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FOREWORD

This investigation was performed for the Directorate of Engineering and Construction,
Office of the Chief of Engineers (OCE) under Project 4A762731AT41, "Military Facili-
ties Engineering Technology"; Task Area B, "Construction Management and Technology";
Work Unit 034, "Welding for Advanced Fastener Concepts." The OCE Technical Monitor
is Mr. George Matsumura, DAEN-ECE-G.

The work was done by the Engineering and Materials Division (EM), U.S. Army
Construction Engineering Research Laboratory (USA-CERL). Dr. R. Quattrone is Chief
of USA-CERL-EM.

COL Paul J. Theuer is Commander and Director of USA-CERL, and Dr. L. R. Shaffer
is Technical Director.
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RECOMMENDED ALUMINUM PIPE that could be incorporated into existing Corps guid-
WELDING PROCEDURES FOR ance on welding. These procedures were tested to

*CORPS OF ENGINEERS CONSTRUCTION insure that their use in the type of construction used2 by the Corps would be feasible. The results of the
tests were evaluated, and the appropriate parameters

.4 recommended for inclusion in Corps guidance.
* I INTRODUCTION

Mode of Technology Transfer
It is recommended that the information in this

Background report be used to update Corps of Engineers Guide
Aluminum piping systems are being used to prevent Specification 15 116, Welding, Pressure Piping, and

corrosion in many special-purpose structures designed Army Technical Manual 5-805-7, Welding.- Design,
and built by the Corps of Engineers. However, while Procedures, and Inspection.
less expensive than steel, aluminum piping is much
harder to weld. This has caused problems in field
welding contracts when aluminum piping is specified
and the contractors are unfamiliar with aluminum 2iE XPERIMENTAL PROCEDURE
welding procedures. The Corps inspectors, who may be
asked to provide guidance, may also have little or no
experience with aluminum. Thus, while the inspector Information Sources
tries to resolve these problems, work can slow down Much information is available on welding aluminum
or stop, which is very costly. This problem can be pipe. The Aluminum Association (AA) has published
solved by providing the Corps inspector with basic and disseminated a great deal of information on this
information on aluminum welding parameters and subject. One AA member company, the Aluminum
accepted procedures. Company of America (ALCOA), provides consulting

services, so investigators for this project were able to
Objctie obtain both information and actual experience with

The objective of this work was to investigate pipe welding at the ALCOA Technical Center.
aluminum pipe welding techniques for field construc-
tion and to use this information as a basis for recoin- Materials and Procedures
mending guidance for Corps of Engineers aluminum To verify the feasibility of using AA and ALCOA
welding processes and procedures. procedures in Corps construction, researchers tested

the methods on types of aluminum pipe commonly
Approach used in military applications (Table 1). The gas

Available literature on aluminum welding was tungsten-arc welding (GTAW) method was chosen
surveyed and found to contain valuable procedures based on recommendations of the AA and the

Table I

Materials Usting and Specification Requirements
(Metric Conversion Factors: 1 in. = 25.4 mm; 1 ksi = 6.9 MPa)

Aluminum Utimate
*Association Yield Strength Tensile Strength Nominal Size

Designation Specification (ksl) (ksl) (in.) Schedule
ILt

6061 -T6 ASTM B241 40 45 1 10
(IS)* (24)0 1-1/2 40

2-1/2 40

3003-HIS ASTM 324! 27 29 2 40
(7)0 (14)* 4 40

4043 AWS 510 - -1/8 -

ER 4043

*Minimum acceptable tensile strength levels across but( weld.
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American Welding Society (AWS). The cleaning pro- that the heat of welding will not decompose the paint
cedure was developed using AA-recommended proce- or tar and cause a toxic atmosphere or interfere with
dures for preparing an aluminum weld joint. The joint making a good weld. Paint or tar should be removed by
design was taken from the recommended practice for solvents, light wire brushing, or filing. All oil, grease,
pipe welds. and dirt should be removed from the joint area before

welding to avoid poor weld fusion and excessive
Testing Methods porosity. Petroleum-based solvents are best for re-

Welded connections were made in the pipe using moving these contaminants. Naptha, toluene, and
the GTAW process in the IG, 2G, and SG positions butyl alcohol are examples of good degreasing agents
(horizontal.rolled, vertical-fixed, and horizontal-fixed which evaporate quickly and leave little residue.

