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PREFACE

The revised edition of the Materials Data Handbook on the aluminum
alloy 2014 was prevared by Western Applied Research & Dcvelopment, Inc,
under contract with the National Acronautics and Space Administration,
George C. Marshall Spacc Flight Center, Marshall Space Flight Center,
Alabama, It is a revised and updated version of the Handbook originally
prepared by the Department of Chemical Engineering and Metallurgy at
Syracuse University, April 1966

It is intended that this Handbook present, in the form of a single
document a sumirary ~f the materials property information presently
available on tt ¢ 20i4 ailoy.

The '.andbook is divided into twelve (12) chapters. The scope of
the inf-.rmation presented includes physical and mechanical property data
at cryogenic, ambient and elevated temperatures, supplemented with useful
isformation in such areas as matcerial procurement, metallurgy of the
alluy, corrosion, environmental effects, fabrication and joining techniques.
Design data are presented, as available, and these data are complemented
with information on the typical behavior of the alloy. The major source
used for the design data is the Department of Defense document, Military
Handbook-5A.

Information on the alloy is given in the form of tables and figures,
supplemented with descriptive text as appropriate., Source references for
the information presented are listed at the end of each chapter.

Throughout the text, tables, and figures, common engineering units
(with which measurements were made) are accompanied by conversions to
Intcrnational (SI) Units, except in the instances where double units would
over-complicate data prescntation, or where SI units are impractical (e.g.,
machinc tools and machining). In these instances, conversion factors are
noted. A primsry exception to the use of SI units is the conversion of 1000
pounds p~r saiare inch to kilograms per square millimeter rather than
newtons, in ugreement with the ASTM that this unit is of a more practical
nature for worldwide use.
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TABULAR ABSTRACT

Aluminum Alloy 20141

TYPE:
Wrought, hcat treatable aluminum alloy

NOMINAL COMPOSITION:
Al-4.4Cu-0.8Mn-0.8S5i-0.5Mg

AVAILABILITY:

Bare and clad sheet and plate, rod, bar, wire, tube, extruded shapes,
forgings and forging stock.

TYPICAL PHYSICAL PROPERTIES:

Densily —cocmm oo e 2.80 g/cm® at ronm temperature
Thermal Conductivity (O temper)---- 0.46 cal/cm/cm® /sec/°C

(T6 temper) -~-- 0.37 cal/cm/cm?® /sec/°C
Av. Cocff. of Thermal Expansion --- 23.0 wem/cecm/°C (20—100°C)
Specific Heat m-mmemccacccccc e 0.23 cal/g °C at 100°C

Elcctrical Resistivity (O temper) --- 3.4 microhm-cm at 20°C
(T6 temper) --~ 4.3 microhm-cm at 20°C

TYPICAL MECHANICAL PROPERTIES:

Fiy (O temper) —-cmcemmmmmee e 27.0 ksi (19.0 kg/mm?=)
(T6 temper) —-~—cmmmmemceeccee 70.0 ksi (49.2 kg/mm?®)
Fiy (O temper) ----cmocemueooomnnn 14.0 ksi (9.8 kg/mm*)
(T6 temper) —--mmmmocmeee e 60.0 ksi (42.2 kg/mm?=)
e(2 in, 50.8 mm) (O temper) ae-v--- 18 pcrcent
(T6 temper) --ee-e-- 13 percent
E (tension) ~cccemcccaccmcccmaaaas 10.6 x 102 ksi (7.5 x 10® kg/mm?)

FABRICATION CHARACTERISTICS:

Weldability mececemccccccamecceema Good by fusion and resistance methods
if proper procedures are used
Formability =c---vermccncmnaaaaao Good in the annealed condition;
difficult to form in T6 temper
Machinabilily cceccaccrcccamcanaaa Good in the T6 temper
COMMENTS:

A high strength aluminum alloy, often used for heavy duty structures.
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ASTM
Av or Avg

bcc
BHN
br
Btu

CD
CF
cm

Cw
CvM

D or Dia
DPH

SYMBOLS

One-half notch section dimension

Area of cross section; "A" basis for mechanical
property values (MIL-HDBK-5A)

Angstrom unit

Air cool

Acrospace Maztierial Specifications

Annealed

American Society for Testing Methods

Average

"B'" basis for mechanical property values (MIL-
HDBK-5A)

Subscript ""bending"'

Body centered cubic

Brinell hardness number

Subscript ""bearing"

British thermal unit(s)

Degree(s) Celsius
Subscript ""compression
Cold drawn

Cold finished

Centimeter

Specific heat

Cold rolled

Cold worked

Consumable vacuum melted

Diameter
Diamond pyramid hardness

Elongation in percent

Modulus of elasticity, tension

Modulus of elasticity, compression
Ratio of edge distance tec hole diameter
Secant modulus

Tangent modulus

Electron volt(s)

Degree(s) Fahrenheit
Subscript "'fatigue'!
Bearing ultimate strength
Bearing yield strength



HAZ

Min

NSR
NTS

oQ

ppm

FFace centered cubic

Furnace coul

Compressive yield strength

Shear stress; shear streagth

Ultimate tensile strength

0.2% tensile yicld strength (unless otherwise indicated)

Gram
Modulus of rigidity

Iicat affected zone in weldments
Hexagonal close pack

Hour(s)

Heat treat

International annecaled copper standard
Inch
Inches per minute

Degree(s) Kelvin

Stress intensity factor; thermal conductivity

Measure of fracture toughness (plane stress) at point of
crack growth instability

Kilogram

Plane strain fracture toughness value

Thousand pounds per square inch

Theoretical elastic stress concentration factor

Longitudinal
Pound
Long transverse (same as transverse)

Bending moment
Meter

Subscript ""mean''
Maximum
Milliliter
Military
Minimum
Millimeter

Cycles to failure
Notch strength ratio
Nocch tensile strength
0Oil quench

Parts per million

Point; part

vi



r Radius

RA Reduction in area; Rockwell hardness A scale
RB Rockwell hardness B scale

RC Rockwell hardness C scale

rpm Revolutions per minute

RT Room temperature

SA Solution anneal

sec Second

S-N S = stress; N = number of cycles
Spec Specifications; specimen

ST Solution treat; short transverse
STA Solution treated and aged

T Transverse

t Thickness; time

Temp Temperature

typ Typical

Var Variable

VHN Vickers hardness number

w Width

wQ Water quench

vis



CONVERSION FACTORS

To Convert To Multiply By
angstrom units millimeters 1 x 1077
Btu/1b/°F cal/g/°C 1
Btu/ft® /sec/° F-inch cal/g/cm®/s2c/°C-cm 1.7-04
circular mil square centimeters 5.067 075 x 10~°
cubic feet cubic meters 0.028 317
cubic feet/minute liters/second 0.4720
cubic inches cubic centimeters 16.387 162
feet meters 0.304 800 609
foot-pounds kilogram-meters 0.138 255
gallons (U.S.) liters 3.785 411 784
inches millimeters 25,4
ksi (thousand pounds kilograms/square millimeter 0.70307

per square inch
microns millimeters 0.001
mils millimeters 0.0254
ounces (avoir.) grams 28.349 527
ounces (U.S. fluid) milliliters 29.5729
pounds (avoir.) kilograms 0.453 592 37
pounds /foot kilograms/meter 1.488 16
pounds/cubic foot grams/cubic centimeter 0.016 018 463
square feet (U.S.) square meters 0.092 903 41
square inches (U.S.) square centimeters 6.451 625 8

Temperature in °C = (°F — 32) (5/9)
Temperature in °K = °C + 273.15
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Chapter 1

GENERAL INFORMATION

Aluminum alloy 2014 is a heat-trecatable wrought alloy, developed
by the Aluminum Company of America in 1928 as a high strength
alloy having pood ductility and machinability for aircraft and other
hcavy-duty structural uscs. The base alloy is similar to the com-
monly uscd 2024 (developed in 1931) in that copper is the primary
alloying addition. Early in its history, 2014 was used mainly in the
form of forging and extrusion products; at this time, the alloy is
available in various products including sheet and plate (refs. 1.1,
1.3, 1.6, 1.7).

The alloy has good forming characteristics and can be welded satis-
factorily using both fusion and resistance welding techniques. When
used as sheet or plate, the alloy is frequently clad to provide im-
proved resistance to corrosion in a variety of environments. An
advantagc of 2014 is that il may be formed in the as-quenched temper
and subsequently artificially aged to the Té temper (ref. 1.1). Thus,
forming operations of grcater severity can be performed than would
be possible in the Té condition,

Typical arcas of application are use in heavy-duty structures, air-
craft structures, bridges, and truck frames. The alloy is also used
for rivets, structiural fittinps, and hardware. Alclad 2014 is used
for high strength structural applications where high resistance to
corrosion is required (refs. 1.3, 1.7).

General Precautions

Overheated material exhibiting eutectic melting or material oxidized
at high tempcerature should not be used and cannot be salvaged by
rcheat treatment.

All quench operations should be performed as rapidly as p~ ible
becausc of possible precipitation and, consequently, reduv ' resist-
ance to corrosion.



1.7

1.8
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Chapter 2

PROCUREMENT INFORMATION

2.1 Gencral. Aluminum 2014 alloy is commercially available in a full
range of sizes for sheet, plate, rod, bar, wire, tube, shapes, forg-
ings, and forging stock. Prcducts such as bar, rod, and shapes are
produced as cxtrusions or by rolling and drawing. Alciad 2014 is
availablc as sheet and platc. Detailed tables of standard tolerances
for the various products available are given in reference 2.1.

2.2 Procurcment Specifications. Specifications that apply to the 2014 alloy
as of May 1971 arc listed in table 2.2 for various products and tempers.

2.21 NASA Spccificalions, see table 2.21 (refs. 2.8, 2.9).

2.3 Major Producers of the Alloy (United States only)

Aluminum Company of America
1501 Alcoa Building
Pittsburgh, Pennsylvania

Harvey Aluminum
Genceral Offices
Torrance, California

Kaiser Aluminum and Chemical Sales, Inc.
919 North Michigan Avcnue
Chicago, Illinois

Olin- Mathieson Chemical Corporation
460 Park Avenue
New York, Naw York

Reynolds Metals Company
6601 Wcst Broad Strect
Richmond, Virginia

2.4 Available Forms, Sizes, and Conditions

2.41 Typical commercial sizes and tempers available for various
products are listed in tabie 2.41.



TABLE 2.2. — Procuremecnt Specifications (a)

Source Refs. 2.1, 2.2, 2.6, 2.7
Alloy 2014
Product Temper Military Federal ASTM |[AMS(b)
Bar, rod, shapes F - - B221-71 -
and tube (extruded) | O - QQ-A-200/2D | B221-71 -
T4, T4510, T4511 - QQ-A-200/2D | B221-71 -
T42, T62 - QQ-A-200/2D | B221-71
T6510, T6511 - QQ-A-200/2D | B221-71 -
T6 - Q0-A-200/2D | B221-71 | 4153F
Bar, rod, wire, (o] - QQ-A-225/4C | B211-71 -
T4 - Q0Q-A-225/4C | B211-71 -
T451 - QQ-A.225/4C - -
Té6 - QQ-A-225/4C | B211-71 | 4121D
T651 = Q0O-A-225/4C = =
Sheet and plate O - QNQ-A-250d B209-71 | 4028C
T3 - - B209-71 -
T6, T6S1 - - B209-71 { 4029E
T62 - - B209-71 -
Alclad sheet and F - QQ-A-250/3E - -
plate O, T3, T4 - QQ-A-250/3E | B209-71 -
T42, T451 - QQ-A-250/3E | B209-71 -
Té6, T651 - QQ-A-250/3E | B209-71 -
162 - - B209-71 -
Forgings, stock F - - - 4134A,
41357
. die T4 - QQ-A-367¢g B247-70 | 4134A
, die Té6 MIL-A-22771B|Q0Q-A-367g B247-70 | 41357
, die T652 MIL.-A-22771B - - -
, rolled rings T6 - - - 41353
», hand Té6 MIL-A-22771B | QQ-A-367g - 41357
hand T652 MIL-A-22771B|QQ-A-367g - -
Impact extrusions |} F, O, T4, T6 MIL-A-12545B - - -
Structural shapes
rolled or extruded) T4, T6 MIL-A-25994 - B308-70 -
Tube, scamless
drawn O, T4, T6 - - B210-70 -

(a) Current as of May 1971.

TABLE 2.21. — NASA-MSFC Specifications

{b) See also reference 2.4, AA2014.

Specification

MSFC-SPEC-104

Product

Bare plate and sheet

MSFC-SPEC-144B | Forgings, premium
quality, heat treated

0O, T3, T4, T6, F, T651, T451

T4, Té, T652




TABLE 2.41. — Typical Availability and Size Ranges of Mill Products

Source Refl, 2.1

Alloy 2014

Type Temper Dimcensions (a)

Extrusion billets - Diam, in: 5-1/8,6,7,9,11, 14

Impact cxtrusions |O, T4, T6 Diam, in: < 14. Lengths, ft: <12

Forgings T6 (b)

Extruded shapcs 0, T4 Circum. circle diam, in: < 25;
Thicknesses, in: 0.040 to >0.750 (b)

T6 Circum. circle diam, in: < 25

Thicknesses, in: 0.125 to >0.750 (b)

Coiled sheet, O, F Thicknesses, in: 0.016 to 0,125

bare and alclad (c) Widths, in: 0.5 to 60

mill finish Arbor sizes, in; 16 and 20

Flat shect, O, T3, T6 Thicknesses, in: 0.016 to 0,249

bare and alclad (c) Widths, in: 3 to 60

mill finish or skin Lengths, in: 24 to 180

quality finish .

Plate, mill O, F, T4, T6,] Thicknesses, in: 0.250 to 1.00

finish T451, T651 Widths, in; 6 to 72
Lengths, in: 48 te 180

Wire, rod, and O, T4, T451,| Thicknesses (or diam), in: < 8.00

bar (rolled or T6, T651

cold {inished)

Tubing, drawn O, 4, T6 Wall thicknesses, in: 0.018 to 0.500 °

(a) 1 inch = 25.4 mm; 1 foot = 0,3048 m.
(b) Consult manufacturer for range limits,
(c) Clad both sides with Al-6003,
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Chapter 3

METALLURGY

3.1 Chemical Composition

3.11 Nominal chemical composition of 2014 alloy, in percent (ref. 3.2):

Cu 4.4 Mn 0.8
Si 0.8 Mg 0.5
Al Balance

3.111 Shect and plate arc available in Alclad condition. Cladding material
is 6003 alloy; nominal composition, in percent:

Cr 0.25 Si 0.7
Mg 1.3 Al Balance

Cladding is applicd to both sides. The nominal cladding thickness
per side is 10 percent of the total thickness of the composition if the
latter is below 0.040 inch and 5 percent for total thickness of com-
posite products 0.040 inch to 0.099 inch. For composite thicknesses
of 0.100 inch and above, the nominal cladding thickness on each side
is 2.5 percent (refs. 3.2, 3.5, 3.7). (Notec: 1l inch = 25.4 mm.)

3.12 Chemical composition limits, in percent (ref. 3.2):

Cu 3.9 -5.0 Cr 0.10 max

Si 0.50 -1.2 Zn 0.25 max

Mn 0.40-1.2 Ti 0.15 max

Fe 0.7 max Other 0.05 max each, total not
Mg 0.20-0.8 to exceed 0.15

Al Balance

Conformity with these composition limits are normally checked by
spectrochemical analysis or in accordance with the procedure outlined
in ASTM E34, '"Standard Mcthods for Chemical Analysis of Aluminum
and Aluminum Base Alloys'" (ref. 3.2).

3.13 Alloying Elements. The principal alloying elements are Cu, Mg, Mn,
and Si. The aluminum-rich portions of the binary diagrams with each
of these principal alloying elements are given in figures 3,131 and
3.132. The additions of Cu, Mn, and Mg render the alloy hcat-treatable
by a precipitation-hardening mechanism. The primary hardening agent
is CuAl,, modified by the prescnce of Mg. There also is a precipita-
tion of metallic Si; both precipitates incrcase the attainable strength
through artificial aging. The G.P. zones are responsible for the
natural aging and artificial aging characteristics of the alloy. Mn is
added to prevent the formation of the undesirable constituent A'-Cu-
Fe-Si and acts together with Ti to cause grain refinement (ref. 3. 8).
Fe, Cr, and Zn are present as undesirable impuritics. Copper, and

7



3.2

3.21

3.22

3.221

3.222

3.2221

the other alloying elements, decrease the resistance to corrosion of
alumimun. The Al-Cu conslituent is more cathodic than Al and more
anodic than the solid solution containing more than 2.5 percent Cu
(ref. 3.4).

Since initial precipifation usually occurs along grain boundaries, zones
lean in solutes will develop near the grain boundaries, These anodic
zones will corrode sclectively by an electrochemical process produc-
ing notches that cause stress concentrations. As the alloy structure
(i.e., precipitate and solid solution relationship) is modified by heat
treatment, ils resistance to corrosion, stress corrosion, and weath-
ering will be influenced.

The amount of protection provided by cladding depends on the thick-
ness and the purity of the cladding material, and also on the annealing

and heat treatments (sec Section 3,111).

Strengthening Mechanisms

General. The alloy can be strengthencd by precipitation-hardening
and cold work, although cold work is not gencrally used. The precip-
itation-hardcning mechanisms are evident from the phase diagram
rclationships given in figures 3.131 and 3.132. Upon quenching from
solution temperature to room temperature, precipitation occurs in
the form of submicroscopic particles which represent obstacles to
plastic flow and thus cause hardcning. Cold working also can produce
a considcrable amount of hardening in this alloy. This is a general
property of most aluminum alloys and is rclated to the crystal struc-
turc (fcc) and the stacking-fault cnergy. Various processing operations
utilize the effects of both mcechanisms, i.e., cold working of the solu-
tion-treated alloy at room temperature and subsequent aging at room
or elevated tempceratures producing the T3, T451, T452, and Té651
tempers. However, cold work is not normally used to develop com-
mercial tempers for this alloy.

