T4 tempers, while 2024-0 and 7075-0 
had a 0-lt minimum bend radii at all thicknesses tested.
Bend results indicate that Al-Li 2090 alloy exhibits bending 
anisotropy, although this should diminish somewhat at heavier 
gauges due to reduced intensity of hot rolling texture. 
Bendability is relatively good for 2090-T31 and -T3 when 
compared against 2024-T3 of similar gauges, and especially at 
orientations other than across the rolling direction (the 90° 
orientation).

Another forming study by Papazian et. al. (106) 
evaluated the influence of forming in the T3 condition on the
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final properties of 2090-T8X, 2091-T8X and 8090-T8X. A 
forming sequence for Al-Li alloys in which T3 material is 
aged directly to T8 without an intervening solution heat 
treatment was the objective of this study and did prove to be 
a feasible procedure. The strengths developed were similar 
to those of typical T8 tempers, and gradients in the strength 
between heavily and lightly deformed areas are not excessive.
A minimum amount of deformation throughout the entire part 
will, however, be desirable.

The forming data available in the literature on 
aluminum-lithium alloys is sparse and incomplete. With the 
implementation of a new alloy such as Weldalite™ 04 9, a clear 
concise evaluation of the forming response of the various 
tempers would be extremely beneficial prior to introduction 
into production applications.

To summarize, measures of sheet metal formability are 
test dependent. Different aspects of the sheets ability to 
deform are emphasized, depending upon the design of the test. 
There are a number of different simulative tests available.
The present study, however, concentrates on punch stretching, 
characterized primarily by the LDH test and determination of 
forming limit diagrams, and bending characterized by the 
semi-guided 90° bend test.
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4.0 PURPOSE OF INVESTIGATION

The development of Weldalite™ 04 9 has focused on temper 
development, fracture toughness improvements, weldability and 
net shape component manufacturing. To supplement the net 
shape component technology, work was initiated to better 
understand the sheet forming characteristics of the various 
Weldalite™ 04 9 tempers. Limited research has previously been 
performed on aluminum-lithium alloys in the sheet formability 
area.

The present study was initiated to achieve the following 
objectives :

1) To perform a formability comparison between 
Weldalite™ 04 9 tempers and 2014-0, and establish 
which Weldalite™ 049 tempers would be best in a 
variety of forming conditions.

2) To establish a data base of mechanical properties 
and forming parameters for Weldalite™ 04 9 sheet.

3) To create forming limit diagrams for Weldalite™ 04 9.
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2014 aluminum alloy in the annealed (0) temper was used 
as a baseline in this study because it is the material which 
is currently used for Titan IV launch vehicle tankage.
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5.0 EXPERIMENTAL PROCEDURE

The forming response of various Weldalite™ 04 9 tempers 
was evaluated in this study with a combination of tensile 
tests, punch tests and bend tests. Uniaxial tensile tests 
were performed under a variety of strain rates, sheet 
specimen orientations and tempers. Temperature and thickness 
effects on tensile deformation were also briefly considered. 
Limiting dome height punch tests and semi-guided 90° bend 
tests were also evaluated with the various tempers.

5.1 Alloy/ Temper Preparation
The Weldalite™ 04 9 used was provided by Reynolds Metals 

Company, McCook, Illinois. An initial lot of commercially 
produced 1.60 mm and 3.20 mm thick sheet was received in the 
T3 and T4 tempers. The compositions of the as-received sheet
were verified with the results shown in Table 6. The
measured compositions were within the tolerance ranges for 
typically produced Weldalite™ 04 9.

Aging curves were created for each of these four temper 
- thickness combinations by artificial aging 19 mm (0.75 in.) 
x 19 mm (0.75 in.) coupons at 433, 443, and 453K for 0, 0.17,
0.33, 0.5, 1, 2, 4, 6, 8, 16, 20, 24, 48, and 72 hours.
Immediately upon removal of each coupon from the furnace, a 
Rockwell B hardness measurement was taken. An average of
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Table 6: Measured Compositions for the Weldalite™ 049
(X2095) Sheet Used in this Study. (Note : The T3
and T4 Temper Material for each Sheet Thickness was 
Processed From the Same Ingot, Therefore has the 
Same Composition)

Thickness Composition (weight percent)

Cu Li Mg Ag Zr A1
Typical 4.5-5.0 1.3 0.40 0.40 0.14 Balance
1. 6 mm 4.80 1.23 0.38 0.43 0.13 Balance
3.18 mm 4.85 1.25 0.38 0.45 0 .13 Balance

triplicate hardness readings was recorded. These hardness 
values were plotted as a function of time for the three aging 
temperatures, with a best-fit curve drawn. The specific 
hardness values can be found in Appendix A. Figures 11 - 14 
represent the aging curves for the Weldalite™ 04 9-T3 and T4 
tempers from both the 1.6 mm and 3.2 mm thick sheets. These 
aging curves were interpreted to determine the time - 
temperature combinations used for specimen heat treatment in 
this study. From previous experience, it was found that 
yield strength values (in ksi) of Weldalite™ 04 9 relate
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Figure 11: Aging Curve (Rockwell B Hardness versus Time) for
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closely to the Rockwell B hardness readings. Therefore, 
knowing the approximate properties desired in the heat 
treated specimen, an aging time and temperature combination 
can be determined.

One item to note from these curves is the decrease in 
hardness following artificial aging for ~15 minutes. This 
decrease is called the reversion point. The reverted temper 
is characterized by a reduced yield strength and increased 
ductility, which may be technologically useful, for example, 
in cold-forming operations (13,15).

Heat treatments were then performed on actual specimens 
to achieve the reversion, W (as-quenched), 0 (annealed), T6 
and T8 tempers. Table 7 describes the exact time - 
temperature combinations used to achieve these tempers ; also 
reporting the initial starting material which was used.

5.2 Tensile Tests

5.2.1 Specimen Preparation & Test Procedure
Standard flat tensile specimens (12.7 mm wide by 50.8 mm 

gage length per ASTM E8), as shown in Figure 15, were 
machined from the sheet at 0, 45 and 90 degree orientations 
with respect to the rolling direction. Sheet tensile 
specimens were machined in a template fixture on a model #10- 
48 TensileKut machine.
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Table 7 : Temper Definitions and Heat Treatment Time
and Temperatures for the Weldalite™ 049 
Sheet Used in this Study

Temper
Designation

Description Starting
Material

Percent
Stretch

Heat
Treatment

T3 Solution Heat 
Treat (SHT), 
Cold Work, 
Natural Age

As-Received
Sheet

3 >1000h
(298K)

T4 SHT, Natural 
Age

As-Received
Sheet

0 >1000h
(298K)

Reversion Partial Age T4 0 0 .25h 
(443K)

W Solution Heat 
Treated

T3 3 Ih
(778K),
Water
Quench,
255K
Freezer
Storage

0 Annealed T3 3 4h
(618K), 
Slow Cool

T66 SHT, Artificial 
Age (Under-age)

T4 0 6h (443K)

T616 SHT, Artificial 
Age (Peak-age)

T4 0 16h 
(443K)

T86 SHT, Cold Work, 
Artificial Age 
(Under-age)

T3 3 6h (433K)

T816 SHT, Cold Work, 
Artificial Age 
(Peak-age)

T3 3 16h 
(443K)
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■200 mm min.

50 mm min.. 
m *1

57.2 + 0.3 mm- 
12.7 ± 0.3 mm

13 mm min.

50.80 ± 0.125 mm 
(GAGE LENGTH)

50 mm min

■'X.
19 mm

1.60 or 3.18 mm 
(SHEET THICKNESS)

Figure 15 : Specimen Dimensions for Sheet Tensile Specimens
per ASTM-E8

Part-1 of the tensile testing program was to evaluate 
all the possible Weldalite™ 04 9 tempers to select which 
tempers would be evaluated for this formability study.
Machined specimens were heat treated to the Rev (reversion),
W (as-quenched), 0 (annealed), T66 (under-age T6 temper) ,
T616 (peak-age T6 temper) , T86, and T816 tempers. Also,
2014-0 (annealed) aluminum alloy specimens were used as a 
baseline throughout this study. Duplicate 0° orientation 
specimens were tested on an Instron Testing System at 2 98K at 
a strain rate of 1.67xl0™3 s-1. The tempers for the full 
formability test program were chosen at this time, resulting 
in the Weldalite™ 04 9 - T3, T4, Rev, and W tempers along with
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the baseline 2014-0. Additional tensile specimens were 
tested from the 3.18 mm thick sheet for these selected 
formability tempers, again in the 0° orientation at a strain 
rate of 1. 67xl0~3 s-1.

Part 2 of the tensile test matrix involved Weldalite™ 
049 - T3, T4, Rev, and W tempers and 2014-0 specimens at 0, 
45 and 90 degree orientations with respect to the rolling 
direction. Strain rates of 1.67xl0-4 s~1, 1.67xl0-3 s"1 and 
1.67x10-2 s-1 were employed. Duplicate specimens were tested 
on an Instron Testing System using the Labtech Notebook data 
acquisition system to collect load - strain data. A 50.8 mm 
(2 in.) extensometer was used to measure strain. Limited 
high temperature tensile testing at 373K was also performed 
in a forced air Bemco furnace, which was installed into an 
Instron test system.