positions, respectively). Each weld was radiographically
inspected, with two exposures at 90 degrees from each When aluminum is exposed to the ambient atmos-
other. The satisfactory welds were subjected to me- phere, aluminum oxide forms on its surface. The oxide
chanical property testing. The smaller-diameter pipes melts at 3700°F (27000 C), as compared to the base
were tested as-welded in tension, while two flat tensile alloy, which melts at about 1200OF (642°C); thus,
specimens were machined from the 4-in.-diameter unless minimized before welding, it can act as a "stop-
pipe and tested. The pipe specimens were tested using off" and prevent weld fusion. When aluminum is
a SATEC Systems, Inc., 500,000-lb tension/compres- subjected to thermal treatments and weathering, the
sion machine. The 1/2-in.-(12.7-mm)-wide flat tensile oxide becomes thicker. In some cases, an artificially
specimens were tested using a Tinius-Olsen 20,000-lb thickened oxide or "anodizing" treatment is used as a
tension/compression machine. The yield strength, paint base. These thick oxides can become insulators
ultimate tensile strength, and elongation were calcu- and prevent proper contact for the electrical current
lated and compared to the specification limits for each during welding. Thus, thick oxides must be removed
type of aluminum used. from the weld area to permit proper weld fusion and

also must often be removed in the area of the ground
connection.

3 WELD JOINT PREPARATION Oxides may be removed by grinding, sanding, or
AND WELDING PROCEDURES light wire brushing. Wire brushing is the preferred

method, since grinding or sanding can imbed abrasive
particles in the aluminum surfaces. Manual wire brush-

Weld Joint Preparation ing is an acceptable technique for oxide removal. The
Figure 1 shows the joint design used for all pipe wire brush should have stainless steel bristles and be

welds except that of the 1-in. (25.4-mm) schedule free from oil, grease, and loose dirt. Power-driven
10 pipe, which was taken from practices recommend- wire brushes are also acceptable if light pressure is
ed by ALCOA (see Figure 2). The land provides an used. Heavy pressure between the power-driven brush
area to burn in and allows for full penetration joints and workpiece can imbed foreign material into the
with little sag. The 1/16-in. (1.6-mm)-radius is critical surface or create folds in the surface which entrap
in large-diameter pipe because this will help in the tie- oxides, hydrocarbons, etc. The base material should
in between the side wall and the extended land. For be solvent-cleaned before wire brushing.
this investigation, the joint design was produced on a
lathe in the machine shop; however, portable tools are Weathering of bare aluminum used in marine
available for field machining, The extended land-type applications can produce hydrated oxide films and
joint used here is recommended for piping systems water stains. The moisture in the oxide can cause
that will carry liquid and for heavier walled pipes excessive weld porosity unless removed before welding.
(schedule 40 or larger). The beveled joint with a Grinding or sanding followed by light wire brushing is -
backing ring is recommended for other applications the preferred method for removing these heavy oxide
such as structures. coatings.

Sound welding practice requires that all foreign Moisture on the surface of the base metal or filler
material be removed from areas to be welded. Paint wire will decompose in the arc, producing hydrogen.
or tar coatings should be removed from the weld area The hydrogen dissolves readily in the molten weld
and from about 3 in. (76 mm) to each side of the weld metal and is the major cause of weld porosity. Pre-
area to allow full visual inspection. This also insures heating the parts to be welded to a temperature no

8
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Edge p reaton

Figure 1. Details of joint design used for all schedule 40 pipe (top), and photograph of pipe end with joint config-
uration machined on.

75.
Il10 angle required on bottom
90 of pipe - can be applied

A --a to full 360'.

rJ1/2
Edge preparation ---

A =0 for no backing ring or removable backing ring A '4in. maximum for integral backing ring

Figure 2. Joint design used for the I -in. (25.4-mm) schedule 10 pipe.
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higher than 250F (120 0 C) before welding will drive Fo r field-welding aluminum pipe, it is recommended
moisture or condensation from the weld area. This that the GTAW torch be equipped with an on/off push-
thermal treatment can increase the oxide thickness, button connected to the contactor of the welding "
so wire brushing is required just before welding. power supply. Depressing the button closes the con- 0

tactor, allowing current to flow across the arc. When
The final step in joint preparation is to cut a 1/I 6-in. the button is released, the contactor is opened and the