Heat Trcatment

Anneal (O Condition): All products; heat to 400° to 426°C, 2 to 3 hours,
follow by furnace cooling at a ratc of 10” C/hour to at least 260°C (ref.
3.1). Intermediate anneals during repeated cold-working operations
should be performed at 344°C {or no more than 30 minutes at a time.

Solution Trcatment: All products; heat to 496° to 507°C, hold 10 min-
utcs to 1 hour in salt bath (or longer in air) depending on thickness,
quench in cold water. If held at room temperature, a naturalily aged
T4 condition develops after 4 days. If the treatment is performed by
the user, the proper dcsignation is T42.

It should be noted that the solution-treat temperature should be closely
controlled. If temperature is too high, it may cause solid solution
grain boundary melting, high temperature oxidation and eutecti. melting



3.223

3.224

which cannot be corrected by subscquent heat treat operations. Low
temperature may result in incomplete solution of the hardening con-
stituents with a loss in hardening potential. Rapid quenching is also
important because of possible precipitation and consequently reduced
corrosion resistance on slow cooling from the solution treating temp-
eraturce. The maximum allowable quench delay times arc given below:

Nominal Thickness Maximum Time, sec
:10.016 inch <0.406 mm 5
0.017—-0.031 0.432--0,787 7
0.032~0.090 0.812-2.29 10
20.091 >2.31 15

Precipitation Trecatment: All products; heat T4 material to 168° to
1747°C, hold 8 Lo 12 hours. Cooling rate is not critical. This treat-
ment is usually performed by the supplier, and the condition is desig-
nated as 16 if performed by Lhe user; otherwise, the designation

is T62.

Other Trcatments; The alloy can also be hardened by cold work, but
this procedure 1s not gencrally used to develop strength in commercial
tempers. Cold work, however, is employed for flattening (sheet or
strip) or for stress relief.

3.2241 T3 Condition: 1-percent cold rolling of solution-treated matcrial.

3.2242 T451 Condition: Stress relieve T4 material by stretching 1.5 to 3

percent for plate or 1 to 3 purcent for rod, bar, and shapes.

3.2243 T452 Condition: Stress relieve T4 material by compression.

3.2244 T651 Condition: Artificially age T451 material at 172° to 182°C for

3.3

3.4

7.5 to 8.5 hours.

Critical Temperatures. Melting range 510° to 638°C. The oxidation
resistance in normal atmospheres is generally good until the melting
temperature is approached.

Crystal Structurc. Face-centered-cubic. The lattice parameter
depends primarily on the amount of Cu in solution. For pure alum-
inum, a, = 4.0413 x 107 mm; for 5.0 percent Cu, a, = 4.0290

x 1077 mm (ref. 3.6).

Microstructure, Figure 3.51 depicts the typical microstructure of
the 2014 alloy in the (a) anncaled, (b) naturally-aged T4 condition,
and (c) artificially aged T condition, respectively, Structurcs in
an overheated condition show rosettes; grain-boundary melting and
grain boundary oxidation is displayed in extruded shapes.




3.6

Mctallographic Procedures. In general, mechanical polishing is pre.

ferred to clectropolishing, especially where larger microconstituents
arc present and the material is relatively soft, because objcctionable
relief cffects produced by the electrolytic polishing may cause a mis-
interpretation of the microstructure (ref. 3.8). For homogeneous
alloys, and for thosec conditions containing only finely dispersed par-
ticles, the electrolytic method is excellent. Preparatory polishing

on metallographic polishing papers 0 to 000 should te performed wet
with a solution of 50 g paraffin in 1 liter kerosene to keep the spec-
imen bright and avoid imbedding of grinding compound particles into
the soft specimern surface. Rough polishing on a '"Kitten's Ear'' broad-
cloth at 250 to 300 rpm with suspended 600-grade aluminum oxide
and final polishing on a similar wheel at 150 to 200 rpm with heavy
magnesium oxide powdcr is recommended (ref. 3.6).

An alternate and popular method consists of the following steps:

a) Wet polishing (flowing water with 240-grit silicon carbide
paper at approximately 250 rpm.

b) Wet polishing with 600-grit silicon carbide paper at
approximately 250 rpm.

c¢) Polishing with 9-pm diamond paste on nylon cloth at
150 to 200 rpm using a mild soap solution for lubrication.

d) Final polish on a vibratory polisher using a microcloth
containing a slurry of methyl alcohol and 0.1-pm alum-
intm oxide powder. A slurry of 0.1-pm aluminum oxide
powder in a 10 percent solution of glycerine in distilled
water may also be used for this step.

Etching rcagents should be suited to the objective of the study. Keller's
etch reveais microstructural details and grain boundaries satisfac-
torily. A 10-percent solution of sodium hydroxide gives better details
of the microstructural constituents but does not delineate the grain
boundaries. Study of the '"as polished' surface prior to etching may
also give valuable information on the types of constituents present,
especially when attention is paid to the colors of the various particles.
Macroscopic studies of cracks, gross defects, forging lines, and
grain structure should be made with the etching solutions indicated

in table 3.6.

10



TABLE 3.6, — Etching Solutions [or Revealing Macrostructure

Source

Ref. 3.6

Alloy

2014

Solution (a)

Composition

Specific Use

Sodium Hydroxide

NaOH 10 g
Waltcr 90 ml

For cleaning surfaces;
rcvealing unsoundness,
cracks and gross defects

Tucker's

HCI1 (conc.) 45 ml
HNO.. {(conc.) 15 nl
HF (48%) 15 ml
Water 25 ml

For revealing structure
of castings, forgings, etc.

Modified Tucker's

HC1 (conc.) 10 ml
HNO, (conc.)} 10 ml

For revealing structure of
all castings and forgings
except high-silicon alloys

Flick's

HF (48%) 5 ml
Water 75 ml
HC1 (conc.) 15 ml
HF (48%) 10 ml
Water 90 ml

For revealing grain struc-
ture of duraluminum type
of alloys. Surface should
be machined or rough
polished

(a) All of these solutions are used al room temperature
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FIGURE 3.131. ~ Binary phase diagrams of the aluminum-rich
portions of the Al-Mg and Al-Cu equilibrium diagrams.
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FIGURE 3.51. — Tyg‘cal microstructure of 2014 aluminum alloy.

a) Annealed

b) T4 condition (naturally aged)

¢) Té condition (artificially aged)
Keller's etch, 500X

(Ref. 3.6)

14



3.1

3.2

3.3

3.4

3.6

3.7

3.8

Chaptcr 3 - Refercnces

Aluminum Company of Amcrica, '""Alcoa Aluminum Handbook,!
1962.

The Aluminum Association, Aluminum Standards & Data: 1970-71,
New York.

E.H. Wright and L. A. Willcy, "Aluminum Binary Equilibrium
Diagrams,'" Tcchnical Papcer No. 15, Aluminum Co. of America,
1960.

Metals Handbook, 8th Edition, Vol 1, '"Properties and Selection
ol Mctals," American Society for Mctals, Metals, Park, Ohio, 1961.

Olin Aluminum, '"Olin Aluminum Mill Products and Casting Alloys,"
1971.

W.L. Fink, et al., Physical Metallurgy of Aluminum Alloys,
American Society for Metals, CleveIani Ohio, 1958.

Federal Specification, QQ-A-250/3E, January 18, 1971,

J.P. Vidosic, "Study of Phasc Identification in Steel and Aluminum
Alloys," Georgia Institute of Technology, Final Report, NASA
Cortract NAS8-5117, Scptember 1963.

15






4.1

4.2

4.21

4.22

4.23

4.24

“"TTNING PAGE DIANK NOT FILMEo

Chapter 4

PRODUCTION PRACTICES

General. In the United States, aluminum and its alloys are pro-
duced {rom an ore of impurc hydrated aluminum oxide known as
"bauxite."" Important sources of bauxite are located in Arkansas,
Du‘*ch Guiana, and Jamaica. The impure ore is converted into

pure aluminum oxide (alumina) through a series of chemical pro-
cesses. Oxygen is removed {rom the alumina by smelting in carbon
lined electric furnaces known as reduction pots. Pure molten alum-
inum is deposited at the bottom of the pot, and is periodically
siphoncd off and pourcd into molds to form "pigs" and "sows."" A
separatc furnace operation is used to form "alloy pig" from the
purc aluminum by the addition of alloying elements; this metal is
cast into ingots for further processing (ref. 4.1).

The additional alloying elements in aluminum 2014 are copper,
magnesium, silicon, and manganese. Generally, the alloying phase
of production practice involves the carefully controlled melting,
alloying, and casting of .0, 000- to 50, 000-pound (9, 000- to 23, 000-
kg) ingcis. After the ingots are scalped and preheated in vertical
clectric soaking pits, tlLey are ready for further processing to a
particular form of product.

Manufacture of Wrought Products

Bar and rod are normally produced by hot rolling or extruding.
Cold finished bar and rod are produced by hot working to a size
slightly larger than specified and reducing to final dimensions by
cold working. A better surface finish and closer dimensional tol-
erances are obtained in this manner (ref. 4.2).

A similar process is uscd to produce rolled structural shapees;
special rolls arc required. I'inishing operations include roller or
stretch straightcning, and heat treatment.

Roll-form shapes are produced by passing strip through a series
of roller dies. Each successive pair of rolls causes the work to
assume a cross-section shape more nearly approaching that de-
sired. The final desired shapc is produced at the last pair of rolls.

Plate is produced by hot rolling of ingots to slabs (approximately
60-percent reduction), usually in a 4-high reversible mill. The
slabs are then further reduced 50 percent in a reversible 2-high
mill. The last stage of hot rolling is done in a hot reversing mill
where the plate is progressively rolled to the final hot mill
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4.25

4.26

4.27

4.28

4.29

4.3

4.31

dimensions. Plate may be subjected to ''stress relief! stretching
{about 2-percent permanent set) to improve flatness and reduce
warpage upon machining. Plate is then sheared or sawed to the
required dimensions (ref. 4.2).

Shcet is usually produced from plate by cold rolling to final sheet
thickness, followed by trimming, tempering, heat treating, stretch-
ing and other finishing operations.

Wire is produced by drawing rod through a series of progressively
smaller dies Lo obtain the desired dimensions.

Extrusions arc produced by subjecting rcheated cast billets to enough
pressure to force the metal to flow through a die orifice, forming

a product with a cross-section shape and size that conforms to that
of the orifice. Speeds, pressures, and temperatures must be closely
controlled to insure uniform quality of extruded products.

Tube is produced by extruding, drawing, or weldiag. Extruded tube
is forced through an orifice as described in Section 4.27; a die

and mandrcl are uscd. Drawn tube is manufactured by a cold pro-
cess which is similar to drawing bar and rod. A mandrel is used
with one c¢nd fixed and a bulb attached to the other end. The tube is
drawn ovcer the mandrel bulb and through a die at the same time.
Wecelded tube is produced by slitting coil stock into strips and pass-
ing the strips through a series of rolls to form tube. The longitud-
inal scam is welded as the tube leaves the last roll forming station.

Forgings are made by prcssing (press forging) or hammering (drop
forging). Relatively heavy cquipment is required since aluminum is
not as plastic at its forging temperature as steel. Aluminum forgings
compare favorably with structural steel in unit strength at about
one-third the weight. With comparable strength and with a lower
elastic modulus, aluminum alloys have a much higher impact-cnergy
absorbing capacity than mild stcel.

Casting of Alloy Ingots

Metal for wrought products is alloyed in large 10- to 25-ton double
hearth furnaces, carefully controlled and instrumented. The direct
chill (DC) method is generally uscd for casting these ingots. Molten
metal is poured into a mold and a hydraulic piston descends slowly
as the metal solidifies. Water is sprayed on the outside of the mold
to promote rapid solidification. Additional processing may include
scalping (machining of outside surfar :8) or homogenizing (refs. 4.2
and 4.3).
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Chapter 5

MANUFACTURING PRACTICES

General. This heat-treatable alloy 2014 is available as the bare alloy
and in the Alclad condition (see table 2.2). The bare alloy is used
typically as heavy-duty forgings, airplane fittings, and structural
members. The Alclad 2014 is used for bridges and heavy-duty
structures,

Forming

Sheet and Plate. The gcneral formability of sheet material compared
to other heat-treatable aluminum alloys is listed in table 5.21.

Cold Forming. The formability of this alloy as well as that of other
aluminum alloys can be indexed on the basis of mechanical properties.
Higk clongation and a considerable spread between yield and ultimate
strength are indicative of good formability. The simplest and most
widely used forming method is probably that of bending. The ease of
bending is indicative of formability by most other forming operations.
Table 5.2111 indicates the ease of forming in terms of recommended
bend radii, as a function of temper and sheet and plate thickness,
using typical mechanical properties for 0.100-inch (2.54-mm) sheet.
It can be appreciated that forming should, wherever possible, be
perfcrmed in the softest condition, i.e., the annealed '"'O" temper.
Material formed in this condition may be heat treated later. If the
severity of the forming operation is modest, the sheet or plate may
be formed in the heat treated state, such as the T3 or T4 condition.

It can alsu he appreciated that the Té condition is extremely restrict-
ing us to the defiormation which can be tolevated. Forming in the "O"
temper followed by heat treatment involving the quenching of the alloy
from 940°F (505°C) into cold water may distort the part, requiring
excessive straiphtening and processing difficulties. In this case, the
forming may be performed in the "W" or freshly quenched temper,
since in this state it has a ductility nearly equal to that of the annealed
condition. Forming cr straightening should follow quenching as rapidly
as nossible becaus. precipitation hardening occurs at room temper-
ature. The ac-quenched ccadition may be maintained by refrigeration,
but concitions must be carefully controlled. Parts may be immersed
in a solvent at —40° F (—40°C) prior to storage under refngerauon to
help preserve the condition (ref. 5.10).

If operations are difficult with the fully aged (T6) condition, but an-
uealing is not necessary to achieve the required degree of formability,
the T4 temper is oftcn satisfactory. The product can then be given
maximum strength by aging to the T6 temper. Aluminum sheet is
normally formed using operations such as:
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Bending Stamping

Flanging Spinning

Rolling Contour forming
Drawing Bulging and expanding
Pressing Beading and roll flanging
Stretching Neccking

Embossing Curling

Coining

Factors influencing the bending of 2014 sheet as described above also
influence other forming operations in the same general manner. Be-
cause of the lower modulus of elasticity of aluminum compared with
stecl, a much greater "springback' is to be expected and is encoun-
tered. Overforming is the common way of correcting the tendency.
In addition, reducing the bend radius, incrcasing sheet thickness,
forming at elevated temperatures, and increasing the total amount
of plastic deformation decrecase the extent of springback.

Cracking problems cncountcred in the brake-forming and assembly of
LH, skin panels for the S-II stage from 2C14-T651 led to a series of
investigations by NASA-MSFC and its contractors. It was believed
that the mode of cracking is associated with the high tensile stresses
resulting from forming. The propcensity toward cracking was relievced
by mocdifications to the production method which include scarfing of
the horizontal rib-ends to remov.: the sharp notch, reworking the
boss area to minimize forming problems, the replacement of high-
shear rivets with high-lock bolts in the splice plate, and the use of
premium quality 2014-T651 plate (ref. 5.1).

Alloy 2014 sheets can be formed to many shapes by drawing, the most
extensively cmployed method for mass production. Depending upon
the dcsired shape, the part rnay be produced in one draw or, in some
cases, the reduction is accomplished in successive draws using fre-
qucnt annealing between successive draws te avoid exhausting the
ductility and introducing cracks. Deep draws normally employ male
and female metal dies. Forming in rubber (Guerir process) for rel-
atively shallow parts, is a method where several thin layers of rubber
are confined in a pad holder or retainer made of steel or cast iron.

A descending ram on which this holder is mounted causes the alum-
inum shecet to be compressed against a form bhlock to make the required
part. If the aluminum is made to flow against a female die using

fluid pressures behind a rubber diaphragm, the method is known as
""hydroforming."

Other techniques, such as spinning and high-energy-rate methods, have
also been successful, Explosive forming has achieved success and
popularity during the last decade. However, before the full potential

of this fabrication technique can be realized, it must be assured that
this mode oi forming is not detrimental to material bzhavior. In an
investigation of the cffects of explosive forming (dome shapes) on

2014 in the O and T6 conditions, comparison was made with isostatically
formed counterparts produced by rubber pressing of terminal micro-
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structure, hardness, tensile properties, fatigue life, and response
Lo heat treatment. It was found that these properties do not depend
siznificantly on the rate of forming. The explosive forming was
performed in a 12-inch (30.5-¢m) diameter open die using water as
a transfer medium. The C-4 cxplosive charge was displaced 2.8
inches (7.1 cm) from the blank surface (ref. 5.11).

5.212 Hot Forming. When it is difficult to form heat-treated 2014-T6 by
conventional methods, hot forming may bc used. Maximum reheating
periods which are recommended are as shown in table 5.2121. This
trcatment, in general, reduces the corrosion resistance of 2014
aged at room temperature. However, artificial aging after hot form-
ing prcevents this susceptibility to corrosion. Although formability
at higher temperatures is casier, excessive heating should not be
used bccause of strength loss, Under controlled conditions, how-
ever, loss of strength will seldom exceed 5 percent as the result
of rehcating in accordance with table 5,2121.

5.22 Shapes, Tube, and Pipe. Aluminum shapes are generally produced
as extrusions. However, many standard structural shapes may also
be produced by rolling. Shapcs may be formed by continuous roll
forming. The relative formability of alloy 2014 as tubes or extru-
sions is rated about midway between the 6000 and 7000 series of
aluminum alloys. As pointed out in Section 5.21, better formability
can be obtained in the softer tempers with the precautions noted.
Alloy sections in the O temper are bent and formed more easily
than those in the T3, T4, T6, and T6 heat-treated tempers, the last
generally being the most difficult.