5.2.2 Mechanical Property Evaluation
Standard mechanical properties were calculated from the 

load - strain data collected in the uniaxial tensile tests. 
Ultimate tensile strength was calculated from the maximum 
stress observed in the test. Yield strength was interpreted 
from the hard copy of the load - deflection curve, measuring 
the stress at a 0.2% offset. Elongation was recorded 
throughout the test with an extensometer, thus total 
elongation was established at the corresponding point of
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fracture. Also, Young's modulus was determined from the 
initial slope of the stress-strain curves.

Strain Hardening Exponent: The strain hardening exponent, or
n value, was determined from the average slope of a plot of 
logarithm true stress versus the logarithm true strain in the
region of uniform elongation. A minimum of 500 data pairs
were utilized. To verify the computer analysis of n, a hand 
calculation per ASTM E 646 (125) was also performed. The two 
different methods used to calculate the strain hardening 
exponents had the same results. All of the tensile specimens
tested at a strain rate of 1.67xl0™3 s_1 had the respective n-
values calculated.

Strain Rate Sensitivity: The m value, or strain rate
sensitivity, was determined by creating continuous stress - 
strain curves at different strain rates then comparing the 
flow stress at a true strain value of 0.1. Strain rate 
sensitivity was calculated by the following equation:

m = In (a2 / 0±) / In (e2 / £i) (5.1)

Where O is the flow stress and £ is the strain rate. m-values 

were calculated for two strain rate pairs, 1.67xl0~3 s-1/
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1. 67xl0~2 s-1 and 1. 67xl0-4 s-1/! . 67xl0-3 s"1- An average of 
these two m-values was reported for each particular temper 
and orientation combination.

Plastic Strain Ratio; Constant r values were calculated by 
interrupting the tensile test at a uniform elongation of 10% 
and taking width measurements at five designated locations 
along the gage section. The width measurements were 
averaged; then by assuming constant volume, r was calculated 
(126) :

r = In (w0/wf) / In (lfwf/l0w0) (5.2)

The tensile test was then resumed and pulled to failure. All 
of the r-values were determined from tensile tests conducted 
at a strain rate of 1.67xl0~3 s-1.

5.3 Punch Testing
Limiting dome height tests, which simulate stretch-draw 

and deep draw forming operations, were performed on a 
modified LDH system, which will be described in Section 
5.3.1. Specimens, with heat treatments equivalent to those 
used in the tensile tests, were sheared into widths of 25.4 
(1.0 in.), 50.8 (2.0 in.), 76.2 (3.0 in.), 101.6 (4.0 in.),
127.0 (5.0 in.), 152.4 (6.0 in.), 177.8 (7.0 in.) and 203.2 
(8.0 in.) mm by 203.2 mm (8.0 in.) lengths. The forming
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tempers were all evaluated in the 0° orientation with the 
addition of the T3 and W tempers also evaluated in the 90° 
orientation. All samples were circle gridded as described 
below.

Electro-Etching : An array of 2.54 mm (0.1 in.) circles in
6.35 mm (0.25 in.) squares was applied with an 
electrochemical marking system specified by the Lectroetch 
Company (139). LNC-5 electrolyte was used, which is 
specifically designed for aluminum alloys. A stencil of 
random fibers, with the circle array, and a felt pad were 
dampened with electrolyte and placed on the sample to grid. 
After the gridding procedure, excess electrolyte is wiped 
away and any remaining on the blank is cleaned with Cleaner 
#3 from the Lectroetch Company.

5.3.1 Punch and Die Tooling
The limiting dome height tests were performed on a 

forming press, shown in Figure 16, that was designed and 
fabricated by Burford (127) at the Colorado School of Mines. 
The system is mounted to a 100 kip MTS Systems Corp. servo- 
hydraulic load frame. Instructions for the installation of 
this forming press into the MTS test machine can be found in 
Appendix B. Figure 17 is a close-up photograph of the 
forming press showing the two major components :
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Figure 16 : Photograph of Limiting Dome Height Test Fixture
Mounted on the MTS 100 kip Servo-Hydraulic Load 
Frame
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Figure 17 : Close-Up Photograph of Limiting Dome Height Test
Fixture Mounted on the MTS 100 kip Servo-Hydraulic 
Load Frame
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1) a clamping press attached to the crosshead of the load 
frame and 2) a reaction frame mounted on the bed of the load 
frame. Four hand actuated hydraulic cylinders provide the 
final clamping motion and load.

Two hold-down platens apply a constant pressure to the 
flange of the test specimens. The upper platen is mounted to 
the movable crosshead of the load frame, the lower platen 
mounts directly to the base of the load frame. The polished 
102 mm (4 in.) diameter punch, which deforms the samples, is 
a AFBMA grade 100 52100 steel ball bearing and is positioned 
directly on a 2OK load cell that is itself mounted to the 
actuator of the MTS load frame. The ball bearing was 
certified to have a minimum hardness of HRC-62, a maximum 
surface roughness of 0.13 Jim (5|iin. ) , and a basic diameter

tolerance of ± 0.0127 mm (± 0.0005 in.). During the testing 
of a specimen, the stroke of the actuator and the load 
reading are continuously recorded by a TestLink computer 
program.

A modified clamping system was developed for this test 
program because failure occurred during the clamping process 
along the clamping bead. Figure 18 shows the punch and die 
set with an aluminum insert, 6.5 mm thick, which was inserted 
between the two platens, thus removing the drawbead effect. 
The surface of this insert was roughened to assist biting
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into the specimen blank surface and to prevent draw-in. 
Draw-in was verified by measuring the length and width of 
test specimens at a variety of locations before and after 
deformation with less than 1.27 mm (0.05 in.) draw-in 
recorded.

5.3.2 Limiting Dome Height Test Procedures
Prior to the limiting dome height test, each sample, the 

punch, and hold down platens were cleaned with acetone.
Almay oil was used for lubrication and was applied with a 
bristle brush. Each specimen was hung vertically for a 
minimum of ten minutes to allow excess oil to drip off. 
Acetone was once again used to clean away oil from the grip 
area of the specimens.

Each rectangular blank of material was centered upon the 
lower hold down platen of the forming press. The upper 
platen was mechanically lowered and locked in place. The 
clamping force between the platens was applied by means of a 
hand pumped hydraulic system, applying a clamping load of -20 
tons. Each blank was deformed at a rate of 25.4 mm/min by 
the spherical ball until fracture occurred. The current 
North American Deep Drawing Research Group (NADDRG) 
procedures recommend a 254 mm/min rate (128), however, for 
the comparison testing done, the 25.4 mm/min tests have been 
found to be more reproducible and easier to control.
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5.3.3 Strain Measurement Technique
The inner diameters of the electroetched circles were 

measured along the fracture, near the fracture and 180° 
around the hemispherical punch deformation from the fracture 
on each specimen, as shown in Figure 19. These three modes 
were termed fracture, near fracture and success respectively. 
For a given temper, all the circle measurements for the three 
modes were plotted as major strain, E%, versus minor strain,
E2. A complete set of specimen widths (1.0-8.0 in.) were 

included on each plot to create forming limit diagrams. A 
curve was drawn below all of the "fracture" points, thus 
creating a failure zone above the curve and a safe zone 
below.

An AFP Imaging camera system was used for the circle 
measurements, as shown in Figure 20. The specimens were set 
on a rotating mandrel with the camera placed perpendicular to 
the circles to be measured. Through the use of a detail 
enhancer, these circles were projected onto a monitor. This 
monitor was equipped with an Artek Systems Corp. video 
micrometer. Following calibration of this video micrometer, 
sliding X and Y axis lines, projected on the monitor, could 
be aligned with the inside circle diameters and digitally 
read out the circle measurements.
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Side View

Top View

Punch Deformation

Limiting Dome 
Height Specimen

Circles Along Fracture
- Fracture
Circles Near Fracture
- Near Fracture
Circles 180° From Fracture
- Success

?

Inside Dimensions 
of Circles were 
Measured

Figure 19: Example of Circle Grid Measurement Classification
for Creation of Forming Limit Diagram
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5.4 Bend Testing
Sheared test coupons, measuring 25.4 mm x 152.4 mm (1 

in. x 6 in.), were deformed in a semi-guided 90° bend test. 
Samples with the same heat treated conditions as the 
aforementioned tensile specimens were used. Sheet specimens 
were cut both parallel and perpendicular to the direction of 
rolling.