(1.6 mm) chamfer around the inside diameter of the arc is extinguished. The current level is set at the
pipe, using a pocket knife or file. This will remove the precise value for the weld and does not have to be
oxide layer where the two joint parts meet and allow controlled by a foot-pedal, thus eliminating some weld
the metal to fuse without any oxide inclusions, quality problems. This allows welding to be done in ,

all situations without concern for where the foot-
Welding Procedures pedal has to be located. Also, the foot-pedal can be

Manual welding of aluminum pipe requires use of a problem if the welder must work on a ladder or
the GTAW process with alternating current and manual lying down. Using the push-button, the weld can be
filler metal additions. The pipe schedule, which is finished by repeatedly pushing the button and feather-
related to the pipe wall thickness, determines the weld ing the end of the bead. S
current level to be used and therefore the tungsten
electrode diameter. The position in which the pipe Figure 3 shows a typical finished weld joint. The toe
joint will be welded defines the current level to be of the weld has a smooth transition to the base metal.
used as well as the type of shield gas that will be The area on each side of the weld bead shows the
used. remnants of the cleaning action of the arc where the

oxide has been removed.
For welds made in the 5G (horizontal-fixed)

position, a mixture of half argon and half helium is
used at a flow rate of 60 cu ft/hr (1.68 m3/hr). All
other positions can be welded with pure argon shield A
gas. The welding torch should be equipped with a ll, WELD EVALUATION - ..
tapered gas nozzle rather than a swaged end nozzle. S
The preferred electrode material for AC welding on an
extended land joint is pure tungsten; zirconated The welding procedures that were used to produce
tungsten is the second choice. The pure tungsten pro- the pipe specimens were taken directly from the
duces a wider heat source and bead, so there is less Aluminum Association and included refinements
penetration; there is also better control of the under- supplied by ALCOA. It was found that the welding
bead contour. current limits set by these organizations produced 411

acceptable welds with good penetration and usability.
Table 2 shows the welding parameters used to The extended land joint design provided easy access to

produce all the pipe weld joints. The interpass temp- the root, which allowed good control over weld bead
erature was maintained between 1200 and 150°F contour and control over the amount of penetration
(490 and 66°C). and size of underbead reinforcement (drop-through).

Table 2

Welding Parameters for Aluminum Pipe Welds
(Metric Conversion Factors: I in. = 25.4 mm: °C = [°F-32] [5/91.)

Pipe %
Size Aluminum No. of Interpass
(in.) Schedule Type Position Voltage Current Beads Temperature (oF)

1 10 6061-T6 5G 18 90 1 150
1-1/2 40 6061-T6 5G 18 120 2 150
2 40 3003-1118 IG 19 120 2 150 S
2-1/2 40 6061-T6 5G 19 130 2 150
4 40 3004-118 IG 19 155 4 150

10 0



* S

p 5!

Figure 3. Typical metal weld made using gas tungsten-arc welding.

Table 3 shows the tensile testing results for the failure occurred. The fracture surfaces were at 45
aluminum pipe joints. The smaller-diameter pipes degrees to the pipe's axis.
were tested in as-welded condition. Solid metal bars
were inserted in the ends of the pipe to prevent the Two flat tensile specimens were machined from
pipe from crushing closed and possibly invalidating the each 4-in.- (101.6-mm)-diameter, schedule 40 pipe
test results. weld. All but one of the specimens broke in the base

metal. Figure 5 shows a typical flat tensile specimen
Figure 4 shows a typical failure of the small-diameter failure. Each specimen that broke in the base metal

pipe joints. The failure surfaces exhibit good ductility, showed good ductility with elongations greater than
as shown by the large amount of plastic deformation 16 percent. The ultimate tensile strength of each
that occurred before failure. Another indication of the specimen was well over the 14-ksi (96.6-MPa) mini-
ductility is the final fracture surface, which is slanted mum requirement. The yield strength of the specimens
at 45 degrees to the pipe's axis. The yield strength of was well over the 7-ksi (48.3-MPa) minimum required
the two specimens tested was just below the minimum for 3003-H18 aluminum. (One yield strength was not
15 ksi (103.5 MPa) required. The tensile strength of reported due to a failure of the recorder.)
the 6061-T6 pipe was above the minimum 24 ksi
(165.6 MPa) required strength level. Figure 6 shows a tensile specimen with a defect in

the center of the weld caused by lack of fusion. The
The 2-in. (50.8-mm)-diameter 3003-H18 pipe was defect was too tight before testing to be picked up by