Stretching, wiping, or rolling are general methods used to form
shapes and tubing. Draw bending is also used to form the contour

for shapes and tubes. Sheets, shapes, and tubes are stretch formed
by clamping at one end and pulling or stretching over a single male
die so as to exceed the elastic limit. The metal section takes the shape
of the dic by stretching or clongating more in the heavier curvature
areas than in the shallower ones. When working exceptionally thin-
wall round, square, or rectangular tube on small radii, it is nec-
essary to add a wiper and a flexible mandrel to provide extra support
for the tube at the point of bending. Rolls can also be used for the
forming, using dies to form the contours.

5.23 Forging. The heat-treatable 2014 is widely used for high strength
forgings that exhibit good ductility and machinability. Forgings are
produced by either the open dic or closed die methods, using pres-
sure or impact or a combination of these two techniques. In die
forging, steady hydraulic prossure forces the alloy metal to fill a
closed-die cavity, Rough hand-forged shapes are produced by
forging between open flat dies using impact. Very large pieces
weighing over two tons can be produced by the hand forging technique.
Hand forgings are produced in the tempers defined in table 5.231.
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5.3

5.31

As in all forgings, there is grain flow which results in anisotropy of
properties. This must be considered for the cvaluation of mechanical
properties,

The forping process begins with the forging stock, which is usually
produced by the rolling or cxtruding process and may be cold finished
to obtain close tolerances. Forging stock is carcfully conditioned

and inspected to insure soundncess and suitable surfaces for forging,
Stock may vary in size from 3/8- to 8-inc]l diameter round stock,
3/8- to 4-inch squarc stock, and rectangles from 3/8 inch to as much
as 10 inches on the maximum dimension (1 inch = 25.4 mm).

The recommended maximum forging temperature is 875° F (468°C)
with a minimum finishing temperature of 650°F (343°C). The exact
temperature is dependent upon the type of forging process employed.
The stock may be shaped in one step or, in the case of complicated
parts, in scveral opcrations involving scveral rcheatings. In die
forging, the flash resulting from excess metal overfilling the mold
is removed by hot or cold trimming, sawing or grinding. Very close
tolerances can be met in the standard forging by die coining (cold) to
precise dimensions, usually within a few thousandths of an inch.
Straightening aftcr heat trcatment is often required. Templates with
indicators and gages are used to determine "out-of-tolerance."
Straightening is accomplished by hand methods or by ''cold recstrike!
operations. Forgings are inspected for grain flow, dimensions,
mecchanical properties, and ultrasonic soundness.

Aluminum alloy 2014 is more easily forged than 7075, 7079, and 2218;
it is less easily forged than aluminum 4032, 2011, 2025, 6061, and
6051 (ref. 5.2).

Machining

Conventional Machining. The aluminum alloy 2014 is readily machined
in all conventional machining opcrations. The highest machinability
is obtained in the hardest temper. In the softer tempers, the alloy
tends to be somewhat gummy and is not as machinable. Hand forgings
of 2014 which require a large amount of metal removal by roughing
out before heat treatment should be machined in the F temper. In
those cases where hand forgings are to be machined to very close
dimensions with the additional requirement for a good surface cond-
ition, the T4 temper yields optimum results. Small hand forgings
can be machined successfully in the T6 temper, It is difficult to pro-
duce a precise tabulation of machining parameters for each of the
different types of operations. However, table 5,31 is a compilation
of typical factors for many common machining operations. Grinding
is performed typically with a wheel speed of 6000 ft/minute and a
table speed of 60 ft/minute. The down feed will produce a rough
finish if it is kept about 0,001 inch per pass. A fine finish will be
produced if the duwn feed is kept to a mzximum of 0.0005 inch per
pas3, The cross feed is approximately one-third of the wheel width.
The wheel type is A-46-KV with a water-base emulsion or chemical
solution for the grinding fluid. (Note: 1 inch = 25.4 mm.)
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5.32 Flectrochemical and Chemical Machining

5.321 General, In many cases, the designer may wish to take advantage
of the high strength-to~weipght ratio inherent in the aluminum alloy
by employing an intcgrally stilfened skin or bulkhead. The removal
of adjacent pockets in thick aluminum plates can be programmed to
leave a ribbed pattern in a thin, high-strength aluminum panel. For
example, the waffle pattern left in 1-1/4 inch (3.2-cm) plate by
milling pockets 1 inch (2.5 cm) deep allows high strength designs.
Machining pockets ol these dimensions in large plates by conven-
tional metal cutting techniques requires extremely heavy and fixed
tooling which has many disadvantages because of equipment versa-
tility limitations. Alternative methods employing chemical and
electrochemical methods have becn proposcd and are being investigated.

5.322 Elecctrochemical Milling. Electrochemical machining (ECM) for metal
shaping subjects a chemically erodible workpiece to the action of
anodic current flow in a suitable electrolyte. A second electrode, the
tool, is provided for the cathodic action.

There are a number of tool workpiece configurations that may be
employed in the ECM process depending upon the particular type of
metal removal geometry desired. It is normally required that fresh
clectrolyte be suppliced to the workpiece. The trepan-type tool is
shown in figure 5.3221. In a device such as this, the electrolyte under
prcssure is supplied and escapes through the clearance between the
tool and the workpiecc. The cutting action is between the end of the
tool and the workpiece. Under the cutting action, a hole correspond-
ing to the tool outline is produced and a plug matching the under-sized
shape of the tool hole is formed. In the plunge-type tool shown in
figure 5.3222, because the working end of the tool is nearly solid,

a cavity rather than a plug is produced. The shape of the tool cross-
sections can vary from the simple squares, ovals, rounds, and D-
shapes to rather complicated design shapes.

Alloy 2014 is essentially a pure aluminum as far as the rate of the
clectrochemical process is concerned. Hence, according to the Fara-
day laws, 1.26 in® (20.65 cm®) of the metal can be removed per
minute at 10, 000 amperes (assuming 100 percent efficiency). In
practice, efficicncics of 80 to 90 percent are usual. An electrolyte
of 5- to 10-percent NaCl solution has becen found to yield excellent
results and the process can be carried out using 10-15 volts. The
milling rate of the ECM process depends upon the current capacity
of the powcr supply and the ability of the electrolyte system to pro-
vide fresh electrolyte. High electrolyte pressure requirements of
100-250 psi (0.07—0.18 kg/mm?) provide even electrolyte flow and
satisfactory cutting conditions. Tool forces in the ECM process are
apprecciable due to these high pressures required in the electrolyte
gap. Temperatures of about 120°F (49° C) produce good quality fin-
ishes. Cooling coils to keep the temperature below 21:°F (100°C)
for these aqueous solutions may be required.
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5.323 Chemical Milling. The removal of metal stock by chemical dissolu-
tion or "chem-milling'" in gencral has also many potential adventages
over conventional milling methods. Unilorm attack with an acid or
alkaline solultion however, does not always take place,

It is difficult in chemical milling to maintain vertical sidewalls in
cavities and holes. Prcliminary expceriments on 2014-T651 using
20-percent NaOH at 212°F (100°C) were not encouraging. Rough
ctched surface conditions and very slow mectal removal ratcs were
expericnced,

Samplc panels of 2014-T651 have been chemically milled to depths

of 0.500 inch (12.7 mm) by using an acid spr-=v technique that permits
large parts to be chemically milled without immersion (ref. 5.14).
Average milling rate is 0.0040 inch £0.0018 inch (0.102 * 0.05 mm)
per minutc. Surface roughncss is controlled well within the allow-
able 125 rms. The ctchant contains hydrochloric acid, acctic acid,
and sodium dichromatec.



TABLE 5.21. — Relative Formability of Heat- Treatable

Alloys in Order ol Decreasing F()rlx‘iabiligy

Source Ref. 5.3
Raling Alloy ’
m ———— — e
1 No. 21 and No. 22 (Braging Sheet)
2 6061 ;
3 6066 '
4 2024
5 2014
6 7075
7 7178

TABLF 5.2111. — Approximate Bend Radii for 90 Degree Cold Bend (a, c)
Source Ref. 5.6

Fty, ksi | Fty, ksi |e(b) Sheet {inch)
min|max|min

Temper

(2) Radii for various thicknesses expressed in terms of thickness, t

(b) Elongation, percent in 2-in gage section

(c) Mcchanical properties (Ptu’ Fty. and e) are typical for 0.100-in sheet

1 inch = 25.4 mm; 1 ksi = 0,70307 kg/mm?®
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TABLE 5.2121. -- Maximum Rcheat Pcriod for Alloy

Searce Ref. 5.5
Alloy 2014-T6
I‘cg}pcranu(x:rc Time
300 | 149 20 to 50 hr
325 | 163 8 to 10 hr
350 | 177 2to 4hr
275 1 191 30 to 60 min
400 | 204 5 to 15 min
425 | 219 Time to temperature
450 | 232 Time to temperature

TABLE 5.231. — Hecat Trcatment of Jand Forgings

Source Ref, 5.2
Allov 2014
Temper Treatment

F As forged, no thermal treatment following
fabrication operation

w Solution heat treated and quenched in woter
at 140°F (60°C)

T4 Solution heat trcated, quenched in water at
140°F (60°C) a)» natural aged to a substan-
tially stable condition

T41 Solution heat treated, quenchzd in water at
212°F (100°C) and naturally aged to a
substantially stable condition

Té6 Solution heat treated, quenched in water a.
140" F (60°C) and artificially aged

T652 Solution heat trcated, quenched in water at

140°F (60°C), stress relicved by cold com-
pression, artificially aged
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FIGURE 5.3221. — Trepan-type of ECM tool.
(Ref. 5.8)

FIGURE 5,3222. — Plunge-type of ECM tool.
: (Ref. 5.8)
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FIGURE 5.232. — Relative forgeability of various

aluminum allovs.
(Ref. 5.2)
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Chapter 6

SPACE ENVIRONMENT EFFECTS

General. Aluminum alloys have been used in both structural and
nonstructural applications in launch vchicles and spacecraft with
excellent success since, in general, the aluminum alloys are rel-
atively insensitive to degradation in typical space environment
conditions. The vapor pressures of the structural aluminum alloys
arc sulficiently high (table 6.1) so that the combined temperature—
vacuum effects generally arc negligible. Structural alloys such as
2014 are sufficiently hardened so that nuclear and space indigenous
radiation induced defects do not significantly affect mechanical and
physical propertics, at room ambient and elevated temperatures,
below accumulated doses of about 10°” particles/ecm®. When irrad-
iated at cryogenic tempceratures, the threshold may be lowered one
or two decades, but the probabilities of experiencing doses on this
order of magnitude are extremely remote except in the vicinity of
nuclear reactors,

Elevated temperatures, hard vacuums, high energy radiations, and
micrometeoroids can singularly and collectively influence surface
charactcristics of 2014 by desorption processes and erosion. These
phcnomena might be of great importance if optical properties, lub-
rication, certain clectrical properties, ctc., were critical design
paramecters.

Sputtering of the surface by atomic or molecular particles can de-
teriorate surface finishes in a relatively short period. A 300-4 coat-
ing of aluminum (10~% g/cm?®) can be destroyed in one month during

a period of low intensity solar wind or in several hours during a solar
storm, for example. The threshold energies of particles required

to remove one or more atoms of the surface material they impinge
are quite low, of the order of 6, 11 and 12 eV for O, N,, and O,
particles, respectively. Estimates of surface erosion by sputtering
are given in table 6.2 for aluminum alloys.

Micrometeoroids can produce surface erosion similar to sputtering,
although perhaps on a more macroscopic scale, as well as punc=-
tures. Micrometeoroids vary widely in mass, composition, velocity,
and flux; generalizations about the rates of erosion and penetration,
therefore, must be used with care. The predicted and measured
frequency of impact as a function of meteoroid mass is given in
figure 6.1, Data are given in figures 6.2 and 6.3 on the penetration
and cratering of aluminum alloy skins of various thicknesses, Cal-
culations of armor thickness required for protection of different
structures and orientations are given in table 6.3. The design of
gumpcr-hull meteoroid protection systems is discussed in reference
JA2.
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The surface crosion of aluminum alloys due to corpuscular radiation
is probably insignificant, amounting to something of the order of 254
nanometers pcr year. Indigenous space radiation, however, will

tend to accelerate the removal of surface films, which might result

in loss ot jubricity and an incrcascd propensity to “'cold weld." The
intcraction of indigenous radiation with desorption gases might cause
somce spurious, transicnt electrical conditions when aluminum alloys
are uscd for clectrical applications. The interaction of indigenous
radiation with the alloys may produce some internal heating that might
be significant for small items and may induce some radioactivity.

34



TABLE 6.1

— Evaporation Rates in Vacuum of Typical Elements

Used in Aerospace Alloys (a, b)

Source Ref, 6.14

Evaporation Rate, g/cm®/sec
Element —100°C 0°C 100°C 250°C 500°C
Aluminum | 1.2 x10782}1.1 x 107%8{2.0 x 10722|1.7 x 10°2?|6.5 x 10~12
Titanium <10-°° 2.5x107%% 4,1 x 1042 7.4 x 10~28]|2.0 x 10-16
Iron <107°° 6.8x10°54/2.4» '9°4414.8 x10°2%|9.1 x 10™17
Nickel <10-9° 5.7x10°7°11.3 x 10748]6.7 x 10~3?1.7 x 10-18
Copper 1.2x107°4|1.4 x10°5%}6.2 x 10-2°{4.0 x 10~25{4.7 x 1024
Chromium | 9.5 x 107°211.0 x 10754|1.4 x 10~7}3.8 x 10-24]2.2 x 10-12
Vanadium <10-9° 1.9x10787]2.1 x 10~61]5,0 x 10~42|1.2 x 1024
Manganese | 2.2 x 10°72|1.1 x 10742}6.5 x 10-28{3,8 x 10"28}1.6 x 10~°
Silicon <10-9°? 1.9 x 107823 6 x 10~43]4.3 x 10-3%8|5,5 x 10"1¢
Magnesium | 2.9 x 10~2|5.3 x 10~2°|1.8 x 10~12|1.3 x 10~® 6.6 x 10~2
Zinc 3.5x1073%|5,1 x 10"1¢}] 8 x 10~° |2.3 x 10~* |2.80

o

(a) The actual evaporation rate of each element in combination with

others will be lower.

(b) The values may be in error by several orders of magnitude as
they have been extrapolated from high-temperature data. The
rates at low tempeatures will be considerably less than the
values given in the table.
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TABLE 6.2. —Estimated Rate of Removal and Time to Remove

1 x 10°7 mm of Aluminum by Sputtering

Source Ref. 6.2
Orbiting Vehicle Escaping Veaicle
Height, Rate, Time, Rate, Time,
km |atom cm™2 sec™? sec/1x10~7 mm |atom cm~2 gsec™!| sec/1x10"7 rﬂ
100 3.1 x 1018 1.9 x10"* 3.4 x 1017 1.8 x10™
220 2.0 x1013 30 2.0 x 1017 3.0 x10"°
700 2.2x10° 2.7x 106 3.4 x 10! 1.8 x 102
2500 4.3 x10% 1.4 x10° 1.6 x 108 3.8x10°

TABLE 6.3. —Computed Thicknesses of Armor Required for Protection
from Meteoroid Impact over a Period of 1000 Days

Source Ref. 6.11
Av. No. of ps

. . Vulnerable |Prob'y No . " Critical

Structure Oru;:t;atmn Area Destructive I?:s:x::ctwi Thickness

ft2 | cm? | Impact, % I\?ﬁssisoxp;e in cm

% *—;Q:—

Plane i, leading {1000} 92.9 99.5 0.005 0.209| 0.530
500| 46.5 99.75 0.0025 0.209] 0.530
i, trailing |1000| 92.9 99.5 0.005 0.109} 0.278
500] 46.5 99.75 0.0025 0.109] 0.278
j, either (2000}185.8 99.0 0.01 0.232] 0.590
side alone {1000} 92.7 99.5 0.005 0.232| 0,590
k, either {2000]185.8 99.0 0.01 0.197! 0.500
gside alone 1000} 92.9 99.5 0.005 0.197] 0.500
Cylinder i 20001185.8 99.0 0.01 0.215] 0.547
j 20001185.8 99.0 0.01 0.190] 0.481
k 20001185.8 99.0 0.01 0.205] 0.521
Sphere (random) |2000}185.8 99.0 0.01 0.198]| 0.502

(a) i = direction of the apex of earth's movement

j = direction within ecliptic plane, approximately away from sun,
exactly perpendicular to apex of earth motion

k = direction perpendicular to ecliptic plane, southward
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Chapter 7

STATIC MECHANICAL PROPERTIES

Spccified Properties

NASA Specificd Propertics

NASA specified mechanical properties ‘or die iorgings and sep-
aratcly forged test bars, table 7.111.

NASA specified mechanical properties for T6 hand forgings,
table 7.112.

NASA specified mechanical properties for T652 hand forgings,
table 7.113,

AMS Spcecified Properties

AMS specilied mechanical properties are given in detail in
reference 7.7,

Military Specificd Properties (sec table 2.2)

Federal Specified Properties (sec table 2.2)

ASTM Spccified Properties

ASTM specified mechanical prorerties are given in detail in
rcference 7.8,

Aluminum Association Mechanical Property Limits

Aluminum Association mcchanical property limits are given
in dctail in reference 7.4.