A wrap bending test fixture (121) was designed and 
manufactured, as shown in the photograph in Figure 21. The 
bending force was applied by a roller which swept 
concentrically around the bend radius. One end of the 
specimen was clamped against the mandrel, a force was then 
applied to the specimen by a roller rotating against a 
specific radius mandrel. Bend tests were performed over dies 
with radii of 1.6, 3.2, 4.8, 6.4, and 8.0 mm until acceptable 
bends were achieved (acceptable being no surface cracking). 
The results are expressed as a minimum bend ratio, R/t 
(mandrel radius/ material thickness). Figure 22 shows a 
close-up photograph of a side view of the bend test apparatus 
and specimen before and after rotation of the mandrel.
Figure 23 shows the top view of the bend test, again, before 
and after the test sequence.
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Figure 21: Photograph of 90° Semi-Guided Bend Test Apparatus
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Figure 22 : Close-Up Photographs of Side View of 90° Semi-
Guided Bend Test Apparatus. Top Photo - Clamped 
Specimen Before Rotation and Bottom Photo - 
Clamped Specimen After Rotation.
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Figure 23 : Close-Up Photographs of Top View of 90° Semi-
Guided Bend Test Apparatus. Top Photo - Clamped 
Specimen Before Rotation and Bottom Photo - 
Clamped Specimen After Rotation.
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5.5 Metallography
Composite photomicrographs of the as-received 1.6 mm 

thick sheet in both the T3 and T4 tempers can be seen in 
Figures 24 and 25. Typical aluminum-lithium alloy micro
structures are evident, showing highly elongated, 
unrecrystallized grains with an average grain size of 10 |lm 
thickness, 50 |lm width and 80-100 Jim length with a random 
distribution of substructure. Grains are slightly thicker at 
the sheet surface than at the mid-surface. This is evident 
for both the T3 and T4 tempers.
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Figure 24 : Composite Photomicrograph of the As-Received
Weldalite™ 04 9, 1.6 mm Thick Sheet in the T3
Temper. A) Longitudinal Orientation (Parallel to 
Rolling Direction) , B) Long-Transverse Orientation 
(Perpendicular to Rolling Direction), and C)
Short-Transverse Orientation (Through Sheet 
Thickness). Magnification - 40X.
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Figure 25: Composite Photomicrograph of the As-Received
Weldalite™ 04 9, 1.6 mm Thick Sheet in the T4 
Temper. A) Longitudinal Orientation (Parallel to 
Rolling Direction), B) Long-Transverse Orientation 
(Perpendicular to Rolling Direction), and C)
Short-Transverse Orientation (Through Sheet 
Thickness). Magnification - 40X.
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6.0 EXPERIMENTAL RESULTS AND DISCUSSION

6.1 Tensile Tests
Two sets of tensile tests were performed in this study. 

The first set was used to characterize all the possible 
tempers of Weldalite™ 04 9, while the second set was allocated 
toward the evaluation of four selected tempers which showed 
potential for cold forming operations. The preliminary 
tensile tests were conducted on selected tempers of 
Weldalite™ 04 9 to evaluate mechanical properties. This data 
was used to identify tempers for analysis in the complete 
formability study. Duplicate specimens were tested in the 0° 
orientation (parallel to the rolling direction) at a strain 
rate of 1. 67xl0~3 s-1.

Upon selection of four Weldalite™ 04 9 tempers, extensive 
tensile testing was performed to evaluate mechanical 
properties as a function of orientation and strain rate. 
Duplicate specimens were tested at strain rates of 1.67xl0~4 
s"1, 1.67xl0~3 s_1, and 1. 67xl0~2 s"1 at room temperature.
Limited additional tensile testing was conducted at an 
elevated temperature of 373K and with 3.18 mm thick 
specimens.
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6.1.1 Mechanical Properties as a Function of Orientation, 
Strain Rate, Temper, and Temperature

Table 8 presents the basic mechanical properties for the 
as-received and artificially aged Weldalite™ 04 9 tempers and 
2014-0 aluminum alloy, 1.6 mm thick sheet, tested at a strain 
rate of 1.67xl0~3 s-1. The time and temperatures for each 
heat treat was summarized in Table 7. Ultimate tensile 
strengths between 278 MPa and 637 MPa with corresponding 
elongations ranging from 2.0% to 2 6.7% were achieved with the 
various tempers of Weldalite™ 04 9.

The as-received T3 and T4 tempers are stable at room 
temperature and are candidates for cold forming operations. 
The T3 and T4 tempers exhibited approximately 300 MPa yield 
strength with 18% elongation. These would be acceptable 
properties for some forming operations, since properties 
desirable for stretch forming are high elongation and a wide 
forming range (spread between yield strength and tensile 
strength) (2 9). Stress ratio values (ratio of ultimate 
tensile strength to yield strength) of 1.35 and 1.30 suggest 
that these two tempers could have a wide forming window. For 
more severe forming operations though, the reversion and W 
tempers have properties which predict enhanced forming 
capabilities since they have even higher elongations and 
stress ratios. Specifically a 238 MPa yield strength with
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Table 8: Summary of the Mechanical Properties for As-
Received and Artificially Aged Weldalite™ 049 and 
2014-0 Temper 1.6 mm Sheet, Tested at a Strain Rate 
of 1.67 x 10""3 s-1 (0.20 in./min) in the 0 Degree 
Orientation

Temper Yield
Strength

(MPa)
Ultimate
Strength

(MPa)
Stress
Ratio

(UTS/YS)
% Elong 
(51 mm 
gage)

Strain
Hardening
Exponent

(n)
T3 302 406 1.35 18.7 0.179
T4 303 394 1.30 19.2 0.168
Rev 238 355 1.49 23.9 0.222
W 139 310 2.24 26.7 0.369
0 191 278 1.45 15 .3 0.210

T66 567 593 1.04 4 . 9 0.021
T616 591 608 1.03 2.7 0.023
T86 549 580 1.05 4 . 9 0.023
T816 621 637 1.03 2.0 0.027

2014-0 95 171 1. 85 18 . 0 0 .151
2014-T6 414 484 1.17 12.0 0.019
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24% elongation for the reversion temper and a 139 MPa yield 
strength with 27% elongation is achieved for the W temper.
As expected, the reversion and W tempers had superior stress 
ratios of 1.49 and 2.24 respectively. The annealed (0) 
temper had a stress ratio of 1.45, but only had an elongation 
of 15.3%, which is a low ductility value for stretch forming 
operations (2 9). Ductility greater than ~18% is considered 
high elongation for aluminum alloys (20). In production it 
is advantageous to simply age a component after forming to 
achieve a high strength condition without an intermediate 
resolution heat treatment. The annealed temper would have to 
be resolution heat treated after a forming operation (20), 
thus additional manufacturing operations would be required.

The artificially aged specimens were heat treated to two 
strength levels to determine the high strength properties of 
Weldalite™ 04 9. An under-aged temper (both T6 and T8) 
represents a high strength condition which still has adequate 
elongation, and from previous experience adequate fracture 
toughness (14 0) . A peak-aged temper represents the highest 
strength achievable with the provided material. The under
aged T6, denoted as T66 since it was aged for 6 hours, 
achieved an ultimate strength of 593 MPa with 4.9% 
elongation. The T616 temper, peak-aged, reached 608 MPa 
ultimate strength but with only an elongation of 2.7%. The
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additional aging time increased the strength, but decreased 
the elongation. The T8X tempers had the same results, but 
with the T816 temper reaching a 637 MPa ultimate strength 
level. Higher strength values are expected with the T8 
versus the T6 temper due to the additional stretch in the T8 
starting material, thus additional nucléation sites (20,112) . 
As a result of this initial characterization, the T3, T4,
Rev, and W Weldalite™ 04 9 tempers were selected to evaluate 
the formability in this study due to their high elongation, 
low yield strength values and large stress ratios.

To provide a baseline for comparison, 2014 was tested in 
an annealed (0) and T6 aged temper, conditions with stress 
ratios of 1.85 and 1.17 respectively. The 0 temper is a low 
yield strength temper, i.e., 95 MPa, with high elongation of 
18%.

Part 2 of the tensile test evaluations involved a more 
thorough characterization of the T3, T4, Rev, and W 
Weldalite™ 049 tempers and 2014-0. Tensile tests were 
conducted to evaluate the mechanical properties as a function 
of orientation, strain rate, and temper. The tensile 
properties of many aluminum sheet alloys exhibit directional 
sensitivity. Thus, a variety of orientations need to be 
considered since changes in properties with sheet direction
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are very important in forming operations that involve 
bending, stretching, or drawing.

Tables 9-11 present the basic mechanical properties, 
based on the average value of valid duplicate specimens. 
Mechanical properties for the T3, T4, Rev, and W Weldalite™
04 9 tempers and 2014-0 at a strain rate of 1.67xl0~4 s_1 for 
the 0°, 45°, and 90° orientations are shown in Table 9. The 
T3 and T4 tempers achieve ultimate strength levels of -420 
MPa while the Rev and W tempers are -350 MPa. A variation in 
properties with respect to orientation is quite evident. 
Elongations range between 18-30% for the 0° orientation but 
decrease to 9-17% in the 90° orientation. Tables 10 and 11 
display the mechanical properties at 1.67xl0-3 s_1 and 
1. 67x10""2 s-1 respectively, with similar properties to those 
shown in Table 9. A slight inverse relationship between 
strain rate and strength exists for Weldalite™ 04 9. Strain 
hardening exponent, strain rate sensitivity and plastic 
strain ratios were also calculated and are presented in 
Tables 9-11, but will be discussed later in Sections 6.1.2, 
6.1.3, and 6.1.4 respectively.