tested in the as-welded condition with slugs in the pipe radiography. Until enough plastic deformation occurred
ends to prevent crushing. The ultimate tensile strength in the base metal which controlled the failure, the flaw
of each pipe weld was above the 14-ksi (96.6 MPa) was apparently below the critical size to cause failure.
minimum required for this aluminum alloy. No yield Figure 7 shows the fracture surface of the last tensile
strength data were determined for this specimen specimen. The arrow points to an area in which the
because the tension/compression machine used was lack of fusion was great enough to control the fracture
not equipped to read a yield load. The failures showed location. This failure is marked by low ductility and
good ductility with a lot of plastic deformation before the lack of a discernible yield point.

I1



Table 3

Tensile Test Results
(Metric Conversion Factor: I in. = 25.4 mr; 1 ksi = 6.9 Mpa)

Ultimate
Pipe Yield Tensile
Size Aluminum Strength* Strength** Elongation Failure
(in.) Schedule Type ksi k % Location

1 10 6061-T6 14.2 25.8 5 Base Metal
1-1/2 40 606 1-T6 14.9 24.4 - Base Metal

- 26.3 - Base Metal
- 26.4 - Base Metal

2 40 3003-118 - 16.0 22.9 Base Metal
- 16.1 - Base Metal
- 16.7 18.7 Base Metal
- 16.8 16.6 Base Metal S
- 16.3 16.6 Base Metal

4 40 3003-H18 10.8 17.0 18.9 Base Metal
10.3 16.7 17.9 Base Metal
- 17.2 18.6 Base Metal
9.6 17.6 22.3 Base Metal

11.0 17.1 21.6 Base Metal
10.3 17.3 18.2 Base Metal
10.3 17.9 20.5 Base Metal
11.1 17.5 16.1 Base Metal
9.6 17.1 16.7 Base Metal

10.1 2.9 Weld Metal

*Acceptable values are 15 ksi for 6061-T6 and 7 ksi for 3003-HI8.
**Acceptable values are 24 ksi for 6061-T6 and 14 ksi for 3003-HI8.

Figure 4. Typical small-diameter pipe tensile test fracture showing the failure outside the weld in the base material.
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5 CONCLUSIONS AND incorporated into guide specifications for welding
RECOMMENDATIONS procedures for Corps of Engineers construction. "

The following conclusions are based on the results
of this work: BIBLIOGRAPHY

1. Use of GTAW process will provide sound welds
in 3003-HI18 and 606 1-T6 aluminum pipe. .. ;Aluminum Welding Seminar Technical Papers (The

2. The extended land joint configuration for the Aluminum Association, May 1977).
5G and IG weld joints provides maximum control
over weld drop-through and wide-wall fusion. Speciftlions for Aluminum and Aluminum Alloy

Bare Welding Rods and Electrodes, AWS A510.80
3. The use of the push-button to control the weld (The American Welding Society, 1980).

contactor can eliminate some weld quality problems
by reducing the variance in the current caused by Speciqwation for Aluminum-Alloy Seamless Pipe and
manual methods. Seamless Extruded Tube, ASTM B241-82 (The

American Society for Testing and Materials,
4. The current limits set by the Aluminum Associ- 1982).

ation and ALCOA produce an acceptable weld with
few control problems. Structural Welding Code; Aluminum, ASW Dl .1-83

(The American Welding Society, 1983). 6

5. Use of the appropriate cleaning procedures can
reduce defects in the weld that are a direct result of Welding ALCOA Aluminum (Aluminum Company
oxide, moisture, hydrocarbons, and dirt. of America, 1972).

It is recommended that the aluminum weldingmeth- Welding Aluminum (The American Welding Society,
ods of the Aluminum Association and the ALCOA be 1972).

14



CERL DISTRIBUTION

Chief of E-gineers 14SCO- Ch. att. Div.