Elastic Propertics and Moduli

Poisson's ratio, table 7.21.
Young's modulus of clasticity, E
Barz products, Cond. O, T4, and T6;
E=10.6 x 10 ksi (7.45 x 10® kg/mm?)
Clad products, Cond. O, T3, T4, and Tb6;
E =10 5 x 10® ksi (7.38 x 10 kg/mm?) (ref.7.13)
Effect of temperature on E and E., figure 7.222.
Design valuc of E at room temperature, E = 10.5 x 102 ksi
(7.38 x 10® kg/mm®) (ref. 7.1).
Compression modulus &g
Comprcssion modulus is approximatcly 2 percent greater than
the tension modulus (ref. 7.13).
Effect of tempcrature on E_., see Ligur 7.222.
Design value of E¢ at room temperature, E. = 10.7 x 102 ksi
(7.52 x 16® kg/mm®) (recf. 7.1).
Modulus of rigidity (shear modulus), G
Design value of G at rovom temperature, G= 4.0 x 10° ksi
(2.8 x 10® kg/mm?} (ref. 7.1).
Tangent modulus
Typical tangent modulus curves for clad Té sheet (0.020-0,039 in)
at room tempe.ature, figure 7,251,
Typical tangent modulus curves for clad T6 sheet (0.040-0,249 in)
at room temperature, figure 7,252,
Typical tangent rnodulus cur: es for T651 pl.tc at room temper-
aturec, figure 7.253,
Typical tangent modulus curves for T62 plate at room temperature,
figure 7,254,
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7.255
7.256
7.257
7.258
7.26

7.27

1.271
7.28

7.281
7.282

7.3
7.31

7.32

7.33

7.4
7.41

7.411

7.4111
7.4112
7.4113
7.4114
7.4115
7.412

7.4121
7.4122
7.4123
7.41°4
7.4125

7.413
7.4131

7.4132

. al tangent modulus curves for T6 cxtrusions (0.125-0.499 in)
-»m temperature, figure 7.255.

‘) yprcal tangent modu. s curves for T6 extrusions (~0.500 in) at
room temperature, figurce 7..56.
Typical tangent modulus curves for rolled bar, rod, and shapes at
room temperature, figure 7.257.
Typical tangent modulus curves in compressien for clad sheet at
r om and clevated temperaturces, figure 7,258.
Sccant modulus
sending modulus
Bending modulus of rupturc for T6 round tubing, figure 7.271.
Torsional modulus
Torsional modulus of rupture for Tg forgings, figvre 7.281.
Torsional modulus of rupturc for T6 rolled rod, figure 7.282.

Hardness

Brinell scale Cond o 45

T4 105

T6 135 (Refs. 7.13, 7.14)
Rockwell scale Cond o H87-98

T4 B65-73

T6 B80-86 (Ref. 7.14)
Effect of crvogenic tempcratures on Brincll hardness of T6 forg-
ings, sec figure 7.4134,

Strength - .pertics (sce also 7.1)

Tension

Design tensile propuerties

Dcsign tensile propertics for shect and plate, table 7.4111.
Design tensile properties for clad sheet and plate, table 7.4112.
Design tensile properties for die forgings and hand  -gings in T4
and T6 conditions, table 7.4113.

Design tcnsile properties for bar, rod, wire and shapes, rolled,
drawn, or cold finished, tablec 7.4114.

Design tensile propertics for cxtruded bar, rod, and shapes,
table 7.4115.

Stress-strain diagrams, tension {see also figures 7.251 through
7.257)

Siress-strain curve - for clad shecet in T6 condition at room and
elevated temperatures, figure 7.4121.

Typical tensile stress .strain curves (full range) for T6 forgings
at room temperature, figure 7.4122.

Tynical tensile stress-strain curves (full range) for T652 forgings
at room temperature, figure 7.4123.

Typical uniaxial and biaxial stress-strain curves for sheet in Té6
condition, figure 7.4123.

Stress- .train curves for sheet in T6 condition at low temperatures,
figurc . 4125,

Effcct of test temperaturc on tensile properties

Effect of temper~ture on ultimate tensile strength of T6 products
{(dimensions as noted), figure 7.4131.

Effect of teruperature on ultimate tensile strength of T6 products
(dimensicns as 1..ted), figur» 7.4132.
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7.4133 Effect of temperaturc on tensile yicld strength of Té products
(dimensions as noted), figure 7.4133.

7.4134 Elfect of temperature on tensile yicld strength of T6 products
{(dimensions as noted), figurc 7.4134,

7.4135 Effect of tempcerature on the clongation of T6 products (except
thick extrusions), figure 7.4135,

7.4136 Effect of exposure at elevated tempcecratures on the room temper-
ature elongation of T6 products (except thick extrusions), figure
7.4136.

7.42 Compression

7.421 Decsign compression properties

7.4211 Design compression properties for sheet and plate, see table
7.4111.

7.4212 Design compression properties for clad sheet and plate, sce
table 7,4112.

7.4213 Design compression properties for die [orgings and hand forgings
in T4 and T6 conditions, see table 7.4113.

7.4214 Dcsign compression properties for bar, rod, wire and shapes,
sec table 7.4114.

7.4215 Design compression properties for cxtruded bar, rod and shapes,
seec table 7.4115.

7.422  Stress-strain diagrams, compression (see also figures 7.251
through 7. 257.

7.4221 Typical stress-strain curves in compression for clad sheet in Té6
condition at room and elevated temperatures, figure 7.4221.

7.423 Effect of temperature on compressive yield strength of T6
products, figure 7.423.

7.43 Bending

7.44 Shear and torsion

7.447 Design shear properties

7.4411 Design shear properties for sheet and plate, seec table 7.4111,

7.4412 Design shear properties for clad sheet and plate, see table 7.4112.

7.4413 Design shear properties for die forgings and hand forgings in T4
and T6 conditions, see table 7.4113.

7.4414 Design shear propertics for bar, rod, wire, and shapes, see
table 7.4114.

7.4415 Decsign shear properties for extruded bar, rod and shapes, see
table 7.4115.

7.4416 Effect of temperature on ultimate shear strength of T6 products,
figure 7.4416.

7.45 Bearing

7.451 Design bearing properties

7.4511 Design bearing properties for sheet and plate, see table 7.4111.

7.4512 Design bearing properties for clad sheet and plate, see table 7.4112.

7.4513 Design bearing properties for die forgings and hand forgings in
T4 and T6 conditions, see table 7,4113.

7.4514 Design bearing properties for bar, rod, wire and shapes, see
table 7.4114.

7.4515 Design bearing properties for extruded bar, rod and shapes,
see table 7.4115.
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7.4516
1.4517

7.4518
7.46
7.461
7.4611

7.4612
7.4613

DBearing property reductions for thick plate, table 7.4516.

Effcct of temperature on ultimate bearing strength of T6 products,
figure 7.4517.

Eifect of temperaturc on bearing yicld strength of T6 products,
figure 7.4518.

Fracturc

Notch strength

Effcct ol cryogenic temperatures on tensile and sharp notch prop-
crtics of T6 sheet, figure 7.4611.

Strength of sheetl containing shallow cracks, figure 7.4612.
Fracturc test data for T6 cylinders, table 7.4613.
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TABLE 7.111. — NASA Specitied Mechanical Properties for Die

Forgings and Scparately Forged Test Bars

Alloy 2014 (b)
Spcecification NASA-MSFC-SPEC-144B
Max. scclion thickness 4 inches (10.16 cm)
. Oricntation Fey, min, Fiy, min, | e(2 in or 4D)
Temper | A" U1y |ksi (a,c) | ksi (a. ) min, %
T4 A 55.0 30.0 11
T6 A 65.0 55.0
T6 B 64.0 56.0
(a) Tecensile and yicld strength test requirements may be waived

(b)

for matcrial in any direction in which the dimension is less
than 2 inches (5.08 ¢cm) becausce of the difficulty in obtaining
a tension test specimen suitable for routine control testing.
Die forgings in somce configurations of this alloy can be pur-
chascd in the heat treated and mechanically stress relieved
T652 temper conforming to the mechanical properties re-
quircment specified for the T6 temper.,

1 ksi = 0.70307 kg/min®

Test specimen parallel to forging flow lines

Test specimen nol parallel o forging flow lines
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TABLE 7.112. — NASA Spccified Mcchanical Properties for Hand Forgings

Alloy 2014-T6
Soecification NASA-MSFC-SPEC-144B
. . Axis of Test ] Fy,, min, Fio min, | ¢(2 in or 4D)
Thickness, inch (b) | “giocimen | kst (c,d) | kel (c,d) min, %
< 2.00 L 65.0 56.0 8
LT 65.0 56.0 3
2.001 to 3.000 L 64.0 56.0 8
LT 64.0 55.0 3
ST 62.0 55.0 2
3.001 to 4.000 L 63.0 55.0 8
LT 63.0 55.0 3
ST 61.0 54.0 2
4.001 to 5.000 L 62.0 54.0 7
LT ¢2.0 54.0 2
ST 60.06 53.0 1
5.001 to 6.000 L 61.0 53.0 7
LT 61.0 53.0 2
ST 59.0 53.0 1
6.001-7.000 L 60.0 52.0 6
LT 60.0 52.0 2
ST 58.0 52.0 1
7.001 to 8.000 L 59.0 51.0 6
LT 59.0 51.9 2
ST 57.0 51, 1

(a) Maximum cross-secctional arca is 256 in® (1651 cm®)

(b) Thickness is mecasured in the short transverse direction and applies
to the "as forged" dimension before machining; 1 irch = 25.4 mm.

(c) Tensile propcrty requirements may be waived for directions in which
the dimension is less than 2 inches (5.08 cm).

(d) 1 ksi = 0.70307 kg/mm?

46




TABLE 7.113. — NASA Spccified Mechanical Properties for
T652 Hand rorgings

Alloy 2014-T652
Specification NASA-MSFC-SPEC-144B
. . Axis of Test | Fi,,, min, | F,_, min, e(2 in or 4D)

Thickness, inch (a) Specimen kgi (c,d) k§¥ (c,d) min, %

= 2.000 L 65.0 56.0 8
LT 65.0 56.0 3

2.001 to 3.000 L 64.0 56.0 8
LT 64.0 55.0 3
ST 62.0 55.0 2

3.00! to 4.000 1L, 63.0 55.0 8
LT 63.0 55.0 3
ST 61.0 51.0 2

4.001 to 5.000 L 62.0 54.0 7
LT 62.0 54.0 2
ST 60.0 50.0 1

(2)
(b)

Maximum cross-sectional area is 256 in® (1651 cm?®)
Thickness is measured in the short transverse direction and applies

to the "as forged" dimension before machining; 1 inch = 25,4 mm

(c)

which the dimension is less than 2 inches (5.08 cm).

Tensile property requirements may be waived for directions in

TABLE 7.21. — Poisson's Ra+io (Elastic and Plastic Values)

Source Ref. 7.23

Alloy 2014-T6

Form 0.125-inch {3,.175-mm) sheet
Grain Direction u, clastic 4, plastic
Longitudinal 0.33 0.44
Transverse 0.27 0.52

(2) Purchased in the form of clad, heat treated sheet;
cladding removed prior to testing
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TABLE 7.4113. — Design Moechanical Properties of Forgings

MIL-A-22771, Type 2014
Die forgings Hand forgingsse
Condition ..........cccocenrnivnne 5 ~T6 andi—ﬁizié— -T6 and -T6562°
’ TT1 T 2001~ | 3.001-| 4.001-| 5.001-| 6.001-| 7.001-
Thickness, in. ........c......... = 4.000 =: 2.000] 3.000 4.000 5.000 6.000 7.000 8.000
P T s | s | s ) s s s )
ﬁ;c;m;al_ properties:- T
€5 65 4 63 62 61 60 59
........ 656 64 63 62 61 60 59
64 | e 62 61 60 59 68 67
55 56 56 55 G4 53 52 51
..... . 56 56 56 b4 53 52 51
64 ] ... 6b6b 54d 538 538 b52s 518
66 56 56 565 54 B8 | e | e
........ 56 55 55 54 53
Bd  cn ] e b e ] v ] e ] e i
39 40 39 39 38 838 | e | e
(e/D=15) ......... | ... 2 20 88 87 86 | e | e
(¢/D=:20) .ccooare | e 117 116 113 112 110 | e | e
Fy,,, ksi
(¢/D=16) .........| ... 78 8 m 76 4
(e/D=20) .......} ... . 90 90 88 86 8 | e ] e
e, per cent
L 1 8 8 8 7 7 [} 6
LT eevvesstenese | vererees 3 3 3 2 2 2
ST - S 2 2 1 1 1 1
@ Maximum cross-sectional ares 236 »nq. in,
& All properties are applicable to the T652 temper exeept F"(ST), f» vhich the values are as follows:
2.001- 3.001- 4.001- 5.001- $.001- 7.001-
Thick in. 3.000 4.000 £.000 6.000 7.600 8.000
Fty (ST), ¥8i oo N 2 51 50 ) . ™

"For die forgings, the L and ST values for the directions purallel (within - 16 degrees) and not paraliel (as close as possible to the
shoct direction) ively, to the furging flow lines.”

Note: 1 inch = 25.4 mm; 1 ksi = 0.70307 kg/mm?
(Ref, 7.4)
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TABLE 7.4114. — Design Mechanical Properties of Bar, Rod, Wire,
and Shapcs; Rolled, Drawn, or Cold-Finished

Aloy........... Cesrsssrresisasanasnssanes QQ-A-225/4 (2014)

FOrm. . .ciiiiiniisntenscnnsnnsssssnncens Bar, rod, wire and shapes; rolled, drawn or coid-finished

Conditlon........covvevnserancnnnnnns cees -T6 or -T651

Up to | 1.001- | 2.001- | 3.001- | 4.001~ | 5.001- | 6.001-
Thickness, in.............. cecnnan. cevssenns 1000 | 2.000 | 3.000 4,000 | 5.000¢ | 6,000 | 8.000

Basls.....coovunnnnn ceseretiecratreatannes A A A A A A 8

Mechanical properties:
F (L kest:

L 65 ] 65 65 es

62 61 60 59 |ieanenne

55 55 !
51 50 49 48 liiiieas

.
»
(4]
(7]

S8 8a&
&
&

2
:
:
:
:
L 4
g
8
4
£

LT.A...I...OI.-l.‘l‘ll-l.".'...l esssccselonscssngiscrsrcae sosdssscfsssovsssirvcscsssjonsesesre
Feu kel........ Cretssectteriterntnanaa as 38 33 38 a3 a8
Fars, ksi:

(€/D=18)...0c000000vtnrcosanecens 11 31 AR P RN A N R T etefossnnses

(ID=2.0) e eeaseneernennsnnnnnnns 12¢ oo, I TN
Fopy kei:
(‘,D-loﬁ).'......--...u.ou‘n... Ll & 48 PRV RN secefecscns eefeonsssnslrescacscfrcasnsse
(CID-2.0) ..... IR IS 88 looeviendienn. Y essss|esssessa]easccsscfesscssse
o, petcent:
L..... S O O '8 8 8 8 8 8 8
LT.......IO.C0.0..I..l..lll.l...' .4 3g 2 l l 1 I XX XYNY X ]

o For rounds (rod) masimum dlameter 1s 8.000 in.; for square, reclangulss, hezagonsl, oc octegonal bar, mastmum thickness is ¢ in,, and masimens
cross-dectional ares i 38 oq. in,

4 Eaoapt for wire Jess than 0.196 0. ins dismeter, o for special shapes less than 0,083 in, thick.

Note: 1 inch = 25.4 mm; 1 ksi = 0.70307 kg/mm?®
(Ref. 7.4)

51



TABLE 7.4115. — Desivi Mechanical Properties of

Extruded Bar, Rod, and Shapcs

ANOY et QQ- A -200/2 (2014
Form ..... Extruded rod. bar, and shapes
Condition ......ccoeeeeveenniereensenenns T6, T6510, and T6S11P T62¢
— >
Crasy-sectional arca, in2 ........... 225 ;?&; 3 3R
Thick ness, ind 0.125-0.499} 0.500-0.749) 0.750-1,499] 1.500-..750 llg; 5$0.750 | 0.125-4.479
Basis ueerrererennienierersncns cvescensnnarnens A L n A B A B A B S S S
Mcchanical propertices:
Fry. kst
L ocreirneercreesnenasneenenan 60| 62 | 641 68 | 68 70 | 68} 71 68 68 60
1 OO 60] 62 | S81 61 61 63 | 61 64
"")n. ksi:
L. §531 57 | 58] 621 60 63 | 60 63 60 58 53
T orcvrvrnnrne cvvseerieensrnisonse 49| 53 | SO| 54 | <2 55 | »21 .5
l"ry. ki
L 52| 56 | s71 el 591 62 | s9] 62 | | ...
T 531 57 | 53} 56 ) 58] ST |55 57| | ..
Fsu ksi 41 43 | 35 37 37 38 1371 3 39
Fpry, ks
©/D = 1.5) e 931 96 | 90] 96 | 96| 99 , 9 |to0o |  } ... | ..
/D = 2.0} .ueernns e 123 | 127 §1as§ 122 §122 | 126 §122 1128 V| e 1 e
Fpry. ksi
/D =15) e 74] 80 ; 73} 8 | 76 ] 80 ; 76| 80 T
@D =2.0) e 871 94 | 85| 9 88 93 18] 93 | 1 ... | ...
e, percent:
L Ty | T o 2 I - 7 6 d,
TC 51 ... L 3% N 21 ... b1 [ (RN [ S

GFor extzusions with outstanding legs, the load carrying
ability of such legs shall be determined on the basis of the
properties in the appropriate column corresponding to the
leg thickness.

DExcept for Fruo L, and Fyy, L, values arv based on
fewer data than recommended in 'MIL-HDBK-5.

€Not applica’le to sections <3/8 in thickness.

diror crosssectivnal area > 28, ¢ is 6.

©These prope:..es apply when samples of material sup-
plied in the O or F temper are heat treated dby the ~voducer
to determine that the material will respond to prope.
thermal treatment. Properties obtained by the user,
however, may be lower than those listed it the material has
been f rmed or otherwise cold or hot worked, particularly
in the annealed temper, prior to solution hcat treatment.