Figure 26 presents typical stress - strain curves for 
Weldalite™ 04 9 in the T3 temper at a variety of strain rates. 
The T3 stress - strain curves shown are representative of all 
Weldalite™ 04 9 tempers. The curves exhibit a linear elastic
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Table 9: Mechanical Properties for Weldalite™ 04 9 and
2014-0 Temper 1.6 mm Sheet, Tested at a Strain
Rate of 1.67 x 10~4 s-1 (0.02 in./min)

Temper Orientation 
(respect to 
rolling 

direction

Yield
Stress
(MPa)

Ultimate
Strength

(MPa)

% Elong 
(51 mm 
gage)

Strain
Hardening
Exponent

(n)
T3 0 degrees 311 421 19 .1 0.171

45 291 436 19.8 0.207
90 309 448 11.0 0.153

T4 0 304 402 18.0 0.153
45 280 414 18 .1 0 .180
90 309 430 9.5 0 .142

Rev 0 240 366 22.7 0.214
45 205 367 22.9 0.243
90 237 387 11.7 0.204

W 0 121 335 30.3 0.357
45 138 354 28.6 0.367
90 149 352 17.8 0.328

2014-0 0 93 171 17 . 6 0.162
45 94 168 18.5 0.162
90 93 169 18.2 0 . 154
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Table 10: Mechanical Properties for Weldalite™ 049 and
2014-0 Temper 1.6 mm Sheet, Tested at a Strain
Rate of 1.67 x 10-3 s-1 (0.20 in./min)

Temper Orient
(deg)

Yield
Strength

(MPa)

Ultimate
Strength
(MPa)

%Elong 
(51 mm 
gage)

n
Value

*

m
Value

*

r
Value

*
T3 0 302 406 18 . 7 0.179 -0.008 0.73

45 286 430 21. 6 0.202 ---

90 310 449 10 . 3 0.168 0.76
T4 0 303 394 19.2 0.168 -0.005 0.90

45 269 405 17.2 0.183 ---

90 298 419 8.6 0 .144 0.91
Rev 0 238 355 23.9 0.222 -0.023 1.22

45 208 359 21. 8 0.253 ---
90 229 377 24 . 9 0.214 1.13

W 0 139 310 26.7 0.369 -0.021 0.99
45 115 322 28.6 0.391 ---

90 123 332 19.6 0.357 0.97
2014-0 0 95 171 18.0 0.151 -0.005 1.31

45 95 164 20.9 0.151 ---

90 94 167 18 . 9 0.151 1.32

* Note : n Value = Strain Hardening Exponent 
m Value = Strain Rate Sensitivity 
r Value = Plastic Strain Ratio
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Table 11: Mechanical Properties for Weldalite™ 049 and
2014-0 Temper 1.6 mm Sheet, Tested at a Strain
Rate of 1.67 x 10~2 s-1 (2.00 in./min)

Temper Orientation 
(respect to 
rolling 

direction

Yield
Stress
(MPa)

Ultimate
Strength

(MPa)

% Elong 
(51 mm 
gage)

Strain
Hardening
Exponent

(n)
T3 0 degrees 305 406 19.5 0 .163

45 280 426 20 . 4 0 .182
90 311 447 13 . 6 0.161

T4 0 305 389 17 . 6 0.150
45 272 408 18.0 0.186
90 301 409 8.5 0.139

Rev 0 221 331 26.0 0.241
45 209 347 23.3 0.238
90 239 369 16 . 0 0.198

W 0 136 294 23.8 0.301
45 126 311 29.1 0.355
90 139 310 19.4 0.316

2014-0 0 90 169 19.9 0.147
45 94 166 21. 6 0.152
90 92 167 19.3 0.143
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Figure 26: True Stress versus True Strain Curves for
Weldalite™ 049 - T3 Temper, 1.6 mm Sheet, 0° 
Orientation, at Strain Rates of 1.67 x lO*4 s-1,
1.67 x 10-3 s-i' and 1.67 x 10"2 s"1
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region, followed by a parabolic curve to failure. It should 
be noted, as with many aluminum alloys the ultimate load 
corresponds to total elongation; there is no peak strength 
which then decreases (20).

A minimal inverse effect was observed due to strain rate 
on strength and ductility, which is typical with aluminum 
alloys (19). For example, the ultimate tensile strength of 
T3, 0° sample at a strain rate of 1.67xl0-4 s'1 was 421 MPa, 
but decreased to 406 MPa at 1.67xl0"2 s"1. All of the tempers 
followed this trend of slightly decreasing strength with 
increasing strain rate. m-values ranging from -0.02 to 
-0.005 were calculated, indicative of effects of dynamic 
strain aging for all the Weldalite™ 04 9 tempers and 2014-0. 
No systematic trend was observed between strain rate and 
total ductility.

The data in Tables 9 - 1 1  also show clearly that sheet 
properties are anisotropic. Figure 27 presents the strength 
and elongation values for the T4 temper as a function of 
orientation. Yield strength decreases from 300 MPa for 0° 
and 90° samples to 2 69 MPa at 45°. Also, the total 
elongation significantly decreases at 90°. As previously 
stated, the Weldalite™ 04 9 sheet evaluated in this study was 
the first lot of commercially produced sheet, therefore the 
processing sequence was not optimized which could be the
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Figure 27 : Strength (Ultimate and Yield) and Elongation
versus Orientation (0° - Parallel to Rolling 
Direction, 45°, and 90° - Perpendicular to Rolling 
Direction) for Weldalite™ 04 9 - T4 Temper, 1.6 mm 
Sheet at a Strain Rate of 1.67 x 10~3 s-1
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cause of the low 90° ductility. All of the Weldalite™ 04 9 
tempers exhibit the above stated trends at all strain rates. 
The implication for forming operations which do involve an 
anisotropic material is that failure will have a tendency to 
occur along preferred low strength and low ductility 
directions. More specifically, the direction of failure is 
not expected to be random. The 2014-0 sheet, however, 
displayed very little anisotropy. Yield strengths of 
approximately 95 MPa were consistent for all orientations 
with 19% elongations.

The orientation of the localized neck in the sheet 
tensile specimens varied with orientation as well. The T4 
and W tempers are representative of the tensile fracture 
modes. Figures 28 and 29 are photographs of the T4 and W 
tensile specimens, respectively, at 0°, 45°, and 90° 
orientations. The 0° and 90° specimens show a typical 
perpendicular (or 0°) fracture while the 45° shows more of a 
sheared, 45° fracture angle surface. The T4 and W temper 
specimens display the same fracture trends, with the 
exception of the W temper specimens having a rougher surface 
edge .

Elevated temperature tensile tests were performed at 
373K with the results shown in Table 12. The T3 temper was 
tested at all strain rates in all orientations while the
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Figure 28 : Photograph of Fractured Tensile Specimens of
Weldalite™ 04 9 - T4 Temper, 1.6 mm Sheet at 0°, 
45°, and 90° Orientations and a Strain Rate of
1.67 x 10-3 s-i
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Figure 29: Photograph of Fractured Tensile Specimens of
Weldalite™ 04 9 - W Temper, 1.6 mm Sheet at 0°, 
45°, and 90° Orientations and a Strain Rate of
1.67 x 10-3 s-i
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Table 12: Mechanical Properties for Weldalite™ 049 and
2014-0 Temper 1.6 mm Sheet, Tested at an
Elevated Temperature of 37 3K

Temper Strain
Rate
(s-i)

Orient. 
(deg)

Yield
Strength

(MPa)

Ultimate
Strength

(MPa)

% Elong.

T3 1.67x10-4 0 287 375 19 .1
45 261 384 25.8
90 277 395 15 .4

1. 67x10-3 0 297 374 15.2
45 273 391 21.1
90 285 398 16.4

1. 67xl0-2 0 297 377 15.7
45 282 394 19.3
90 296 401 11 .1

T4 1. 67x10-4 0 289 369 21.2
1. 67x10-3 0 293 361 15.7
1.67x10-2 0 307 374 15.8

Rev 1. 67x10-3 0 271 350 21.2
W 1.67x10-3 0 227 353 18.9

2014-0 1. 67x10-4 0 95 147 25.5
1. 67x10-3 0 96 155 25.6
1. 67xl0-2 0 93 160 23.5
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other tempers were tested in only the 0° orientation. At the 
higher test temperature the yield and ultimate tensile 
strengths for the T3 and T4 tempers were lower .while the 
ductility was essentially unchanged from the room temperature 
properties. This suggests that components could be formed at 
elevated temperatures to enable working with a lower strength 
condition, thus less forming pressure would be needed to be 
applied. However, the reversion and W tempers strength 
levels increased with increasing temperature. These two 
tempers are not stable at elevated temperatures and begin to 
artificially age immediately upon heating. Correspondingly, 
the yield strength of 2014-0 was independent of test 
temperature (approximately 95 MPa) and the ultimate strength 
decreased from 170 MPa at room temperature to 150 MPa at 
373K.

In addition to the tests discussed above on 1.6 mm thick 
sheet, tensile samples of 3.18 mm thick sheet were also 
tested at room temperature, in the 0° orientation at a strain 
rate of 1.67xl0-3 s-1. Strength levels in all of the tempers 
were higher in the thicker sheet while total elongations were 
lower as shown in Table 13. For example, the W temper 3.18 
mm thick sheet exhibited a 331 MPa ultimate strength, a 162 
MPa yield strength with 13.9% elongation, while under the 
same testing conditions 1.6 mm sheet exhibited a 310 MPa
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Table 13: Mechanical Properties for Weldalite™ 049 and
2014-0 Temper 3.18 mm Sheet, Tested at a
Strain Rate of 1.67 x 10~3 s-1 (0.20 in./min)

Temper Yield
Strength

(MPa)

Ultimate
Strength

(MPa)

% Elong. 
(51 mm 
gage)

T3 328 419 9.5
T4 376 498 13.8
Rev 287 408 12.7
W 162 331 13 . 9

2014-0 83 178 20.4

ultimate strength, a 139 MPa yield strength with 26.7% 
elongation. This same trend is evident with the as-received 
T3 and T4 temper sheets. Therefore the strength differences 
are due to inherent microstructure differences due to the 
thermomechanical processing history.