ATM: Tech Monitor %TTI: Pacilities Engineer (3)

AtN: DA-ASI-L (2) now
ATTN: DA9INCCP
A ~I: DE*CW ATTN: 0I (3)

ATTN: DAYI-M A~~rm-~ aw.w

ArN: DAZ-IM ATl: wt4C-SA 20l315

ATTN: DAEN-CW 
ATTN: Facilities Enginer (3)

AT: DAIE-C
ATT1: DAJN-CC NARACCOK, ATTN: DRDA-F 01760

ATTN: 0AeX-ECV
ATN: OAEMZCF iAICOS. Fec. Div. 48090

A T : DAEM- CR TUADOC
ATTN: DOAN'ILD NQ, TRADOC, ATTN, ATEN-DE"
ATM: DAEN-RDC AMIR: 0DE (19)
ATTM: OAS$-RSWATTN: MEN-SMl TSARCON, ATTN: STSAS-1P 63120

AKIN: DAZN-ZCZ
ATTN: DAN-ZC VSACC

ATTN: DAZ0-zCt ATM: Facilitlee Engineer (2)

ATTN: MEN-Z04

ESA. ATTN: Library 22060 ATTN: DC

A TN: DET 111 79906 Fort Shafter 96858
AT?!N: APE!-!I

US Army Engineer Districts
4TT: Library (41) SNAPE 0055

ATTN: Survivabilty Section. C5-OPS
US Army Engine~r Divieols Infrastructure Branch. LANDA

ATTN: Library (14)

US Army Europe 
Q u EC J-ow 09128

Aw"N-ODCs/gnar 09403 ATM MW 4/7-

V Corps ATTN: Canadian Li lon Officer
ATTN: OSM (11) ATTN: Water esources Support Center

VIi Corp ATM!: g r Studies Center
ATTN: OCR (15) LII1: Eup Topographic Lab

21st Support Comnd ATTIs AZ-DrE-S.
ATTN: OIN (12) ATM!: LAY-DM-Z-

USA Berlin LII!: 30 Cman
ATTN: 0DH (11)

USASETAF CRIM, ATM Lbrary 03755
ATTN: DSH (10) C A Lr 0

Allied Command iurope (A) haS, Am: Library 3910
ATTN: DEN (3) W.5, 

-r

EQ, MI Airborne Corps and

8th USA. Korea (19) It. Stan 28307
FIt. lining 2630

ROK/US Combined Forces Command 96301 LII!h APE--E- ,

ATTN: EUSA-NIC-CFC/Emgr Chanute AP, IL 61868
3345 S/0, Stop 27 " - -

USA Japan (U35*5.)
ATTN: AJ.EN-F 96343 Norton API CA 92409

ATTN: DER-Ronuhu 96343 MfI: AIM-WI1ME"
ATTN: DCEI*.Oinsum 96331

Tyndall An., FL 32403
Area engineer, AZDC-Aroa Office AFESC/Egalisering & Service Lab

Arnold Air Force Station. TN 37361
N1AA

416th Engineer Command 60623 AT?!: X141 Liaison Office (6)

ATTN: Facilities angioer AT!!: Sr. Tech. PAC-03T 22332
ATM: Aset. COR 14D, FAC-03 22332

US military Academy 10966
ATTN: Facilities Engineer
AmTN: Dept of Geography & Al: 93041

Computer Science ATM: Library (Code LOA)

.- Al: DSCFIJlnA
"A Dfee Technical Info. Center 22314

MEmc, ATlN OMMn--S 02172 At!: OM (12)

USA AiRMOR 61299 Egimeering Societies Library "

ATTN: OCIS-EI 1 Now York, MT 1001?
• .. ~Arr+" nS-IX' 

••

AT:, DESARl-IS National Guard Bureau 20310

DARCO - Ort., lat., A Svcs. Inataliation Division

A T!: DN (23) US Goermnt Printing Office 22304

I• & &"U: fiLL-Wi 22314 IReceiving Section/Depoaitery Copies (2)

Oft AUS Army Env. lygiene Agency
OAAT?!: WADS 20305Ar: ll- 200

ATTN: 0S1B-0 21010

FMP03C5 Salginer. At? AIN*-N National Bureau of standards 20760

Am: DE0 (23)

NBC
A 1! unWA-F 7634
A!!_: PFe ilieitie segVer 303

Fitsesose AM =40
Walter Need Mw 2012

. 10"



Weber. Robert A.
Recomended aluminum pipe welding procedures for Corps of Engineers Con-

struction. - Champaign, IllI Construction Engineering Research Laboratory
available from NTIS, 1984

14 p. (Technical report /Construction Engineering Research Laboratory
*-358)

1. Pipe, aluminum-welding. 1, Title. It. Series ITechnical report
(Construction Engineering Research Laboratory) M-358.



C4

are.

-I
*A 41k? t ~ Ytt 1>* hf

' k ~ofii. i' 2 - IR 44~t~% . tt

ht *-~