Note: 1 inch = 25.4 mm; 1 ksi = 0.70307 kg/mm®
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TABLE 7.4516. — Bearing Property Reductions fur Thick Plate

Source Ref, 7.1
Alloy 2014
. . Bearing IProperty Reduction, Percent
Thickness, in (a) 1.001-3.000 3. 0014, 000
Fbru (e/D =1.5) 2" 15
Fbru (¢/D = 2.0) 20 15
Fbry (e/D=1.,5) 5 0
Fbry (e/D = 2.0) 5 0 ]

(a} 1 irch = 25,4 mm

TABLE 7.4613. — Fracture Tes. Data fo1 Cylindes: at -320°F (-196°C)

Source Ref. 7.2
Alloy 2014-T6 A
Specimen Crack Crack ~acture Apparent fracture
thickness, depth, length, stress, tou}ghne !
Specimen t a 2 °H Q .
in_Jcin in | cm | in cm_[ksi [kg/mm®|ksi 'in kg /mm®/*
Outsidc- {0.061]0.155|0.025/0.064|0.096]0.244({85.3] 60,0 23,5} 83.3
surface 0.040(0.102/0.100|0.254|5).7} 56.7 23.1] 81.9
crack 0.050/0.127|0.114|0.290{74.1| 52.1 22.8} 80.8

0.02510.064!0.140]0,.356{80,7| S¢.7 24.0}f 85.0
0.039(0.099|0.240}0,61C|72.9{ 5i.3 27.., 1 96.7
0.042(0.107{0.240[0.4610(66.9|47.0 25.0 | 88.6
0.041]0,114/0.300]0,762|61.3| 43.1 23.6 | £3.6
0.047(0.119{0.340|0.864|56.0] 39.4 22.8] 80.8
0.04410.112]0.37010. 940 58.-&4 41.1 23.1 ] 81.9
0.060(0,152]0.380]0.965{49,9% 35,1 15,09 63.8
¢.041,0.104{0.450{1.143,55.5( 39.0 22.01 80.0
0.02410,061/0.50041.270{73.7}5..8 23.5 7 83.3
0.02910.099{0.955(2.426|46.9 | 33.0 18.4| 65.2
0.034]0.086(1.000|2.540}47.9] 33.7 17.4 . 61.7

Ingide- (0.0£1]0,155]0,022(0,056|".442|1.123|73.9|52.0 22.8 | 80,8
surface |0.061}n,155]0.042]0.107}0.985|2.502]46.8]| 32,9 17.3

crack 1 l

v J/

= NN e e O

(a) Leakage occurred at 41.0 ksi (28.8 kg/mm*~)
(b) Computed using stress at leakage
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Percent E and E, at Room Temperature

-200 -100 0 100 200 300 400 °cC
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FIGURE 7.222. — Effect of temperature on the tensile
and compressive modulus of 2014 and 2017

aluminum alloys.
(Ref. 7.4)
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FIGURE 7,251. — Typical stress-strain and tangent.modulus
curves for Clad 2014-T6 sheet at room temperature;
thickness, 0.020-0.039 in (0.508-0.991 mm). (Ref. 7.4)
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FIGURE 7.252. — Typical stress-strain and tangent-modulus
curves for Clad 2014-T6 sheet at room temperature;
thickness, 0.040-0.249 in(1.02-6.32 mm), (Ref. 7.4)
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FIGURE 7.253. — Typical tensile and compressive stress-
strain and tangent-modulus curves for 2014-T651
plate at room temperature; thickness, 0.250-

2.000 inch (6.35-50.8 mm).

(Ref. 7.4)
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FIGURE 7.254, — Typical tensile and compressive stress-
strain and tangent-modulus curves fo 2014.T62
glzt;oat r:or‘r’) temperature; thickness, 0,250~
P 35.50.8 .
( mm}) (Fef, 7.4)
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FIGURE 7.255. — Typical stress-strain and tangent-modulus
curves for 2014-T6 extrusions at room temperature.
(Ref. 7.4)
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FIGURE 7.256. — Typical stress-strain and tangent-modulus
curves for 2014-T6 extrusions at room temperature.
(Ref. 7.4)
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FIGURE 7.257. — Typical stress-strain and tangent-modulus
curves for 2014-T6 rolled bar, rod, and shapes at
room temperature (longitudinal). (Ref. 7.4)
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FIGURE 7,258, — Typical tangent modulus curves in compression -

for Clad 2014-T6 at room and clevated temperatures;
thickness, 0.064 inch (1.63 mm), (Ref, 7.10)
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FIGURE. 7.271. — Bending modulus of rupture for
2014-T6 round tubing. (Ref. 7.4)
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FIGURE 7,281, — Torsional modulus of rupture for
2014-T6 forging. [The curve representing material
failure (L./D=0) is computed for F u = 39 ksi (27
kg/mm?), and does not allow for the possibility
of reduced strength along the parting plane.]

(Ref. 7.4)
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FIGURE 7.282. — Torsional modulus of rupture for
2014-Té6 rolled rod.
(Ref. 7.4)
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FIGURE 7.4121. — Stress-strain curves in tension for Clad
2014-T6 sheet at room and elevated temperatures;
thickness, 0.064 inch (1.63 mm). (Ref. 7.10)
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FIGURE 7.4123. — Typical tensile stress-strain curves (full-
range) for 2014-T652 forgings at room temperature,
(Ref. 7.4)

61



ksi

Stress,

ksi

Stress,

80 ¥piaxial 2:1 —
' - - >J 13.5% ~ 50
. Uniaxial , , |
60 | | N _{ 40
i ; ‘ ‘
o P
o Lo 30
40§ ! ! TR !
‘ ‘ ' ! ! | . }‘
Co | " Longitudinal ~ ‘l‘ el 20
| L ! : :
2ofl S
ﬂ R S SR RN
T S
0 —_— - g o
0 2 4 6 3 10
Nominal Principal Strain, percent

kg /mm?

FIGURE 7.4124. — Typical uniaxial and biaxial stress-strain
curves for 2014-T6 sheet; thickness, 0.125 in(3.18 mm).

(Ref. 7.23)

0 0.040 0.120

0.080

~423°F (-2

. =110°F(-79C) - |

—

0.160

Strain, length/length

!

'

5

S

-320°F(-196°C)

!

3°¢c) |

FIGURE 7.4125. — Stress-strain curves for 2014-T6 sheet
at Inw temperatures,

62

(Ref. 7.25)



]

T Strength ot temparature pos.
Tz Exposure up to 10000 by

Percent F,, at Room Temperature

r
b -
: i nr
4 ke
Hr T =y ISEEREE SANE B 'n;@%__ .y 18
Pt o T T ‘Xli'}l‘ﬁ +
Sheet: 0,020-0.039 in (0.508-0.991 TN~
mm) thick, Plate: 1.501-4, 000 1n SO T
20F (38.1.102 mm) thick. Ectruded Freaspoideloftt
bar, rod, shapes, 0,125-0.749 1n 2 X

(3.175-19.0 mm) thick, cross=

=
L sect, areca ~251n? {161 em=) e pan,
gnsiueacasapss ok rssaent enaswonss:

il

0 e k BOAMGRE DOE § " ) I e 3 a8 e °
-400 -200 [+] 200 400 ] 800° F
Temperature

FIGURE 7.4131. — Lflecet of temperature on the ultimate
sirengih of 2014-T6 barce and clad sheet aad plate;
rolled bar. rod. and shapes; hand and dic forgings;

extruded bar. rod. and shapes. (Ref. 7.4)
~200  .100 0 100 200 300 400 °C
T il R T
4 r» b b1 + 4 1 H
:é Bl ) i S
Bag 44
H 120
‘3 b 5 Strength o1 tampargtur
3 114 Stre smpergture
g HEHH R Erpowis up 10 10000 v 11
a et 1t i
E 100 : :
) nong 8
H +
£
-] an i
-]
o2 80 -+
- :
- "
|8 Y
'y
ma H HiTHH HEH H
- ‘c ol I s T
H R
: .o 11 11
] . il
o, H # fandn! “ 4
4044 T e
+ L. 1 TS
£ 1 HAY HIHE
H' Sheet an' plate: 0.040-1,500 in AR H b 3
B {1.02-_ ..1 mm) thick.
20R Extruded bar, rod, slapes;
H 20.750 in {19. 05 mm) thick, N
cross-seciional area < 32 in? 1
1200 ) I
oHIE BT HE HH HHHH R e T
-400 -200 [] 200 4co 600 800 °F

Temperature

FIGURE 7.4132. — Effect of temperature on the ultimate
strength of 2014-T6H bare and clad sheet and platc;
extruded bar, rod. and shapes. (Ref. 7.4)

63



400 °C

300

ainjeredwal wooy I® K g uedzeg

fao
o
g
1332535722582 233223, THRITEEEET I LS
BRI EaEn L ANy @H«: o
st S + Jegis=getsistoge. 22
IR 2 h F Sy pu.
8 2228 it T
, 223 0 1 g
BT e I e +H]
S2SEesttesoaal 1ot [N 2852
e T it - 4 H-1+4
s sSn Hi
boriIiiiiiniie e 3
SIESSISTE S-S R 2! <]
FESceceEliies 1 SN ¢
FRITIIITI I g [ AARAR" S
pissE Rt $ ]
———— oy L4
N lm 44
£ I, Hs
pEEssesTe T g .58 Bs
a1y T CLioad
: <«vetd H
b e -9 s.w H
Tt —ZL0 H
L, § o's PR
REsIEE S IETHO
ST -~ EZCTER]
¥ ! H Ex g aofH
b 22 oo azil
=+ = g o O
= a5 3% 2
T T Twcve "
e caeS 8
1 L] St 31
g T
C PNyl
! v 2 & 2o
T aS3S5VHS
gassss s
12T + A
o o o o S o
[=] L 4 L J L o~

Temperature

— Effect of temperature on the tensiie

FIGURE 7.4133,

rolled

yield strength of 2014-T6 bare and clad plate

bar, rod, and shapcs; hand and die forgings; cxtruded

7. 4)

(Ref.

bar, rod, and shapes.

-100 4 100 200 300 400 °C

-200

9
S
o
[r Y w T m
Tl w « il
H ¥ H
i 37/ 38
s o ML H
m,m e g rysaggoapsaasgare N
e safesdesieeiat ﬁ
- Ipiiu daait *]
CRd J.n oAt
e it thih ;i ATl
mw_ He
28 A p s S i L el b
SR LT T e Ry Tt
s.m,,rnw o5 ...;N\&.l e T PR VR R
: S e asbiste i ol -
N b isds JL BT L e s s Ty - «

I + 44 - J.L —ad <

N pogeipeasdhas P Lad IU %H 53 s m,m().,m VMW

DEREENGTIMUUEY £ BRg Sir (Y R g [9§ B T Py =T RSy ~

SIS SR

Spbodushhl Ehadndesg; PRHS E N ye

St b et el Ssbsldi I RIS Ec MEw

Pototaetor SaLbsbete FILEse s s JEPURET ! max22%cd I

be—ore ,Hniz.»whh abssd futodbssanaisrnanned A I P tHo

=

Bl eabe sRSNSa Ry ie seSeussaba sbns eSSt A

aabrel senid s as i 1 cmENoN,
= 3 HH R R e L g iy 1

- 1 on e ey by ) 1

et se s toed s oa ) T 1 xﬂ!JLr:r. LE .cad H ps

Easuatoed By Reagusydteiigeonans L B S o
EISRS I & 504 ba ks RSRus il savsasess & o a-Fal- w
T - ) ~

oo FoE~oNSEST

———— — g 4 N )

p AT R - AL PG VSUET
S s o S Q Eg g8
e £ A51 i 1 d 4z

1n..uulwmnfmmw 32 o e S$ SRS ES TS

S o SESPE RN P gpe puy s surps T Ien T WS ST EIIHE

| mindhints stadbohaw i ieus §0a 1 24 rea soauns BT SNOT oo«

o ) Q =) o [ o o

< o o ° @ - -

sanjeraduial wooy v Ay juesaag

Temperature

FIGURE 7.4134. — Effect of temperature on the tensile
yield strength of 2014-T6 bare and clad sheet and

(Ref. 7.4)

extruded bar, rod, and shapes.

plate

64



300

200

100

800 ¢

700

600

500

400

300

200

(3) uorye8uolamx jusdasg

Temperature

[fect of temperature on the celongatirn of

2014-T6 (a1 products except thick extrusions).

— K

URE 7.4135.

“1G

.

1

(Ref. 7.4)

-4
-
=
H
4

400 °C

+

oy et

+

RS agsnt

i

0,000 hr

i

300

it

FQSSSA4 SRS ERE 15882

longation at room temperature E

xposure up to |

200
TITYCTT

‘E
H-E

“700

situtinens s enienttd bubbetelul Sotbastes sou Sunen

s v R X BT - s—tee

PSR e AR P REaUPe

R RRe Sty ynwt ¢ @ oo ne . 4

ASEDEI TR ERTRSIRRDS PR R RE Gu R DR UDN i ) f S

O it B St Sttt & i .H + s s .
- - o PO [P & Gpey IDAMINGNE IHB ¢ .

et b aen —— + % " + 9 L ~,*l‘

N EVENE QUENEE S f» - .

fte te e aern oo s pp ot bbb g
bk i o o oopee ae ¢

LTS AT

= + hees=
O.L*l REREEERs s & .t.Ou.U_
L YD v Had

b + ¢
1t

H-

e ) W Il Ine|

() uomnyeduorg jusoaag

s 8 8 § S

800°F

500

200 300 400

100

o

Temperature

FIGURE 7.4136. — Effect of exp-

(Ref. 7.4)

1re at elevated temperatures

on the room temperature ciongation of 2014-T6

(all products except thick extrusions).

65



ksi

Stress,

70

60

50

40

30

20

10

T -
!
1
. Transverse
|

-

i

0.002

200°F (C}3°C)

"300°F (149°C)

"

|
i
H
[ :

400° F (204°C)

Lo

? i i
S b e
. [
! i e
z( { !_
. - i PV
!
‘ , oo
© 1/2 hr exposure '
. !~>..A_.>- t e ———
. . H '
! o |
i H i -#
. . Py P
. NI S B
P a
RN A
- ! IS S S
. i R
! S -
! $ S B
: P
e R
: I i )
i .
C A
. . ,;1: .:.!,‘1.
— e U S
600°F (316°C) (' -l i, l o
| SRR AN :
H l‘ . FE i [ .W
!“‘: ;

0.004 0

et e T 500° F (260°C)- -+

]

.006
Strain, length/length

0.008

0.010

45

40

(8]
Ul

30

kg /mm?=

20

15

10

0

FIGURE 7.4221. — Typical stress-sirain curves in compression
for Clad 2014-T¢ at rouom and elevated temperatures.
(Refs. 7.1.7.10)

66



0 0 300 400 °C
5 100¢ a5y oo e DG T
E HHHHHB T Ht Strength at temperoture H
o fhee bgetistaadissini L) HIHIH Fxposure up to 10,000 hr  H
E‘ 80 B T ITHT N HH+ Not applicable to extrusions H
) T T H E‘UEz " with t>0.75 inch :
B TR i : :
ettt $Hil :
g 60 i 3 i ‘ i .
o 111 L 1
[ P R Y
t b F1H- R net
OO
RESEPE y
Y HHH _{}
F HH ;:
ey ; -lf
5 20HHE
o 1 i
o R 3
A o EERE IHR T ' i H
0 100 300 400 500 600 700 800°F

Temperature

FIGURE 7.423. — Effect of temperature on the compressive yield
strength 0f 2014-T6 products (except thick extrusions).

(Ref. 7.4)
° 00 0 100 200 300 400 °C
§ T ! j Strength ot temperoture |
K : HHHH f Exposure up to 1000 hr ]
o go H = \ 411 Not applicable to extrusions
£ T NN, With 1>0.75 inch -
; NNt w
g 60 f[.::H N {; % 2 hr
o ‘p-ay—_—- E h + . -’b - - .
P HiH NN TN 10 hr
» B NN 100 br
% 40 FStarees A= 1000 hr
k‘i‘, 1 . | E"if:’ NN LN T
] AN I TN L
£ 20 rﬂ}.}:*ﬁ“iffn‘ '&4{;’5;“‘
9 R E T T et [T
Y I i t_,{i TL::i:,:.. - Sl L
9 ; Judsheasn junisanes igopstspdyiistigent
& p L H R %’#%}%{ f{;;r};;; :
0 100 200 300 400 500 600 700 BO0O°F

Temperature

FIGURE 7.4416. — Effect of temperature on the ultimate shear
strength of 2014-T6 products (except thick extrusions).
(Ref. 7.4)

67



Ftu’ ksi

ksi

ty’

Elongation,
percent

800
Temperature

FIGURE §.513. — Effect of exposure and elevated

temperature on tcnsile properties of
2014-T6 forged rod.

(Ref. 8.5)

79



100 °F

0

ongitudinal
ransverse

b4
- W H o

o L VN« ] !
0-
4
¥

o

o

~
o '
0 .
X N
¥

o

- =]

o P
O - f
~
i

S
e <
N " t
]

110
100

juaszad
18 ‘889138 ‘uorye8uoryg

Test Temperature ,

)
o]
&

[ ]
<
a
6 g
m ¢
eoll
w S
2.
8
T
m.s

>
3w

]
AL
nl
eo
gz
1)
me

)
© o
)
5%
g &k
halit 4
d A
| €~

-
~ 02
— 8
6ph
4.rC
- .5
~ o
K]9S
0T~
D e
G 8o
—d
=

(Ref. 7.18)

69



. Tests at room temperature

2.0 Fiy = 72 ksi (51 kg/mm?)
1.0 _ ‘Transverse
WS 0.0022 .
0.8 \ @
- Slope = 1/22
0.6 |
0.4 _____Shallow
L:.g ¥ Crack
S~ hndans
Z Shailow crack area = 2/3 crack depth
b — W —» x crack length at surface, and is
0.2 = o equal to area of through crack (Lt)
W=1.5in (38.1 mm)
0.1 o 1
0.001 0.01 0.1
L/W

FIGURE 7.4612. — Strength of 2014-T6 sheet containing
shallow cracks; thickness, 0.10 inch (2.54 mm).