6.1.2 Strain Hardening Exponents
A strain hardening exponent, n, was determined for each 

tensile sample and the results are summarized in Tables 8 -
11. The procedure used to evaluate the n value is illus
trated below with data on a 0° orientation, 1.6 mm thick 
Weldalite™ 04 9 specimen in the T3 temper. Load -
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displacement data were recorded on a computer data 
acquisition system and analyzed to obtain the true stress - 
true strain curve shown in Figure 30. From the true stress - 
true strain data. In true stress versus In true strain within 
the uniform deformation region were plotted as shown in 
Figure 31 and the best fit slope of the line in Figure 31 was 
taken as n. In Figure 31, n = 0.18. In contrast. Figure 32 
shows a corresponding plot for a W temper specimen under the 
same testing conditions, resulting in a strain hardening 
exponent value of 0.37. The difference in slope between the 
specimens of these two tempers is quite evident, thus the 
extreme variation in n values.

The strain hardening exponent, n, is a measure of the 
ability of a metal to distribute strain in the presence of a 
stress gradient. In general, it has been determined that 
materials with high n values distribute strain more uniformly 
(113). In addition, the higher this exponent, the more 
material will harden as it is stretched, and the greater will 
be its resistance to localized necking.

For each of the tensile specimens tested, the strain 
hardening exponent values were calculated and can be found in 
the previously discussed Tables 8-11. Figure 33 displays the 
strain hardening exponents for the various tempers as a 
function of orientation at a strain rate of 1.67xl0~3 s-1. The
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Figure 30: In the Determination of a Strain Hardening
Exponent a True Stress versus True Strain Curve is 
Calculated.Shown is a Weldalite™ 04 9 - T3 Temper, 
1.6 mm, 0° Orientation Specimen at a Strain Rate 
of 1.67 x 10-3 s'1
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Figure 31: In the Determination of a Strain Hardening
Exponent a Ln True Stress versus Ln True Strain 
Curve is Calculated. Shown is a Weldalite™ 04 9 - 
T3 Temper, 1.6 mm, O Degree Orientation Specimen 
at a Strain Rate of 1.67 x 10~3 s-1
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Figure 32 : In the Determination of a Strain Hardening
Exponent a Ln True Stress versus Ln True Strain 
Curve is Calculated. Shown is a Weldalite™ 04 9 - 
W Temper, 1.6 mm, 0 Degree Orientation Specimen at 
a Strain Rate of 1.67 x 10~3 s-1 (
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Figure 33: Strain Hardening Exponent (n) versus Orientation
for Weldalite™ 049 Tempers and 2014-0, 1.6 mm 
Sheet at a Strain Rate of 1.67 x 10"3s"1

n values for each orientation of the W temper sheet are
consistently higher than other tempers. This is in agreement
with the ultimate tensile stress / yield stress ratio (Table
8) which also gives a good indication of formability. The
higher n values of the W and Rev tempers indicate better
resistance to localized necking and better uniform strain
distribution than Weldalite™ 04 9 in the T3 and T4 temper or
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2014-0. It should be noted that the T3 and T4 tempers also 
display higher n values than any orientation of the 2014-0 
material. The high n values for Weldalite™ 049 may reflect 
the effects of dynamic strain aging as serrated yielding was 
observed in the tensile data, particularly for the W temper. 
Another cause of the high n values could be related to the 
curve fit of the In true stress versus In true strain curve. 
Artificially high n 's could result from taking the slope of 
an actual curve. In an ideal situation, the hardening 
exponent n is equal to uniform strain. In aluminum alloys 
and brass, however, n drops prior to maximum load (113). 
Failure to carefully examine the stress - strain behavior 
near the maximum load can also cause gross over estimation of 
strain hardening ability near failure.

6.1.3 Strain Rate Sensitivity
Strain rate sensitivity is a good indicator of changes 

in deformation behavior and measurements of m provide a key 
link between dislocation concepts of plastic deformation and 
the more macroscopic measurements made in the tension test 
(136). m values > 0 delay the onset of localized necking and 
improve the forming strains. Steel alloys typically have 
positive m values. For example, AK-1 and AK-2 steel have a m 
of -0.016 (113) . All of the Weldalite™ 04 9 tempers and 2014- 
O exhibit a slight negative strain rate sensitivity (as shown
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in Figure 34 and listed in Table 10) as is typical of 
aluminum and brass alloys. This negative value results in a 
decrease in the limiting strain. 2014-0, the T3 and T4 
Weldalite™ 04 9 tempers have m values of — 0.005 while the Rev 
and W tempers are — 0.02 The method for calculating the 
strain rate sensitivity values can be found in Section 5.2.4.

0.01

-H>-H
-H10(30)
CO

0.00

- 0.01 -<v
5
c-H
M-P
CO

- 0.02  -

-0.03

Alloy / Temper

Figure 34: Strain Rate Sensitivity (m) versus Weldalite™ 04 9
Tempers and 2014-0, 1.6 mm Sheet at Room 
Temperature (2 98K)
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6.1.4 Plastic Strain Ratio
A high r value, or anisotropy factor, exerts a 

beneficial influence on the limit strain by delaying 
localized neck formation. The r values for the 0° and 90° 
specimen orientations tested at a strain rate of 1.67x10~3 s_1 
are listed in Table 10. Data collected for the 45° specimens 
were invalid. Plastic strain ratios for 2014-0 aluminum were 
higher in both the 0° and 90° orientations than those for any 
temper of Weldalite™ 04 9, e.g., 1.31 and 1.32. Therefore,
the deep drawability of Weldalite™ 04 9 is predicted to be 
less than that for 2014-0, because the higher the r value the 
better the deep drawability. Within the Weldalite™ 04 9 
tempers the reversion and W tempers would have the better 
drawing properties with average r values of 0.98 and 1.15 
respectively.

6.2 Punch Tests
The hemispherical punch test was employed to measure 

formability under a variety of strain conditions. Two 
specific types of information result from this test, 1) the 
limiting dome height or plane strain condition and 2) the 
creation of forming limit diagrams.
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6.2.1 Limiting Dome Heights
Limiting dome height tests were conducted with the T3,

T4, Rev, and W Weldalite™ 04 9 tempers and 2 014-0 1.6 mm thick 
sheet. A variety of specimens ranging from 25 mm to 203 mm 
widths were punch tested recording both load and deflection 
(the punch height). Figures 35-41 represent the load and 
punch height as a function of specimen width for each temper. 
To evaluate sheet anisotropy effects during punch testing, 
the T3 and W tempers were evaluated in both the 0° and 90° 
orientations. T4, Rev, and 2014-0 were tested in only the 0°
orientation.

Plots of ultimate load as a function of specimen width 
(Figures 35A-41A) show that a decreased load is evident at 
the limiting dome height, which is typically the 127 mm (5 
in.) wide specimen. It should be noted, that with the 
modified clamping ring method used for these tests the 25,
51, and sometimes the 7 6 mm wide specimens fractured at the 
bend radius ; therefore, recorded ultimate loads and punch 
heights should be reviewed carefully. Load versus deflection 
curves were plotted during the course of each of the limiting 
dome height tests. All of the curves demonstrated the same 
basic characteristics. The curves initially have a moderate 
slope which increases with punch displacement. This upward
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Figure 35: Limiting Dome Height Results for Weldalite™ 049-
T3 Temper, 0° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 36: Limiting Dome Height Results for Weldalite™ 049- 
T3 Temper, 90° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 37: Limiting Dome Height Results for Weldalite™ 049-
T4 Temper, 0° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 38: Limiting Dome Height Results for Weldalite™ 049-
Reversion Temper, 0° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 39: Limiting Dome Height Results for Weldalite™ 049-
W Temper, 0° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 40: Limiting Dome Height Results for Weldalite™ 04 9-
W Temper, 90° Orientation, 1.6 mm Sheet. A) 
Ultimate Load versus Specimen Width and B) Punch 
Height versus Specimen Width.
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Figure 41: Limiting Dome Height Results for 2014 - O Temper,
0° Orientation, 1.6 mm Sheet. A) Ultimate Load 
versus Specimen Width and B) Punch Height versus 
Specimen Width.
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sweeping section of the curve is principally the result of 
out-of-plane punch stretching (127).

In practice, most production failures occur close to 
plane strain, which is generally the strain state at the 
minimum on a plot of punch height versus specimen width (108) 
(Figures 35B-41B). The W and reversion tempers have the 
highest minimum heights, i.e., a punch travel of 2 6.9 mm and 
24.4 mm (Table 14) respectively, indicating best forming in 
biaxial conditions.

6.2.2 Forming Limit Diagrams
Forming limit diagrams are direct and useful 

representations of the formability of sheet. These diagrams 
indicate the limiting strains that sheet materials can 
sustain without fracture over a range of major-to-minor 
strain ratios. Section 5.4 explains the procedure used to 
create the forming limit diagrams. Supplemental gridded 
tensile specimens were also plotted on the diagrams to 
represent uniaxial tension.