(Ref. 7.22)

70




Chapter 7 - References

7.1 Military Handbook-5A, Dept. of Defense, FSC 1500, '"Metallic
Matcrials and Elements for Aerospace Vehicle Structures,"
February 1966; latest change order, January 1970.

1.2 W.S. Pierce, "Effects of Surface and Through Cracks on Failure
of Pressurized Thin-Walled Cylinders of 2014-T6 Alurninum,"
NASA TN D-6099, November 1970.

7.3 Aluminum Co. of America, '"Alcoa Structural Handbook,' 1960.

7.4 Aluminum Standards & Data: 1970-71, The Aluminum Association,
New York,

7.5 Kaiser Aluminum and Chemical Sales, Inc., "Kaiser Aluminum
Sheet and Plate Product Tnformation,' Second Edition, January 1958.

7.6 Reynolds Metals Co., "The Aluminum Data Book, Aluminum Alloys
and Mill Products,'" 1958.

7.7 Aerospace Matcrial Specifications, latest Index, May 1971, Society
of Automotive Engineers, New York.

7.8 ASTM Standards, Part 6, '""Light Metals," American Society for
Testing and Materials, 1971.

7.9 Aluminum Co. of America, "Alcoa Product Data - Specifications,"
Section A12A, July 1, 1963.

7.10 D.E. Miller, "Determination of Physical Properties of Ferrous
and Nonferrous Structural Shcet Materials at Elevated Temperatures, '
AF TR-6517, Part 3, 1953.

7.11 Alloy Digest, "Aluminum 2014" (Filing Code: Al-17), Engineering
Alloys Digest, Inc., June 1954.

7.12 Aluminum Co. of America, ""Alcoa Aluminum Handbook," 1959.

7.13 Metals Handbook, Vol. 1, "Properties and Selection of Metals,"
8th Edition, Amcrican Society for Metlas, 1961,

7.14 Materials in Design Engineering, "Materials Selector Issue, ‘(_)_(_)_ {5),
Mid-October 1964.

7.15 Aluminum Co. of America, Research Laboratories Data Sheet,
August 1957,

71



7.16

7.17

7.18

7.19

7.21

7.22

7.23

7.24

7.25
7.26

General Dynamics/Astronautics, "Compilation of Materials Research Data,
4th Quarterly Report, Phasc I," Report AD-62-0138-3, March 1962.

Bell Acrosystems Co., "Phase II, Cryogenic Properties of 2014-T6 and
A-286," BLR-35 (M) Rev. A, June 1962.

M. P. Hanson, G.W. Stickley, and H. T. Richards, "Sharp Notch Behavior
of Some High Strength Sheet Aluminum Alloys and Welded Joints at 75, -320,
and -423°F," ASTM STP-287, 1960, p. 3.

W.R. Lucas and C. E. Cataldo, '"Seme Low Temperature Properties of
Aluminum Alloy Weldments,'" ASTM STP-287, 1960, p. 108.

J.L. Christian, et al., "Structural Alloys for Cryogenic Service,' Metal
Progress, 83 (3), March 1663.

G. E. Bockrath, and J. B. Glassco, ""Fracture Toughness of High Strength
Sheet Mctal,'" Douglass Missile and Space Systems Div., presented at ASM
Western Metal Congress, March 1963,

E.L. Terry and S.W. M~Claren, '""Biaxial Stress and Strain Data on High
Strength Alloys for Design of Pressurized Components,' Chance-Vought
Corp., ASD TDR 62-401, July 1962.

F.R. Schwartzberg, et al., '""Cryogenic Materials Data Handbook,' ML-
TDR 64-280, August 1964,

Prog. Report No. 1, Suppl. to Ref. 7.24, February 1965.

Reynolds Mctals Co., '"The Aluminum Data Book,' 1965.

72



Chapter 8

DYNAMIC AND TIME DEPENDENT PROPERTIES

8.1 General

8.2 Specified Propertics

8.3 Impact

8.31 Effect of cryogenic temperatures on Charpy V impact strength,
figurc 8.31.

8.4 Creep

8.41 Crecep and crcep rupture

8.411 Creep and creep rupture curves for 2014-T6 at elevated temp-
eratures, figure 8.411.

8.42 Crecp deformation, see also 8.411.

8.421 Short time total strain curves for clad 2014-T6 at elevated
temperatures, figure 8.421.

8.43 Time-temperature-parameters

8.44 Isochronous stress-strain diagrams

8.441 Isochronous stress-strain curves in tension at 400°F, figure 8.441.

8.5 Stability (sce also chapter 7)

8.51 Exposure effects

8.511 Effcct of exposure and test temperature on tensile properties of
clad sheet, figure 8.511.

8.512 Effect of exposure on room temperature tensile properties of
2014-T6 aluminum rod, {igure 8.512.

8.513  Effect of exposure and elevated temperature on tensile properties
of 2014-T6 aluminum rod, figure 8.513,

8.514 Effect of exposure on room temperature tensile properties of
2014-T6 aluminum rod, figure 8.514.

8.515 Effect of exposure and elevated temperature on tensile properties
of 2014-T6 aluminum rod, figure 8,515,

8.6 Fatigue

8.61 Controlled stress cycling

8.611 Fatigue strength of alloy in various forms, table 8.611.

8.612 Stress range diagram for smooth and notched bar in Té6 condition,
figure 8.612.

8.613 Average stress range diagram for bar and extrusions, figure
8.613.

8.614 Scatter band of fatigue data for smooth and notched hand forged
bar in T6 condition, figure 8,614.
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8.615 Typical constant-lifc diagram for fatiguc behavior of various
wrought T3 products, f{igurc 8.0615.

8.62 Controlled strain cycling

8.621 Effect of strain cycling on fatigue life of bar stock, figure 8,621.

8.623  Damping

8. 64 Thermal cycling

8.65 Stress concentration effects
8.651 Sec table 8.611 and figures 8.612, 8.614.
8.66 Environmential effects

8.661 S-N curves for alloy tested in air and in simulated sea water,
figurc 8.661.
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TABLE 8.611., — Fatiguc Strengths under Completely Reversed

Flexure of Alloy in Various Form.;

Source Ref. 8.6
Alloy 2014

Fatiguc strength at indicated no. of cycles
Specimen Type Temper ksi (kg/mm?®)

10% | 10% | 105 ! 10 | 107 |5 x 10°

Smooth machined | T6 52 39 30 24 19 18
round (37) 1 (27) | (21) |[(17) | (13) (13)
Sharply notched T6 31 21 14 10 9 9
round (22) | (15) {(10) |(7.0)}|(6.3) (6.3)
Flat sheet Clad T3 - 31 20 17 15 15

- | (22) | (14) [(12) |(11) (11)

Flat sheet Clad Té6 - 31 20 17 15 15
(2z) 1 (14) | (12) | (11) (11)
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Chapter 9

PHYSICAL PROPERTIES

Density (p)
0.101 1b/in® at 68°F
2.80 g/cm® at 20°C (refs. 9.2, 9.3)

Thermal Propertics

Thermal conductivity, K, of various alloy tempers, table 9.21.

The thermal conductivity of 2014 aluminum at room temperature is
up to 30 percent lower than that of clectrical conductor grade alum-
inum. This indicates that the heat transfer depends markedly on
temper and compositivn, or concentration and distribution of sec-
ondary clements. The allowed composition range for these secondary
elements is rather large (ref. 9.3): copper, 3.9 to 5 percent; man-
gancsc, 0.40 to 1,20 percent;, and magnesium, 0.20 to 0.80 percent.
The resistance to heat flow due to impurities will therefore change
noticeably {rom heat to hcat of material, even with identical heat
trcatments,

Thermal expansion

Etfecl of tempcrature on the average coefficient of thermal expan-
sion, figure 9.221.

Thermal expansion of plate at low temperaturces, figure 9.222.
Specific heat (c,)

0.23 cal/g °C ai 100°C

0.23 Btu/lb °F at 212°F (ref. 9.2)

Thermal diffusivity

0.57 cm?®/sec at 25°C

2.28 ft*/hr at 77°F

Data wcre calculated according to the equation: Diffusivity = K/pc
Thercfore, onc should expect similar deviations from the normal
valuc as for the thermal conductivity (sce 9.212).

p'

Elcctrical Properties

Electrical resistivity and conductivity, table 9.31,

The electrical resistivity depends even more strongly than does the
thermal conductivity (see 9.21) on impurity concentration and distrib-
ution. Therefore, the 1esistivity differs even more drastically in
2014 alloy from electrical conductor grade aluminum than the thermal
conductivity. This means that changes in composition and variations
in heat trcatment will irf luence the resistivity values markedly
(variations of the crder of 10 perccnt may be expected).

Magnetic Properties

Permeability. The alloy is not ferromagnetic.
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Susccptibility. The susceptibil.ly changes strongly with heat ireatment,
Reversible and irreversible structure changes can be determined

from sus:eptibility mecasurements. This makes it possible to use
these measurements for studies on the kinetics of precipitation pro-
cesses in aluminume-copper alloy systems.

Nuclear Properties

Guneral. Aluminum and its alloys have becen uscd extensively in the
construction of research and test nuclear reactors. How:ver, its

low melting point and higk chemical reactivity, leading to relatively
poor resistance to corrosion in nuciear environments, make it of
doubtiul value for power reactors operating at temperatures above
400° tu 450°TF (203° to 232°C) (ref. 9.8).

Radiation damage in aluminum allovs has not been studied extensively.
However, data available indicate that exposure of alumir un alloys

to high-flux neutron irradation (10? nvt or greater) results in increases
in hardness, tensile strength, and sometimes in corrosion rate. In-
creases in electrical resistivity have also becen observed. Ductitity
usually is decrecased. Changes in density, thermal expansion, or

in dimensions appears to be negligible. No changes in microstruc-
ture have been cbserved unless the temperature exceeds the re-
crystallization temperature (ref. 9.9).

Other Physical Properties

Emissivity
In air: 0.035 to 0,07 at 77°F {25°C) (ref. 9.5).
Damping capacity.
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Chapter 10

CORROSION RESISTANCE AND PROTECTION

General. Despite its high chemical reactivity and affinity for oxygen,

aluminum exhibits excellent resistance to corrosion in most common

cnvironments because it passivates spontaneously under normal oxid-
izing conditions. The passive film is a hard, strongly adhering layer
of aluminum oxide, estimaled as 20-100 x 107 mm thick on aluminum
cxposced to air (ref. 10.1), which protects the metal from direct attack.
Thus, the corrosion rate of aluminum gencrally decrecases with time,
except under scvere or specific exposure conditions which tend to
distrupt the passive film.

Outdoors, aluminum and its alloys weather to a pleasant gray color,.
with some initial supcrficial pitling which gradually ccases (rc". 10.2).
Industrial soot, sulfur dioxide, sulfur trioxide and marine spray tend
to incrcase atmospheric corrosion, but hydrogen sulfide and carbon
dioxide do not (ref. 10.3). Twenty-year tests at scveral marine, in-
dustrial and rural sites have shown that atmospheric attack on alum-
inum takes place principally in the first year and progresses very
slowly beyond the second year (ref. 10.4). Even at high temperatures
in dry atmospheres, aluminum is highly resistant to most common
gases, except the halogens (ref. 10.2).

In aqueous environments, corrosion resistance of aluminum is great-
est under neutral or slightly acid condition, where the protective
oxide film is most stable (pH 5.5-8.5 at room temperature, 4.5-7

at 95°C) (refs. 10.1, 10.5). Strong alkalies and strong nonoxidizing
acids destroy the oxide and greatly accelerate corrosion. Pitting
attack occurs in waters containing chloride or other halogen ions,
particularly al crevices or stagnant areas where passivity breakdown
is accclerated by differcntial aerative effects. Traces of copper, iron,
and mercury ions are also cffective in promoting localized attack

via galvanic cells formed between aluminum and metal deposited by
replacement reactions (ref. 10.1). Since aluminum is stronglv anodic
to most other common metals, galvanic coupling with them generally
produces severe attack on the aluminum, especially in sea water
(ref. 10.2).

Aluminum and its alloys are rather resistant to most molten salts.
However, molten metals generally attack aluminum, particularly
zinc and tin which form alloys (ref. 10.2). Even a small amount of
mercury is especially harmful since it breaks down passivity and am-
algamates, causing rapid perforation of aluminum piping or sheet
(ref. 10.1). Aluminum cxhibits very poor resistance to uninhibited
chlorinated solvents and may even react explosively with them

(ref. 10.6).
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10.2

10.3

Aluminum purity significantly affects its resistance to corrosion. High
purity metal is more resistant than commercially pure aluminum,
which in turn is generally more resistant than most alloys (ref. 10.1).
Corrosion resistance of specific alloys is affected by composition,
hecatl treatment and stress conditions, as discussed further below.

Aluminum - Copper Alloys. To maximize resistance to corrosion,

the composition of an alloy should be maintained as homogeneous as
possible since nonhomogencities frequently initiate localized attack.
This principle applies clearly to the aluminum—copper alloys, of which
alloy 2014 is a typical examplc. Copper gencrally depresses the elec-
trode potential of aluminum in the cathodic (noble) direction, but its
concentration and distribulion arc significant, as shown in table 10.21.

For optimum corrosion resistance of A1—Cu alloys, copper should be
maintained in solution by rapid quenching from above the homogen-
izine temperature, about 900° F (482°C). If the cooling rate is not
rapid enough, the compound CuAl.. forms preferentially along the grain
boundaries. This results in copper depletion adjacent to the inter-
metallic compound, making the grain boundaries anodic to the grains
and susceptible to intergranular corrosion (refs. 10.1, 10.7). Figure
10.22 shows the effect of aging duration on electrode potentials of
grains and grain boundaries of an aluminum alloy containing 4.1 per-
cent copper. This suggests that prolonged aging can restore uniform-
ity and reduce intergranular corrosion susceptibility. From data such
as these, it may be concluded that corrosion resistance of the 2014
alloy in the T4 condition improves with increased rate of cooling,
whereas in the T6 condition it improves with decrcased rate of cooling.
Thus, in the T4 condition, thin sections exhibit better corrosion re-
sistance than thick sections; the reverse applies to the T6 condition.

Tensile stress in the presence of moisture further reduces resistance
to corrosion of aluminum—copper alloys, leading to intergranular
stress-corrosion cracking. Suscepubility toward this type of attack

is heightened by the presence of grain boundary precipitates, although
authorities disagrec on the details of the mechanism involved (refs.
10.1, 10.7, 10.9). Attack is particularly severe in the presence of
chloride ions, which weaken protective oxide films. Extensive re-
search on stressed 2024 alloy in aquecous solutions containing 5 per-
cent NaCl and 0.3 percent H,O, showed that on aging at 160 —200°C,
maximum susceptibility to stress-corrosion cracking occurred before
maximum tensile strength was attained (ref. 10.10).

Behavior of Aluminum Alloy 2014. Extensive information on the corro-
sion behavior of 2014 under a variety of exposure conditions is not
available. However, some data have been published on stress corro-
sion in the atmosphere and in chloride environments. These arc sum-
marized in the following figures and tables, which also include com-
parable information on other common aluminum alloys. The data
indicate that stress corrosion resistance of 2014 is comparable to 7075
and 7079, but inferior to 2219 (refs. 10.11, 10.12, 10.13).
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10.31

10.32

10.33

10.34

10.35

10.4

Stress corrosion performance of 2014 and other aluminum alloys
in inland industrial atmosphere (short transverse specimens
from plate, extrusions, and lorgings), figure 10.31.

Comparative stress corrosion performance of aluminum alloy
forgings; alternate immersion in 3. 5-percent NaCl solution,
figure 10.32.

Loss in tensile strength of stressed specimens exposced to various
environments, table 10.33.

Comparat’. s'ress corrosion resistance of heat treated aluminunm—
copper alloys, tehle 10.34.

A recent study was conducted on the stress-corrosion performance
of 2014-T651 to determine the distribution of failures in specimens
groupced broadly by manufacturer, spccifications to which the sheets
were prepared, and the method of preparation. Specimens were sub-
jected to a stress of 10 ksi (7 kg/mm?®) for a period of one month in
3.5-percent NaCl alternale-immersion tests. Periodic examination
was made for evidences if first cracking. As shown in table 10. 35,
a wide variation of results was obtained betwcen the various group-
ings. Charactcristic lifetimes were as low as 70 hours and as high
as 1085 hours, indicating the differences which can occur because
of differences in sources, spccifications, etc. However, there is
general agrcement that A1-Cu alloys are not very resistant to cor-
rosion in this medium.

Proteclive Measures. Anodizing, which thickens the surface oxide
film, is widely used for corrosion protection of aluminum and its
alloys. Cathodic protection has also proved effective in retarding
both genecral dissolution and localized attack, although overprotection
by this method should be avoided to insure against harmful accum-
ulation of alkali at the cathode surface (ref. 10.1). Painting and
inorganic inhibitors have also been applied with some success in
specific cases (ref. 10.2).

Cladding with commercially pure aluminum or a more resistant alloy
is the traditional method used for many applications. Alloys 6003 and
6053 are common cladding materials for 2014 (ref. 10.8). Careful
heat treatment and proper fabrication to avoid localized tensile
stresses and struc.ural crevices are desirable to minimize attack
and stress corrosion cracking.

Surface treatments are discussed in greater detail in Chapter 11.
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TABLE 10.21. — Electrode Potentials vs 0. 1N Calomel at 25°C

Source

Ref.