To plot the forming limit diagrams (FLD) for the 
Weldalite™ 04 9 tempers and 2014-0, major and minor strain 
values were plotted for the fracture, near fracture, and 
successful circle measurements designated on each plot with a 
square, cross, and triangle symbol respectively. The results 
for the aluminum alloys are shown in Figures 4 2 - 4 8 .  A
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Table 14: Limiting Dome Heights (LDH0) for Weldalite™
04 9 and 2014-0 Temper 1.6 mm Sheet

Temper Thickness
(mm)

Punch Travel 
(mm)

Punch Travel / 
Thickness

T3 1.60 19.8 12.4
T3-90° 1. 60 18.0 11.3

T4 1. 60 17 .0 10.6
Rev 1. 60 24 . 4 15.2
W 1. 60 26.9 16.8

W- 90° 1.60 23.5 14 .7
2014-0 1. 60 22.4 14.0
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Figure 42: Forming Limit Diagram for Weldalite™ 049 - T3
Temper, 0° Orientation, 1.6 mm Sheet
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Figure 43: Forming Limit Diagram for Weldalite™ 049 - T3
Temper, 90° Orientation, 1.6 mm Sheet
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Figure 44: Forming Limit Diagram for Weldalite™ 049 - T4
Temper, 0° Orientation, 1.6 mm Sheet
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Figure 45: Forming Limit Diagram for Weldalite™ 049 - Rev
Temper, 0° Orientation, 1.6 mm Sheet
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Figure 46: Forming Limit Diagram for Weldalite™ 04 9 - W
Temper, 0° Orientation, 1.6 mm Sheet
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Figure 47: Forming Limit Diagram for Weldalite™ 049 - W
Temper, 90° Orientation, 1.6 mm Sheet
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curve was drawn below all the fractured circle measurements, 
but often near failure and success measurements also fall 
above the drawn curve.

The forming limit diagram for the 0° orientation T3 
temper is shown in Figure 42. A minimum forming strain, 60, 
of 9.5% occurs at a minor strain, e2, equal to zero; which 

represents plane strain since dimensional changes are only 
occurring in one direction. The left side of the curve 
gradually increases to -15% major strain as a uniaxial 
forming mode is approached. The right side of the forming 
limit curve (FLC) increases to -16% major strain and plateaus 
from -13% minor strain to -17% strain. The curve shape is a 
wide, sweeping U-type shape. The forming limit of the T3-900 
FLD, as shown in Figure 43, decreases significantly to a 
plane strain value of 6.6%. This lower forming strain limit 
corresponds to the previously observed ductility decrease in 
the 90° orientation. The left side of the FLC increases 
minimally to -9% major strain while the right side increases 
drastically to -15% and essentially becomes equivalent to the 
right side of the T3-0° FLC (Figure 42). Since the right 
hand side of the FLC represents biaxial conditions, 
orientation should have minimal effect, thus the reason why 
the T3 0° and 90° orientation FLDs have the same right hand 
curves. Figure 50 displays the curves of the T3 and W temper
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Figure 49: Forming Limit Diagram Curves for Weldalite™ 04 9
T3, T4, Rev, and W Tempers and 2014 - 0 Temper, 
0° Orientation, 1.6 mm Sheet



Ma
jo
r 

St
ra
in
, 

el

T-4138 130

40

W-030 -

W-9020 _

T3-0

10 - T3-90

-20 30-10 0 10 20
Minor Strain, e2 (%)

Figure 50: Forming Limit Diagram Curves for Weldalite™ 04 9
T3 and W Temper, 0° and 90° Orientation,
1.6 mm Sheet
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- 0° and 90° orientation FLCs superimposed on one plot 
without the actual data points. The right sides of the 
curves are essentially equivalent as expected. •

The FLD for the T4 temper, 0° orientation is shown in 
Figure 44. Essentially the same curve results as with the 
T3-0° curve with a corresponding forming limit strain of 
10.0%. The Rev FLD, shown in Figure 45, changes on the 
uniaxial side as compared to the previously discussed T3 and 
T4 temper curves, to a much steeper shape. A forming limit 
of 15.5% results at plane strain and increases to ~28% in 
uniaxial forming. The curve for this left side is a V-shape. 
The right side of the curve is a more gradual increase to 
~21% strain with a slight plateau.

Figures 4 6 and 47 represent the FLDs for the W temper,
0° and 90° orientations respectively. The curve shapes are 
similar to the Rev-0° FLC with forming limits at plane strain 
of 20.2% and 15.5% respectively. The same orientation effect 
as observed with the T3 temper curves is evidenced with the W 
temper curves. The W-90° temper has lower uniaxial forming 
limits but essentially the same biaxial limits as the 0° 
orientation. The 2014-0 FLD, shown in Figure 48, has a 
minimum forming limit strain of 10.1% with strain increasing 
to ~16% in uniaxial forming and -14% under biaxial 
conditions. The minor strains for this alloy have a narrower
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range than the Weldalite™ 04 9 tempers, with limits ranging 
between -10% to +12% for 2014-0 while the Weldalite™ 049 
tempers typically ranged between -15% to +19%.

It is apparent from looking at the FLDs in Figures 42-48 
that no universal FLD exists for aluminum alloys like that 
found for low-carbon steels by Keeler (118) and Goodwin 
(137). In fact, both the levels and shapes of the FLDs vary 
considerably among the different tempers and orientations.
Each 0° orientation FLD curve was superimposed on one plot 
after removing all the data points and is shown in Figure 49. 
The level of the W temper, 0° orientation curve is higher 
than any of the other temper curves, indicating better 
formability and implying greater strain levels are needed 
before fracture will occur over the entire range of strain 
states. The T3 temper, 0° orientation, which received the 
most cold work during fabrication, has better biaxial limits 
than the other tempers (extension into the minor strain 
region). Once again. Figure 50 displays the orientation 
effect with the Weldalite™ 049 T3 and W tempers in the 0° and 
90° orientations. Photographs of the actual specimens used 
to create the forming limit diagrams can be seen in Figures 
51-58. The fracture locations on each specimen are at the 
point where the deformation punch is no longer in contact 
with the sheet sample.
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It has been found that the correlation of deep 
drawability with the level of the FLD for minor strains that 
are less than zero is a reliable indicator (138) . The higher 
level of the minor strains that are less than zero for the W 
temper (Figure 47) and for 2014-0 (Figure 49) will result in 
higher limit strains and, hence, superior drawability.

The stretch bending performance of the T3 temper in both 
the 0° and 90° orientations is considerably inferior to the 
other tempers because of the low FLD level at plane strain 
(e2=0) as shown in Figures 42 and 43. Both high forming

limits and high strain hardening rates are required for good 
stretching performance. The lower overall limiting strains 
for the T3 temper 90° orientation versus the T3 temper 0° 
orientation reflects the 90° orientations poor resistance to 
diffuse necking.

6.3 Minimum Bend Radii Results
Minimum bend ratios were determined for the various 

tempers of Weldalite™ 04 9 and 2014-0 resulting in a range of 
minimum bend radii of It - 3t as shown in Table 15. 0° and 
90° orientations of both 1.6 mm and 3.18 mm thick sheet were 
evaluated in the T3, T4, Rev, and W tempers and 2014-0. A 
R/t ratio of 2t resulted with the T3 and T4 tempers in both 
the 0° and 90° orientations for 1.6 mm thick sheet. A R/t 
ratio of It was established for reversion, W and 2014-0
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Table 15: Minimum Bend Ratio (R/t: Mandrel Radius /
Material Thickness) for Weldalite™ 049 and 
2014-0 Temper 1.6 mm and 3.18 mm Sheet

Temper Thickness
(mm)

Parallel

Rmin

to Grain 

R/t

Perpendicular to 
Grain 

Rmin R/t
T3 1.60 3.18 2t 3.18 2t

3.18 9.53 3t 6.35 2t
T4 1. 60 3.18 2t 3.18 2t

3 .18 9.53 3t 6.35 2t
Rev 1.60 1.60 It 1.60 It

3 .18 6.35 2t 3.18 It
W 1. 60 1.60 It 1.60 It

3.18 3 .18 It 3.18 It
2014-0 1.60 1.60 It 1.60 It

3.18 3 .18 It 3 .18 It
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tempers in both orientations. Therefore, optimum formability 
in a bending mode can be achieved with the Rev, W and 2014-0 
sheets since a material with a It minimum bend radius has 
greater formability under bending than a material with a 3t 
minimum bend radius.

Previously, a marked difference in bendability was found 
when comparing bends of 2090-T31 and -T83 oriented across and 
parallel to the rolling direction (105) . A minimum bend 
radii of It was determined for 2.2 mm thick 2090-T31 sheet 
parallel to the rolling direction, whereas it increased to 2t 
perpendicular to the rolling direction. The Weldalite™ 04 9 
sheet does not show this orientation versus bendability 
effect with the 1.60 mm sheet, but does for the T3 and T4 
tempers of 3.20 mm sheet. Specifically, the 0° orientation 
for both has a 3t minimum bend ratio while the 90° has a 2t.