10.7

Solution

Aqucous solution of 53 g NaCl and 3 g

H.,O- per liter

2014-

CuAl.,

Al (99.95 + %)
Alclad 2014

T6

Al + 2% Cu (solid solution)

Al + 4% Cu (solid solution)
2014-T4

COOCOOOO0O

.85 volt
.83 volt
.78 volt
.75 volt
.73 volt
.69 volt
.69 volt

TABLE 10.33. — Loss in Tensile Strength of Stressed Specimens

Exposed to Various Environments

Source Ref. 10,12
Specimens 0.063-in (1. 60-mm) production sheet
X Exposure, | Average loss in tensile strength, %
Alloy Environment days Unstressed Strcssed 75% of
% _vyield strength

2014-T6 A 365 7 7

B 365 18 28

C 84 42 55
2024-T3 A 365 6 9

B 365 16 20

C 84 33 40
2219-T81 A 300 - -

B 365 6 8

C 84 21 26
7075-T6 A 365 2 5

B 365 7 10

C 84 13 22
Environments: A - Inland industrial

B - Sea coast
C - 3.5-percent NaCl, alternate immersion.
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TABLE 10.34. — Comparative Stress Corrosion Resistance

of Ieat-Trcated Aluminum—Copper Alloys

Scurcc Ref. 10.12

Valucs Highest sustained tensile stress without failure, ksi (a)
Test : Extruded Shapes Hand

Alloy Direction | F12t¢ | Bar Foo  in(b)|1 .25-2 in(c) |t orgings

————— —————

2014-T6 L 45 45 50 45 30
LT 30 - 27 22 25
ST 7 15 - 7 7

2024-T3, T4 L 35 30 >50 >50 -
LT 20 - 37 18 -
ST 7 10 - 7 -

2024-T6, T8 L >50 >47 >60 >60 -
LT >50 - 50 50 -
ST 43 >43 - 16 -

Test environment: 3.5-percent NaCl.

(a) 1 ksi = 0.70307 kg/mm*. (b) 0.64-2.54 cm.

TABLE 10.35. — Resulls of Stress-Corrosion Tests of Alloy

alternate immersion, 12 weeks.
> indicates no failure at highest stress employed.
(c) 3.81-5.08 cm.

in 3.5-Pcrcent NaCl (Alternate Immersion)

Source Ref. 10.8
Alloy 2014-T651
Test Conditions| Temperature. 21.7°-25.6°C; stress, 10 ksi (7 kg /mm?®)
Group | Mfr. Plate No-. of Failures Failure Times, hours
No. Specimens .
1 A 1 5 5 34, 84,130, 439, 785
2 5 4 34,227,327, 561
3 5 3 42, 84, 696
4 5 2 70,210
5 5 4 277, 445, 454, 590
Group Totals 25 18
I B 6 5 3 145, 169, 329
7 5 2 227, 552
Group Tofals 10 5
III C 8 5 5 38, 38, 88, 96,199
l 9 5 3 115,178,178
Group Totals 10 k3
v A 10 5 5 15,39, 39, 63,110
11 5 5 40,70, 70, 70, 82
Group Totals 10 10

0
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11.4

Chapter 11

SURFACE TREATMENTS

General. A wide variety of srrface treatments can be applied to the
2014 alloy (and other aluminu.n alloys) to protect and improve the
appcarance of the surface. These include mechanical, chemical, and
electrochemical finishes and organic, porcelain, and paint coatings,
Alclad forms of aluminum allovs have a very high inherent resistance
to corrosion and may be uscd without benefit of protective coatings
(ref. 11.1).

Alclad Products. The 2014 alloy is available as Alclad sheet and plate
which consists of bare 2014 corc matcerial clad with a thin coating of
6003 or 6053 alloy on both sides. the cladding material is metallur-
gically bonded to the core material. It is chosen t¢ provide a surface
having a high recsistance to corrosion and sufficieadly ancdic to the 2014
core to afford electrochemical protection to it in corrosive environ-
ments. Consequently, any spct of attack can penetrate only as deep as
the core alloy where {further progress is stopped by cathodic protection.
Corrosion is thus confined to the cladding material only. The life of
clacd " 1g is a function of its thickness and the severity of the environ-
ment. Alclad products, thercfore, limit corrosion to the relatively
thin, clad surfacc layer (ref. 11.2).

Mechanical Finishes. Mechanical finishes are used to alter the texture
of the alloy surface to provide a more decorative appearance or as a
treatment prior to other finishing such as painting. Grinding, polishing,
and buffing result in smoother reflective surfaces. Abrasive blasting
(sand or grit) gives a rough matte [inish which is often used as a base
for organic coatings. Scratch {inishing, satin finishing, Butler finish-
ing, and skin finishing are scratched-line finishes which remove minor
surfacc defects and providc a decorative effect. The possibilily of gen-
erating an cxplosive mixturc of fine powder and air during mechanical
finish operations should be rccognized (ref, 11, 3).

Anodizing. Anodic coatings are hard, abrasion and corrosion resistant
oxide coatings. The alloys can be anodically csated in a number of
electrolytes, but most commercial anodizing is done by either the sul-
furic acid or chromic acid process. The thickness of the coating is
dependent upon the anodizing time., Coatings produced by the sulfuric
acid process vary in thickness from 0, 0001 to 0.001 inch (0.0023 to
0.025 mm)., Coatings produced in chromic acid vary from 0.00001 to
0.00009 inch (0.00025 to 0.00229 rmm). Anodic coatings provide good
protection against corrosion and are excellent bases for paint coatings
(ref. 11.1). However, the chromic acid process does not provide as
corrosion resistant a coating as does the sulfuric acid process (ref.

11.9).
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11.41 In rccent yecars, a number of new methods have becen developed for
producing heavier anodic coatings of from 0,001 to 0.010 inch (0. 025
to 0.254 mnij. Thes< methods require clectrolytes which enable the
oxide growth process to continuc until the desired coating thickness
is obtained.

Another recent development in coatings is that of hard anodizing,
designated as '""hardcoating'' (ref. 11.9). Processes most suitable for
a wide range of applications arc Alumilite 226 (oxide coatings, 0.002-
inch (0.051-mm) thick) and Martin Hardcoat (coating thicknesses up
to 0.004 inch (0.107 mm),

Martin Process: 15% H,S0,; 25°=32°F (-4 to 0°C); 25 asf (0.027 A/cm®).
Alcoa Alumilite-224: 12% H_SO, + 1%, H,CrO,; 48°—52° F (9°to 11°C);
26 asf (0.038 A/cm®).

A flash hardcoat of a very thin film can also be applied by these meth-
ods by shortening the normal cycle time. The Martin process should

be specified wher. maximum hardness and corrosion resistance are re-
quired along with thickess buildups to 0.004 inch (0.101 mm). Alum-
ilite-226 is sclecied where Lardness and corrosion resistance are re-
quired and 0.002 inch (0.051 mm)} is the acceptable maximum buildup.
Further dctails of these processcs are presented in reference 11.9.

11.42 A white anodize has been eveloped for atloy 2014 to provide a good re-
flectance value and excellent resistance to corrosion (ref. 11.10). The
technique consists of 4 steps: (1) surfacc preparation by mechanical and
chemical pretreatment; (2) anodizing in a 26-percent sulfuric acid elec-~
trolyte containing glycerol, lactic acid, and titanium ammonium lactate;
(3) pigmentation with lead sulfate in a complex acetate solution; (4)
sealing with a polyorganosiloxane after boiling-water sealing.

11.5 Chemical Finishes. Chemical finishes are of three main types. Finishes
usce for decorative effects include caustic etching, acid etching, and
chemical polishing. Etched surfaces have a matte appearance while
chemically polished surfaces are highly reflective 2and require protec-
tion by anodizing or lacquering.

Conversion coatings can be oxide, phosphate, or chromate types and
are used primarily as base coatings prior to application of organic coat-
ings. Miscellaneous special-purpose finishes include those produced by
Alrok process, modified Bauer-Vogel process, and processes for stain-
ing aluminum alloys.

11.6 Electropolishing. This process produces a highly reflective surface and
is often used for surface preparation prior to microscopic examination
of metallurgical structure (see Chapter 3).

11.7 Electroplating of aluminum alloys has gained incrcased commercial
use in recent years. A commuonly used finish consists of successive de-
posits of copper, nickel, and chromium. Other metals may be applied
over the copper. A satisfactory base surface for electroplating is
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11.8

11.81

11.9

provided by immersing the aluminum part in a solution of sodium
sincate of controlled composilion., Brass, iron, silver, or chromium
can be applied directly over this zince immersion coating (ref. 11.4).

Painting. When severe conditions of exposurc are to be cncountered,

it is frcquently desirable to protect aluminum alloy surfaces with

paint. Prior to painting, the surface should be properly prepared
before priming. Dirt may be removed by brushing and grease or oil
may be removed by means of solvent or degreasing :chniques. The
paris are then immersed in (or swabbed with) a solution of phosphoric
acid and organic greasc solvents diluted with water. A number of pro-
prictary solulions of this typec are availabla commercially, Solution
tempere turc should be between 50° and 90°F (10° and 32°C) and contact
wach the metal part should not be less than 5 minutes. The part is then
rinsed with water and dried thoroughly. Wherc chemical trecatment

is impraciical, mild sandblasting methods may bec employed. A chem-
ical conversion coating per Mil-C-554) or ar anodize coating is nec-
ecssary prior to priming with zinc chromate primer per MIL-P-8585.

For ~overc conditions of exposure, both primer and joint compuund
sho.idv be used at joints. All surfaces except contacting surfaces may
be given a second coat of paint consisting of ‘¥o pounds of aluminum
pastce pigment (ASTM Spec. D962, Typc II, Class B) per gallon of
varnish (0. 24 kg/liter) which micets Federal Spec. TT-V-86b, Type 1L
or cquivalent. The [inal assembled structure may be finished with one
coat of aluminum paint. Onc or more coats of alkyd ba:e ename! (pig-
mentead to desired color) may be substituted for aluminum paint (ref.
11.5).

To minimize stress~corrosion cracking when the alloy 1s subjected

to sustained surface strcsses and corrosive environments, certain
surface trcatments and protective coatings arec cffective. The most
effective protection is obtained by apnlying a topcoat of epoxy-poly-
amide paint to shot~pcencd or metallized surfaces of the alloy. Satis-
factory temporary protcction is obtained by an electroplated galvanic
coating of 3 to 4 mils (0.076 to 0.102 mm) thickness, or a topcoat of
paint cuntaining epoxy-polyamide or polyurethanc resins. The former
is preferred and can bec uscd on unprimed surfaces. Care is necessary
to prevent breaking or scratching the paint film. Shot peening alone
will provide good surfacc protection (if all surfa.es « e treated) v'hen
corrosive environment is not severc. Anodic films and zinc-rich
paints are thc least effective coatings for preventing stress-corrosion
cracking (ref. 11.0).

Porcelain Enameling. The principal difference between porcelain
enamecling oi :luminum alloys and other metals is the use of porceclain
frits, which melt at lower temperaturcs, High-lead frits are comimonly
uscd and they can be formula. .d in a wide variety of colors and sur-
face finishes. The enamel slip is sprayed onto chemically cleaned and
treated surfaces and then fired at temperatures of 950° to 1050°F (510°
to 565°C) for a period of 4 to 8 minutes (re’, 11.7).
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Chapter 12

JOINING TECHNIQUES

Gencral. Aluminum alloy 2014 can be joined satisfactorily by fusion

and resistance welding techniques and by riveting (or bolting). Brazing

and soldering are not reconmmended because satislactory materials
and methods have not been developed for this alloy. Specifications for
the welding of aluminum alloys are presented in table 12.1.

Welding. Reliable, sound, high quality welds have been made in alum-

inum alloys for many years. Although aluminum is one of the most

readily weldable of all metals, it has individual characteristics which
must be understood for successful welding of the metal or its alloys.
Four important factors to consider are the low melting point, the
presence of an oxide film, low strength at elevated temperatures, and
the fact that aluminum exhibits no characteristic color changes, even

al temperaturcs up to the melting point. The welding of aluminum alloys
requires care to prevent excessive melting of the material. The oxide
film must be removed and prevented from reforming by some inhibiting
tcchnique before a good bond can be obtained. Parts should be well-
supported during welding to prevent distortion (ref. 12.1).

Thc weldability and strength of the 2014 alloy are superior to 2024;
however, the wcldability is not as good as that of 2217 (ref. 12.27).

Fusion Welding. Although the 2014 alloy was developed in 1928, it was

not considered to be weldablc by fusion techniques until about 15 yeazs
later. Customarily the alloy, when fusion welded, is vred as the ''as-
welded' condition and designers usually arrange to have the welded
joint about twice the thickness of the parent metal to compensate for
the lower strength in this condition (ref. 12.3).

Fusion Welding Mecthods. Onc of the most important advances in alum-
inum welding has been the development of inert-gas shielded methods
that do not require a flux. The "tungsten-inert-gas' (TIG) method and
the ""metal-arc consumable elcctrode' (MIG) method have both con-
tributed significantly to the advancement of the state of the art of alum-
inum welding. TIG and MIG techniques each have inherent advantages
and disadvantages which are discus.ed in greater detail in reference
12.2. A study was made in conjunction with the Saturn space vehicle
program (ref. 12.6) to determine whether MIG or TIG welding pro-
cesses are the most advantageous for joining 0,100-inch (2.54-mm)
thick 2014-T6 sheet. Specimens welded in the laboratory and on pro-
duction welding fixtures were subjected to various service conditions
and test temperatures. The results of the study indicated the following:

1) TIu welds exhibited equal or slightly higher mechanical
properties than MIG welds for most welding conditions
and test temperatures studied.
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2) TIG welds made on a copper backup bar gencrally had higher
tensile properlies than TIG welds made on a titanium backup
bar.

3) TIG welds made on a copper backup bar with a small groove,
0.187 x 0.025 inch (7.75 x 0.635 mm), had the highest ten-
sile strength, but the loss in strength with larger grooves
was less than 10 percent.

4) An adhesive curc cycle performed after welding lowered the
bend ductility of both MIG and TIG welds by 50 to 75 percent.
TIG welds, madc on a copper backup bar had higher bend
ductility (both before and after the cure cycles) than MIG
welds made on a titanium backup bar.

5) Ultimate and yield strengths of all welds were increased by
the curc cycle and decreased by repair welding. Elongation
was rcduccd by the cure cycle and unaffected by repair welding.

6) In the "as-welded'" condition, thc single pass welds made with
2319 wire generally exhibited slightly better tensile properties
than welds made with 4043 filler wire. The 2319 wire welds,
however, were adversely affected to a greater degree than
4043 wire welds by the '"double cure' cycle.

7) MIG and TIG welded specimens both exhibited similar notch
sensitivity in the presence »f s..allow surface cracks,
figure 12.1.

8) Stress corrosion tests (alternate immersion in simulated
occan walcer) with bend specimens indicated that TIG welds
made on a copper backup bar had greater corrosion resist-
ance than MIG wclds madc on a titanium backup bar.

An investigation has been made of TIG welded 0.125-inch (3.175 mm)
Alclad 2014 shcet material to examine the cifects of preweld and
post-weld treatments, welding speed, and stress corrosion (ref.
12.3). Single-pass square butt-welds, with 0- tc 0.010-inch gap

(0- to 0.254-mm), were made mechanically using Linde HQ shaved
filler wire. The weld {fixture had water-cooled copper hold-downs
and a mild steel backup bar. Welds were mada parallel to the rolling
direction of the sheet and specimens were taken from the sheet
transverse to the weld bead. Cleaning before welding consisted of

a caustic dip followed by nitric acid and a water rinse. Abutting
edges were filed with a clean vixen file. Tensile specimens had a
0.5x 2.5 inch (12.7 x 50.8 mm) gage section with weid beam: trans-
verse at the center. Bend specimens were 6 inches (152 mm) long,
bent around a 5T radius mandrel. Welds were ground flush on both
tensile and bend specimens. Nc problems were encountered in mak-
ing sound welds in the Alclad 2014 alloy sheet under laboratory
conditions,
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The inferior weldability of the Alclad 2014 zlioy (as compared to the
6061 alloy) was attributed largely to its wide melting range of 23C°F
(950° to 1180°F, 510” to 638°C), which results in delay solidification
of the basc metal at the edge of the weld zone. While in this partially-
melted condition, the joint has low strength and ductility and is sub-
ject to cracking from shrinkage stresscs. All joints failed in the weld
metal in both tensile and bend tests. On fully heat treated joints, the
weld metal hardened to 80 percent of the base metal strength of 70
ksi (49.2 kg/mm?). Hardncss surveys across the welded joints were
useful in determining the relative strengths of welds and heat affected
zones as shown in figure 12.2.

Increase in welding speed improved the strength of 2014-T4 alloy,
wclded then aged, by improvement in the response to aging in the heat
affected zone (HAZ). However, it appeared that speeds above 15 ipm
(38 c¢cm /min) did not result in sigrificantly greater improvement,
figure 12.3. Stress corrosion tests, in sodium chloride solution at
100° F (38”C), indicated that thc as-welded joints had superior stress
corrosion resistance to the joints which wer e aged after welding.

The cffcct of test temperaturce on butt-welded 0.063-inch (1.60-mm)
sheet, welded by the TIG mcthod, is shown in figure 12.4. Values ob-
tained for the base mectal are also included in this graph. The strength
of welds made with 2319 filler wire ‘s compared to that of welds made
with 4043 wire; it can be scen that the 2319 wire gave slightly higher
tensile values and weld joint efficiencies in this particular study. How-
ever, weld ductility was low for both filler wires (0.9 to 2.6 percent
average clengation of 2319 wire welds and 0.6 to 1.8 percent average
elongation for 4043 wire). Based on these results, 2319 filler wire
would be preferred (refs. 12.10, 12.11).

The effect of test temperature on TIG welded sheet specimens is shown
in figures 12.5 and 12.6 for 2014-T3 and 2014-T6, respectively. Yield
and ultimatc strengths for the parent metal are also given in these
graphs for comparison. Fatigue curves for TIG butt-welded sheet spec-
imens are given in figure 12.7 for room and cryogenic temperatures.
An increase in strength is observed at low temperatures, but this in-
:rease is not as large as the static strength increase. This may signify
some degrec of embrittlement of the weld at -423°F (-253°C).

The problem of cracking in 2014 alloy fusion weld zones has been attrib-
uted to the composition of the base metal and the filler metal used.
Cracking that occurs above the solidus temperature (hot cracking) was
obscrved to be intergranular in nature. Cracking below the solidus
temperature may be either transgranular or intergranular. Large hcat
affected zones and rcpeated rewelding (such as sometimes is done in
repair welding) has frequently produced HAZ cracks. A precaution to
prevent this type of cracking is to weld as rapidly as possible. using

& minimum of heat. Reweldirg should be avoided whenever possible
(ref. 12.8).
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The occurrence of porosity in 2014 alloy fusion welds is a problem
that apparently is still not completely solved. Studics have indicated
that gascs (notably hydrogen) trapped in the weld zones are the prin-
cipal, il not the solc cause of porosity in 2014 alloy weldments (refs.
12.5, 12.28). Hydrogen is solublc in liquid aluminum, but is nearly
insoluble in the solid state. Thus any hydrogen present at solidifica-
tion is rcjected in the form of porosity as the alloy solidifes. Hydro-
gen normally comes from water vapor. At temperatures above 920°F
(494°C), aluminum reacts with water to produce nascent hydrogen
plus oxygen. The nascent hydrogen dissolves in molten aluminum and
the oxygen combines to formi aluminum oxide (ref. 12.7). The solubility
of hydrogen in aluminum is shown in figure 12.8. Control of humidity
and clecaning of filler wire to remove the oxide surfacc layer have
helped to reduce porosity in 2014 welds. However, hydrogen in the
interior of the ba~e metal or filler wire is more difficult to elimin-
ate (ref. 12.9).

The combined cffect of porosity and mismatch has also been investig-
ated for TIG weclded 2014-T6 sheet (ref. 12.15). These studies have
led to the conclusion that both porosity and mismatch are factors that
contribute to the lowering of strength as each increases in magnitude.
as shown in figure 12.9. Mismatch is somewhat the greater of the twc
factors. A project was conductced to produce high quality weldments

in 2014 plate, in thicknesses from 1/4 o 1-1/2 inches (6.35-38.1 mm).
Using the most advanced type of welding equipment (ref. 12.16), both
TIG and MIG welds were made in the flat-, vertical and horizontal
positions. It was concluded that to assure quality welds in thick plate,
the following are esscntial:

1) Welding equipment must have self-contained contamination
control (e.g., cathodic cleaning of filler wire just ahead
of torch).

2) Weld schedule parameters must ke precisely controlled.

3) Gases, filler wires, and basc material must be controlled
by adequate quality control procedures.

Manual welding of chemically milled sheet requires a land arca of approx-
imately twice the sheet thickness to dissipate weld heat and prevent loss
in base metal properties. Studies were conducted on T6 sheet to deter-
mine the land width necessary to retain the HAZ and also to determine
the tensile strength of repair welds for various land widths (ref. 12.24).
It was found that, based on hardness data, a 2-inch (50.8-mm) wide
land, 0.100 inch (2.54-mm) thick, will fully retain the weld HAZ of
repaired welds. It was also determined that tase metal tensile prop-
erties are only slightly affected by weld heat when widths of 1.5~ to
2.0-inch (38.1-50.8 mm) lands are used, as shown in figure 12.10.
Values of 59.1 ksi (41.6 kg/mm?) can be expected with 90 percent
confidence for 1.5-inch (38.1-mm), based on 58 tests. If 95 and 99
percent confidence is required, expected vaiues for repairs are 57,8
and 55.4 ksi (40.6 and 39.0 kg/mm?®), respectively.
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Other studies have led to notable gains in the strength and ductility
of MIG welds in 2014-T6 shect by producing weld beads with pro-
nounced papillary depressions (ref. 12.2%). Direct current-reversed
polarity (DCRP) was used, and weld contour was controlled by proper
balance of energy inputs, heat cxtraction, and shielding-gas flow
during welding. Narrow hcat affected zones that followed bead con-
tour were obtained by positioning hold-down plates close to the sheet
edges being welded. A 5- to 20-percent argon (balance helium)
shielding gas mixture flowing at 75 cfh (35.4 1/sec ) produced shal-
lower root bead angles that increased tensile strengths 2 to 4 ksi
(1.4 to 2.8 kg/mm*®). Welds up to 10 ksi (7.0 kg/mm?) stronger than
those normally obtained priorly were achieved. Figure 12.11 shows
the tensilc and bulge test properties of the MIG welded sheet for
various argon-helium gas mixtures. The effect of weld travel speed
on these properties is presented in figure 12.12.

12.212 Gas Mctal-Arc Spot Welding ( or inert-gas spot welding) is used to

12.22

make high strength localized welds with light equipment and from one
side only. It is a quick and reliable method for joining sheet, extru-
sions, and tubing. The localized spot welding is accomplished by
using very high automatically controlled welding current for a short
period of time with the addition of small quantities of filler metal
(ref. 12.26). Filler metal alloys commonly used in the gas metal-
arc spot welding of the 2014 alloy are 2319 and 4043 alloys. Gas tung-
sten-ar~ spot welding is similar to gas metal-arc spotwelding in that
satisfac .ory spot welds can be made from one side of the joint. The
use of the gas tungsten-arc spot weld process has become widespread
in recent years for the assembly of products made from shcet

metals (ref. 12.27).

Electiical Resistance Welding. Resistance welding (spot welding and
seam welding) is a most useful, practical. and economic method of
joining aluminum alloys. The welding process is almost entirely
automatic and standard welding machines a ‘e capable of handling a
variety of operations. Resistance welding heats only a small area of
metal so that there is only 2 minimum of metallurgical disturbance
for a minimum length of time, which is important in the welding of
aluminum alloys.

Mechanical or chemical cleaning of the contact surfaces is necessary
to obtain good spot welds in aluminum because no fluxes are used
during spot welding. In aircraft construction, it is recommended that
the contact resistance of the elements to be joined be continually
checked as a measure of surface cleanliness. Surface contact resist-
ance should not exceed 50 microhms for best results. Details on
surface cleaning are given in refercnces 12.2 and 12. 27.

The 2014 alloy in heat-treated tempers is successfully spotwelded

but special practices are required, and the range of machine settings
is rather narrow for this alloy. In the annealed temper, the alloy is
difficult to weld and spotwelding in this condition is not recommended,
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Spotwclded Clad 2014 has good resistance to corrosion in all tempers,
but thc resistance of barc 2014-T4 is poor and 2014-T6 is only fair
(ref. 12.2). Clad 2014 may be joined by spotwelding to 1100, 3003,
5052, 6061, Clad 2014, Clad 2024, and Clad 7075, Bare 2014 may

be joined to all of the above alloys except Clad 2014. According to
Federal specifications QQ-A-261 and QQ-A-266, bare material may
be spotwelded to clad material only witi the specific approval of the
procuring or certificating agency (ref. 12.12).

Mechanical Propertics of Spot Welds. The use of spot welds on mil-
itary structural parts is governed by the requirements of the procur-
ing or certificating agency {rcf. 12.12). The requirements for equip-
ment, matcrials and production control of spot and scam welds in
aluminum alloys is covered by military specification MIL-W-6858-
B-1. The minimum distance suggested for joint overlap and spotweld
spacing is given in table 12.7 for a number cf sheet thicknesses.
Minimum allowable edge distancc for spot weld joints is presented

in table 12.8. Table 12.9 gives design shear strength allowables for
spot welds in bare and clad aluminum alloys; the thickness ratio of
the thickest sheet to the thinnest outer sheet in the combination
should not exceed 4:1.

In applications of spotwelding where ribs, intercostals, or doublers
are attachcd to sheet, either at splices or at other points on the sheet
panels, the allowable ultimate strength of the spot welded shect

should be dctermined by multiplying the ultimate tensile she . strength
(MIL-HDBK-5A "A'" valucs where available) by the appropriate effi-
ciency factor as given in figurc 12.13. The minimum values of the
basic sheet efficiency in tension shauld not be applied to scam welds.
Allowable ultimate tensile strengths for spot welded sheet less than
0.020 inch (0,508 mm) should be established on the basis of tests
acceptable to the procuring or certificating agency (ref. 12.12).

The effect of cryogenic temperatures on the cross-tension and tensile-
shear strength of singe spot welds in 2014-T6 sheet is shown in
figure 12.14.

12.3 Brazin%. Brazing of the 2014 2lloy is not recommended. The melting

12.4

point of 2014 is lower than that of the coinmercially available braz-
ing alloys (ref. 12.19).

Iiveting. Riv: ‘ng is a commonly used method for joining aluminum,
particularly - heat treatable alloys. It is reliable because riveting
is a method thal is well understood and highly developed. Also,
modern riveting methods are largely ind:pendent of the operator’'s
skill and thus uniformity of riveted joints can be readily attained
(ref. 12.1). Specifications for aluminum riveting arc presented in
table 12.10,
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Aluminum alloy rivets arc preferred for the fabrication of aluminum
alloy structurcs, although cold-driven annealed steel rivets have
been used successfully for some applications. To determine the
strength of rivetcd joints, it is necessary to know the strength of
the individual rivet. In most cases, failure of such joints occurs

by shearing, by bearing or tcaring of the sheet or plate. Table
12.11 gives thc average shear strenst™= of driven rivets of various
aluminum alloys. Thesc values may . considered representative

of properly driven rivets although, .- casinnally, driven rivets may
fall below the average by about 5 to 10 percent. I is customary te
use a slightly larger factor of saicty for the shear strength of rivets
than is ecmployed for other parts of an assembly. The design of
joints where rivets are subjccted to tensile loads should be avoided.
Bolted connections may be used where high tensile stresses preclude
the usc of riveting. Informaltion in greater detail on the riveting of
aluminum alloys is given in references 12.20 and 12.21. Design
data on mechanical joints using rivets or bolts may be found in
MIL-HDBK-5A (ref. 12.12).
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TABLE 12.1. — Welding Specifications

Source Refs, 12.14, 12.22, 12.23

Product or process Federal Military ASTM AMS

Weldments (aluminum and .

aluminum alloys) - MIL-W-22248 - -

Welding of aluminum alloys - MIL-W-.8604 - -

Welding (aluminum alloy

armor) - MIL-W-45206 - -

TIG welding, aluminum

a0y for structurcs - MIL-W-45205 - -

Welding; resistance,

aluminum alloys - MIL-W-452104 - -

Welding; spot, seam, or

stitch{Al, stecl, Mg, Ti) - MIL-W-6858B - -

Welding rods (aluminum) [QQ~R-566-a B285-61T | 4190B
4191A

Welding clectrodes

(flux coated) - MIL-E-15597C {B184-43T -

Welding electrode wire - MIL-E-16053K |B285-61T -

Flash welds (rings, flanges) - - - 7488A

TABLE 12.7. — Suggested Minimum Joint Overlap and Spacing

of Spot Wclds for Aluminum Alloys

Source

Ref, 12.2

Thinnest sheet
in joint, inch (a)

Minimum joint
overlap, inch (a)

Minimum weld
spacing, inch (a)

0.016
0.020
0.025
0.032
0.040
0.051
0.064
0.072
0.081
C.091
0.1172
0.125

5/16
3/8
3/8
1/2
9/16
5/8
3/4
13/16
7/8
15/16
1
1-1/8

" /8
2/8
3/8
1/2
1/2
5/8
5/8
3/4
3/4
7/8
1
1-1/4

(2) 1 inch = 25.4 mm.
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TABLE 12.8. — Minimum Allowable Edge Distances for
Spot-Welded Joints in Aluminun. Alloys (a, b, c)

Source Ref, 12.12
Nominal thickness of the . .
thinner sheet, inch (d) Edge distance, E, inch (d)
0.016 3/16
0.020 3/16
0.025 7/32
0.032 1/4
0.036 1/4
0.040 9/32
0.045 5/16
0.050 5/16
0.063 3/8
0.071 3/8
0.080 13/32
0.090 7/16
0.100 7/16
0.125 9/16
0.160 5/8 j

(a) Intermediate gages will conform to the requirements
for the next thinner gage shown.

(b) Edge distances less than those specified above may
be used provided there is no expulsion of weld metal
or bulging of the cdyge of the sheet or damage to bend
radii by electrode.

(c) Values may be reduced for nonstructural applications
or applications not dependendcd on to develop full
weld strength.

(d) 1 inch = 25.4 mm.,
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TABLE 12.9. — Spot Weld Maximum Shear Strength Standards

Source

Ref., 12.12

Alloy

Aluminum alloys, bharc and clad

Noininal thickness
of thinner sheect,
inch (b)

0.012
0.016
0.020
0.025
0.032
0.040
0.050
.063
.071
. 080
. 090
. 100
112
.125
.160
.190

QOO0 OODOOOO0

Above 56
ksi (b)

60
86
112
148
208
276
374
539
662
824
1002
1192
1426
1698
2490
3230

28 to 56
ksi (b)

52
78
106
140
188
248
344
489
578
680
798
933
1064
1300

ksi (b)

24

56

80
116
168
240
321
442
515
609
695
750
796
840

Material ultimatic tensile gstrength, 1b (a, b)]
20 to 27

19.5 ksi aud
below (b)

16

40

62

88
132
18¢
234
314
358
417
478
536
584
629

(2) The recduction in strength of spotwelds due to cumulative effects of
time-temperature-stress factors is not grcater than the reduction
in strength of the parent metal.

(b) 11b= 0.4536 kg; 1 inch = 25.4 mm; 1 ksi = 0.70307 kg/mm?".

TABLE 12.10. — Specification for Aluminum Rivets

!Source Ref. 12.14
Products Federal Military AMS
Rivet: FF-R-556a |MIL-R-1150A-1 |7220C
- MIL-R-5674B-1 |7222C
- MIL-R-12221B |7223
R .cts, blind - MIL-R-7885A-1 -
- MIL-R-8814-1 -
- MIL-R-27384 -
Rivet, wire Q0Q-A-430-1 - -
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TABLE 12.11. ~ Ultimatc Shear Strengtbh (Average) fo

Driven Rivets (¢, d)

Source Ref. 12.20 |
Alloy <.ad Temper Driving Procodur Tc;nper Fou (aV) |
before Priving {a) riving rrocequre alier ksi (d)
- Driving

1100-H14 Cecld as received 1100-F 11
2017-T4 Cold, as received 2017-T2 3y
2017~-T4 Cold, immediately after quenching {2017-T31 .1 (b)
2024-T4 Cold, immediately aft- - quenching |2024-T31 | 42 (b)
2117-T4 Cold, as received 2117-T3 33
5056-~1132 Cold, as recceived 50656-H321 30
6053-T61 “old, as rececived 6053-T61 | 23
6061-T4 Cold, immediatclg after ¢ wenching |6051-T31 | 24 (b)
6061-T4 Hot, 790° to 1050° F(532°—566°C) |[6061. T4~ | 24 (b)
6061.7T6 Cold, as received 6061-16 30
7277-T4 Hot, 5507 to 275°F(454°-524°C) |7277-T41 | 56

(a) These designations sheuld be used when ordering rivet:

(b) Immediately after driving, the shear strengths of these rivets are
about 75% of the values shown. On standing at ambient temperatures,
they age harden to develop full shear strength, This action takes
about 4 days for 2017-'£31 and 2024-T31 rivets. Values shown for
6061-131 and 6061-T43 rivets are attained in about 2 weeks. Values
of 26 si (18 kg/mm* ) are attained by 6061-T31 about 4 months after
driviag. Values shown for 7277-T41 rivets are aitained in about

one week,

Thesc values are for rivets driven with core point heads. Rivets

driven with heads requiring more pressure may be exy *cted to
develop slightly higher strengths.

(d)

1 ksi = 0,70307 kg/mm?
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FIGURE 12.1. — Effect of shallow-crack depth on the fracture strength
of MIG and TIG welded specimens of 0,100 in {(2.54 mm) 2014-T6
sheet; welded plus double cure (heat ragidly to 230°F (110°C),
heat 5° F/hr (2.6°C) from 230°F to 330°F (166°C), hold at 330°F
for 2.5 hr, cool at 4.5°F/hr (2.5°C) from 330°F to 180° F (82°C)).

Ref. 12.6)
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20 40 60 80 cm/min

) i I R i
Alloys in T4 condition, TIG square-butt

machine welded and aged

Ftu , ksi

70
60 2014 Heat affected zone strength ¢
50 ‘2014 Weld failures
p ]
-2014-T6

. Base metal

40 | | | '
0 10 20 30 40 ipm

Welding Spced

FIGURE 12.3. - Effect of welding speed oa u.timate tensile
strength of TIG welds in Alclad 2014 sheet; 0.125 in
(3.175 mm).

(Ref. 12.3)
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FIGURE 12.4. — Effect of test temperature on tensile properties
of base metal and butt-welded 2014-T6 sheet; thickness,

0.063 inch (1.60 mm).
(Refs. 12.10,12.11)
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FIGURE 12.5. — Effect of cryogenic temperatures on
tensile properties of 2014-T3 weldmenis and
parent mectal sheet, 0.062to 0.125 in (1.57-

3.18 mm). Weldments mad= by either the
automatic TIG or MIG process.

(Ref. 12.13)
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(1.57-3.18 mm) (Ref. 12.13)
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FIGURE 12.7. = S-N fatigue curves for TIG butt.welded
2014-.T6 sheet, 0,063 and 0,125 inch (1.60 and
3.18 mm), at room and cryogenic temperatures.
(Ref. 12.10)
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FIGURE 12.8. — Solubility of hydrogen in aluminum.

FIGURE 12.9. —Combined effect
of porosity and mismatch for
TIG welded 2014-T6 sheet.
0.090 inch (2.29 mm),

(Ref. 12.8)

(Ref. 12.9)
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: mm), except land areas. Land
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C Manual weld plus
manual repair weld
© Manual weld only & 43
(no repair)
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FIGURE 12.10. — FEffect of land width on tensile strength

of manual welded, chem-milled 2014-T6 sheet,
0.100 in (l. 27 mm). (Ref. 12.24)
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FIGURE 12.11. ~ Tensile and bulge properties of MIG
welded 2014-T6 sheet, 0.090 in (2.29 mm) for
various argon-helium gas mixtures,

(Ref, 12,25)
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