Figures 59-63 are photographs of the actual bend 
specimens. Surface cracking can be detected on the specimens 
which failed to bend around the specified radius. The bend 
tests were continued with increasing radius mandrels until a 
successful bend was achieved, thus no surface cracking was 
observed. It is interesting to note that the minimum bend 
radius to thickness ratio increases with increasing thickness 
for aluminum, whereas it remains constant for steel (115).
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3.18 mm 
Thick

Figure 59: Photograph of Weldalite™ 04 9 - T3 Temper 90°
Semi-Guided Bend Test Specimens at 0° and 90° 
Orientations. 1.6 mm Sheet at Bend Ratio's (R/t) 
of It and 2t, and 3.18 mm Sheet at Bend Ratio's 
(R/t) of It, 2t, and 3t



Figure 60: Photograph of Weldalite™ 04 9 - T4 Temper 90°
Semi-Guided Bend Test Specimens at 0° and 90° 
Orientations. 1.6 mm Sheet at Bend Ratio's (R/t) 
of It and 2t, and 3.18 mm Sheet at Bend Ratio's 
(R/t) of It, 2t, and 3t
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3.18 mm 
Thick

Figure 61: Photograph of Weldalite™ 04 9 - Rev Temper 90°
Semi-Guided Bend Test Specimens at 0° and 90° 
Orientations. 1.6 mm Sheet at Bend Ratio's (R/t) 
of It, and 3.18 mm Sheet at Bend Ratio's (R/t) of 
It and 2t
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1. 6 mm 
Thick

3.18 mm 
Thick

Figure 62: Photograph of Weldalite™ 049 - W Temper 90° Semi-
Guided Bend Test Specimens at 0° and 90° Orient
ations. 1.6 mm Sheet at Bend Ratio's (R/t) of It, 
and 3.18 mm Sheet at Bend Ratio's (R/t) of It
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014-0It

3.18 mm
Thick

i i | i | 
O 1 INCH I

2 0 1 4 - 0 '
20 1 4 - 9 0

Figure 63: Photograph of 2014-0 Temper 90° Semi-Guided Bend
Test Specimens at 0° and 90° Orientations. 1.6 mm 
Sheet at Bend Ratio's (R/t) of It, and 3.18 mm 
Sheet at Bend Ratio's (R/t) of It
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6.4 Summary Discussion
Weldalite™ 049 - T3, T4, Rev, and W tempers and 2014-0 

sheet were evaluated to determine formability under a variety 
of strain conditions and forming modes, and results were used 
to establish a ranking based on performance. In the uniaxial 
tensile test, a combination of high elongation and a high 
stress ratio indicates good formability. The W temper had 
both the highest elongation and stress ratio followed by Rev, 
2014-0, T4, and T3. The punch testing determined the 
limiting dome height for each temper and was used to create 
forming limit diagrams. Both of these results ranked the 
materials again from W, Rev, 2014-0, T4, to T3 in terms of 
enhanced stretch formability. Bendability tests also 
resulted with the same ranking.

The rankings established for each of the forming tests 
can be better understood by discussing the possible 
microstructural effects (15) of each temper on formability. 
The W temper was found to be the most formable temper. Upon 
quenching, the microstructure of the W temper contains Ô 1 
precipitates and G.P. (Guinier-Preston) zones. The 8' 

precipitates are approximately 1-2 nm in diameter. Since 
these particles are relatively small, they are not effective 
barriers to dislocation motion; therefore, the corresponding 
yield strength is low and elongation is high. During the
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initial stages of artificial aging (reversion temper), Ô * 

precipitates dissolve while the GP zones coarsen. This 
results in an intermediate type structure between the W and 
T3/T4 tempers. In the W temper, 8 1 offers very little

strengthening, so when it dissolves in the Rev temper, no 
effect is observed. At the same time, however, coarsening of 
the G.P. zones serves to increase the yield strength and 
decrease the elongation. Both the T4 and T3 temper 
microstructures include a well developed GP zone structure 
with a fine distribution of 8' surrounding Zr rich a 1 
dispersoids. After >1000 h at ambient temperature, 8 1 

coarsens to a size of 5-15 nm diameter. Differences between 
the T4 and T3 tempers include more well-developed G.P. zones 
in the T4 temper as compared to the T3 due to magnesium 
vacancy complexes. The additional dislocations in the T3 
temper due to the cold work serve as vacancy sinks, thereby 
inhibiting the development of G.P. zones.

A few of the other tempers which were not thoroughly 
characterized in this study due to inferior formability as 
indicated by the tensile test, were the annealed (0) and 
artificially aged tempers (T6 and T8). The microstructures 
of these tempers suggest why these tempers were not as 
formable. The microstructure of the O temper as interpreted 
from a phase diagram at 773K indicate that very coarse
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precipitates, including Tlf TB, and 0 are prevalent on 

subgrain and grain boundaries. The artificially aged tempers 
have been thoroughly characterized, and the documented 
precipitate structures include: GPI zones (monolayers of
nearly pure Cu), 0 ' ,  Tlf S' and Q  (15). As a result, the

precipitates present lead to high yield strengths, which 
correspond to poor formability.

To understand the variety of forming tests and how they 
related to each other, a comparison was made between the 
limiting strains. First, the limiting dome height, LDH0f was 
determined for each of the tempers in the limiting dome 
height test. It was found that the W and reversion tempers 
had higher strain levels relative to 2014-0, T3 and T4 
Weldalite™ 049 tempers. The strain hardening exponents, n, 
determined by the tension tests were also found to be higher 
for the W and reversion tempers. On the other hand, r values 
for 2014-0 aluminum are higher than any of the Weldalite™ 04 9 
tempers. Thus, it can be concluded that the Weldalite™ 04 9 W 
and reversion tempers have better formability than 2014-0, 
since they distribute the strain more uniformly and resist 
localized necking better; these results are in agreement with 
the results obtained during punch-stretch testing.

Figure 64 displays the limiting strain from each of the 
forming limit diagrams compared to the measured limiting dome
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Figure 64: Comparison of the Minimum Strains as Evaluated
from the Forming Limit Diagrams versus the 
Measured Limiting Dome Heights
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height. The limiting dome height has less variability 
between the various tempers as compared to the minimum FLD 
strain. It is evident that the T3 and T4 tempers have lower 
forming limits with both measurements, however, the 2014-0 
temper shows a low value for limiting dome height whereas the 
minimum FLD strain is substantially higher.

A comparison of minimum FLD strain to total elongation. 
Figure 65, shows the same trend for all tempers. The W- 0° 
sample has the highest forming limit for both measures of 
formability followed by reversion-0o, W-90°, T4-0°, T3-0°, 
2014-0°, and T3-90°. This observation indicates that a 
measurement of total elongation is a good measure of the 
forming limit when ranking a variety of materials or tempers.

Figure 66 illustrates the relationship between the 
minimum FLD strain and the minimum bend radii. Since minimum 
bend radii did not vary significantly with the tempers 
involved in this study, its particular ranking is not 
extremely useful. A more precise measurement of 
intermediate bending values would have to be performed to 
precisely rank bendability. The minimum FLD strain in 
general is a good measure of formability . When ranking 
various materials and tempers the minimum FLD strain 
signifies the strain at which fracture will occur in a plane 
strain condition and is useful as a ranking tool.
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Elongation

Temper / Orientation

Figure 65: Comparison of the Minimum Strains as Evaluated
from the Forming Limit Diagrams versus the Total 
Average Percent Elongation from Standard Tensile 
Tests
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Figure 66: Comparison of the Minimum Strains as Evaluated
from the Forming Limit Diagrams versus the Minimum 
Bend Radii as Determined from the 90° Semi-Guided 
Bend Tests
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7.0 CONCLUSIONS

1) The Weldalite™ 04 9-W temper has the largest stress ratio 
(ultimate tensile stress / yield stress) of 2.24, which 
is a good indication of formability. A 1.4 9 ratio for 
the Rev temper also indicates a large window for forming 
operations.

2) The Weldalite™ 04 9 sheet properties are not isotropic.
In the T4 temper yield strength decreases to 269 MPa at 
45° while maintaining approximately 300 MPa yield 
strength at 0° and 90°. Also, total elongation 
significantly decreases at 90°. The implication for 
forming operations which do involve an anisotropic 
material is that failure will have a tendency to occur 
along preferred low strength and low ductility 
directions.

3) The strain hardening exponent, n, determined by tension 
tests was found to be higher for the Weldalite™ 04 9 
tempers than for 2014-0; specifically, the W temper has 
a n-value of 0.37, which indicates better resistance to 
localized necking and better uniform strain 
distribution. The high n-values for Weldalite™ 049 may
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reflect the effects of dynamic strain aging as serrated 
yielding was observed in the tensile data, particularly 
for the W temper.

4) The plastic strain ratios for 2014-0 were higher than 
any of the Weldalite™ 049 tempers, thus signifying 
better deep drawability.

5) Forming operations which involve pure bending can best 
be achieved with the W or Rev temper of Weldalite™ 04 9 
or with 2014-0, all having a It minimum bend ratio.

6) W is the most formable temper of the Weldalite™ 04 9 
family. The forming limit diagram confirms this through 
by having the highest strain level across the range of 
strain states.

7) The forming limit curves for Weldalite™ 04 9 and 2014-0 
did not fall within one universal band, as in the 
Keeler-Goodwin band for steel; individual shapes and 
levels varied considerably.
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APPENDIX A:
Data for Aging Guryev (Figures 11-141

Rockwell B Hardness Values for 
T3 Temper, 1.6 mm Thick Sheet

Aging Time (h) Temp = 433K Temp = 4 43K Temp = 4 53K
0 .00 65.3 65.1 67.2
0.17 53.6 52.7 52.8
0.33 53.7 52.5 54.7
0.50 56.4 56.3 72.3
1.00 67.9 77 . 1 88.2
2.00 84.0 88.8 92.7
4 .00 93.6 95.4 94.2
6.00 94.0 95.6 93.8
8.00 94 .1 96.1 92.1
16.0 95.8 94.7 92.6
20.0 94.9 94.9 92.3
24.0 95.7 95.0 91.1
48.0 93.0 94.6 89.5
72.0 91 . 4 93.0 88.8
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Rockwell B Hardness Values for
T3 Temper, 3.2 mm Thick Sheet

Aqinq Time (h) Temp = 433K Temp = 4 43K Temp = 4 53K

0.00 68.4 68.3 68.4
0 .17 59.9 58.9 58.6
0.33 60.4 63.3 65.1
0.50 63.8 66.5 74 . 9
1.00 74 . 6 79.0 87.8
2.00 85.6 89.0 90.7
4 .00 91.0 92.5 92.4
6.00 92.3 92.5 92.1
8.00 91. 4 93.6 91.7
16.0 93.0 94.0 91.2
20.0 93.7 94 . 1 91.7
24.0 93.3 94.2 90.1
48.0 93.6 93.3 89.5
72.0 93.8 91.6 87.4
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Rockwell B Hardness Values for
T4 Temper, 1.6 mm Thick Sheet

Aqincr Time (h) Temp = 433K Temp = 443K Temp = 453K

0.00 69.8 70.7 72.2
0.17 52.6 49.0 47.3
0.33 56.2 51 . 9 50 . 6
0.50 55 . 5 53.2 58.6
1.00 61.0 66.6 83.9
2.00 80.1 86.3 94.5
4.00 86.2 94.5 95.2
6.00 91. 6 97.4 95.7
8.00 94.9 98.2 95.3
16.0 95.4 97.3 94.4
20.0 96.6 97 .1 93.3
24.0 96.3 97 . 1 92.4
48.0 93.5 95.0 92.2
72.0 93.9 95.0 90.7
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Rockwell B Hardness Values for
T4 Temper, 3.2 mm Thick Sheet

Aqinq Time (h) Temp = 433K Temp = 4 43K Temp = 4 53K
0.00 69.1 71.2 72.3
0.17 57 . 6 52.6 52.0
0.33 56.9 57 . 4 55 . 9
0.50 59.7 57.2 62.7
1.00 62.3 68.9 78.4
2.00 75.8 82.0 90.2
4.00 82.9 89.8 90.8
6.00 91.0 91.7 93.3
8.00 91. 4 94.0 93.4
16.0 93.4 94.9 93.0
20.0 94.3 95.1 91.7

24.0 94.6 94.9 92.2
48.0 94.7 94.0 89.8
72.0 94 .1 93.3 87.8
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APPENDIX B:
Instructions for Installing the Limiting 

Dome Height (LDH) System in a UTS.

- The limiting dome height (LDH) test system is installed in 
the 110 MTS hydraulic test system located in the MTS room, 
in the Metallurgy Building, Hill Hall

- The LDH test unit is located behind the 110 kip MTS in the 
and slides out from its storage location to within the MTS 
test frame

Positioning LDH Unit into MTS Test Frame

- Bring down roller bars, disconnecting safety clips on 
either side

- Roll out LDH unit towards actuator of 110 kip MTS
- Actuator must be down far enough for unit to clear

* In back is compartment containing tools for alignment 
(Compartment can only be accessed when the unit is slid 
forward)

- With acetone, clean bolt fittings around base of actuator 
to remove debris, later cylinders will be attached to these

- Bring actuator all the way down and make sure x-head is 
high enough for clearance
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Pull unit forward to stop, line up roughly 
Remove top plate of unit (top front)
Remove cord from upper load cell (this load cell is not 
used in system)
Pin used to attach reaction load cell is found in cabinet 
against back wall with ball and mandrels
Lower cross head, make sure unit can still slide forward 
and back, feel with fingers to line up
Hardest part is screwing alignment screw up into load cell
of upper cross head through reaction unit
Tighten alignment screw with crescent wrench
The hydraulic cells (4 maroon cylinders) are floating
units, therefore exact realignment everytime is impossible
Replace front-top plate removed earlier, has snug fit
MTS Lubricant coating : LDS -1, -2, -3

1- like WD-40 (used on columns)
2- heavy lube (used to lubricate test specimens, ball 

and dies)
3- leaves a wax like coating (protects dies and ball 

during storage)
Do not snug bolts on top-front plate until you tighten 
alignment screw completely
Tighten alignment screw with crescent wrench
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Finish tightening screws on front-top plate with Allen 
wrench, alternating side to side so plate does not cock 
Check tightness of screws on back plate also

Components for remainder of set-up are located in two 
areas :

1) load cell cabinet along north wall
-load cells (20K) and 1" and 2" washers

2) die cabinet along west wall
-clamping ring, ball, dies, etc.

C-clamp the two large platens together located in center of 
unit.
Also attach slings from top reaction unit to below bottom 
platen for safety because hydraulic cylinders will expand 
when top frame of MTS is raised
Loosen C-clamps at base which keeps frame on its track 
Lift cross head
(Cells of hydraulic cylinders have expanded)
Slide back base fixture
Raise cross head high enough for working room 
Lock cross head
Place a couple of metal blocks below unit and around 
actuator in case everything should fall
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Assembly of load cell, etc to bottom actuator af M T S

- Use 7" high steel support columns
10.75" long bolts
Two 2" spiral washers
Four 1" spiral washers
2" to 1" reducer/ screw adapter

- Clean 2" to 1" screw adapter with #2 LDS lube, also clean
four 1" washers, two 2 " washers and fixture which holds
ball

- Screw in 2" to 1" reducer into actuator
- Place on two 2" spiral washers with reducer below washer

levels
- Place two 1" washers on next
- Place on load cell

(2" to 1" reducer often spins, so must be held while
screwing on)
Line up so wires feed to left front

- Screw 1" full thread rod (stud) into top of load cell
- Place two 1" washers on
- Screw on ball seat adapter unit, bring spiral 1" washers on

load cell top together (Spanner wrenches will be used to
tighten later)

- Attach cable to 20K load cell
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Change range cartridges, selecting correct range for 
specific range cartridge (located in drawers under 
telephone)
Need 1" and 2" spanner wrenches
Tighten 2" spiral washers, and tighten 1" spiral washers as 
tight as possible so vibration during test does not loosen 
them
Note: Set up washers with notches at front for convenience
to tighten
Finger tighten cable to load cell
Clean surfaces of 7 " support cylinders and base of MTS 
actuator plate where these six cylinders will rest 
Lower cross head onto the six columns

Watch clearance ~ 1/4" gap between unit and load cell 
Do not lower completely so you can move columns to align 

Insert screws through bottom plate of unit, through columns 
into MTS base actuator surface
Tighten six screws (10.75" length) with large Allen wrench,
do not tighten completely though- leave a gap
Lower unit onto cylinders, make sure cylinder fits against
unpainted region of bottom plate unit. finish tightening
screws
Take clamps off that were put on earlier for safety, 
holding the two middle surfaces together
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- Remove support straps
- Raise cross head, take care not to lift completely off 

columns because there are no stops (unit is now separated 
between the two middle platens)

- Clean dies and die surfaces on MTS unit with acetone then 
reoil

* All information on die and ball surface roughness etc can 
be found in Dwight Burfords thesis

- Put on bottom die ring which has raised groove, attach 
bolts but doe not tighten

- Attach top die with recessed groove, this takes two people, 
attach the bolts and finger tighten

Alignment of Platens

- Attach a small die gage to rod (with points on both ends)
- Insert into unit- base where ball goes
- Lower cross head until top of rod touches alignment screw 

at top of unit, bring up actuator for complete contact 
(there is a spring in the rod)

- Make sure set screw on rod is out to allow spring to go up 
and down

- Place dial indicator along inside edge of lower die, rotate 
around finding minimum and maximum points



T-4138 191

- Hit actual die with 2" x 4" wood board and rubber mallet, 
you should be able to align complete circle within 0.002"

- Tighten bottom die screws, constantly checking out of 
roundness,
Want screws fairly snug

- Realign dial gage along bar to touch inner surface of top 
die

-find high and low spots, hit with wood and mallet 
-make sure bolts are tightened down first or else it 
will really jump

- Raise cross head, remove rod
- Clean ball with acetone and reoil with #2 lube,

Insert ball into seat along bottom actuator
* Set up specific lubrication system for all testing, check 

LDH committee recommendations
- Lower actuator, which in turn lowers ball

LD.H.. Te sting

* 10 in/min is standard displacement rate
- Clean specimens with chemwipes and acetone
- Lubricate specimens on one side (side in contact with 

ball), possibly dip in lubricant and hang to dry to obtain 
an even layer of lube, the thinner layer the better
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- Center specimen on lower die ring
- Activate hydraulics
- Lower cross head to touch specimen
- Using yellow hydraulic pump located next to actuator base, 

pump to ~ 7000 lbs on dial, knob on right side must be shut
- Set actuator, test
- Release hold down pressure by turning knob on right side, 

pressure will return to zero on dial
- Lift cross head carefully, turn off hydraulics, remove 

specimen


