
SPECIFICATION FOR COVERED CARBON STEEL
ARC WELDING ELECTRODES

SFA-S.I

(Identical with AWS Specification A5.1-8I)

Scope

This specification prescribes requirements for the
classification of covered carbon steel electrodes for
shielded metal arc welding.

Nou: The values stated in U.S. customary
units are to be regarded as the standard
The SI units are givm as equivalent values
to the U.S. customary units. The standard
sizes anddi~nsionsin the two syslilms are
nol identical and. for this reason. conver
sion from Q standard size or dimension in
one system will not always coincide with a
standard size or dimension in the other.
Suitable conversions. encompassing stan
dardsius o/both can be made. however. if
appropriau tolerances are applied in each
CQse.

Section A - GENERAL
REQUIREMENTS

1.0 Classification
The welding materials covered by this specification

are classified according to the following criteria:
(I) Type of currenl{see Table I).
(2) Type of covering (see Table I).
(3) Welding position ofthe electrode (see Table I).
(4) Chemical composition of the weld metal (see

Table 2).
(5) Mechanical properties of the weld metal in the

as-welded condition (see Tables 3 and 4).

Materials classified under one classification shall not
be classified under any other classification of this
specification.

2.0 Acceptance
Acceptance of the material shall be in accordance

with the provisions of Section 3 of AWS A5.01. Filler
Metal Procurement Guidelines.

3.0 Certification
For all material furnished under this specification.

the manufacturer certifies, by affixing the marking
required in 6.0. that the material. or representative
material. has passed the tests required for classifica
tion by this specification.

4.0 Retests
If any test fails to meet its requirement. that test

must be repeated twice. The results of both tests shall
meet the requirements. Specimens for retcst may be
taken from the original test assembly, or from one or
two new test assemblies.

5.0 Method of Manufacture
The welding materials classified by this specifica

tion may be made by any method yielding product
conforming to the requirements of this specification.

6.0 Marking
6.1 The following information shall be legibly

marked so as to be visible from the outside ofeach unit
package:

6.1.1 AWS specification and classification num-
bers.

6.1.2 Supplier's name and trade designation.
6.1.3 Standard size and net weight.
6.1.4 Lot, control, or heat number.

6.2 Marking of any overpacking of unit packages
with items listed in 6.1 shall be optional with the
manufacturer.
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E70 series t'lectrodes

Table 1
Electrode classification

E60 series electrodes

AWS
Oassification

E6010

E6011

E6012

E6013

E6020 }

E6022c

E6027

E7014

E7015

E7016

E7018

E7024

E7027

E7028

E7048

Type of covering

High cellulose sodium

High cellulose potassium

High titania sodium

High tirania potassium

High iron oxide

High iron oxide

High iron oxide, iron powder

Iron powder, titania

Low hydrogen sodium

Low hydrogen potassium

Low hydrogen potassium, iron powder

Iron powder, tirania

High iron oxide; iron powder

Low hydrogen potassium, iron powder

low hydrogen potassium, iron powder

Capable of producing
satisfactory welds in

position shown'

F, V, OH, H

F, Y, OH. H

F, V, OH, H

F, V, OH, H

H-fillets

F

H-mlets, F

F, V,OH, H

F, V, OH, H

F, V, OH, H

F, V,OH, H

H·fillets, F

H-fillets, F

H-fillets, F

F, OH, H, V·down

(

Type of cunentb

DCEP

AC or DCEP

ACor DCEN

AC or DC, either polarity

ACor DCEN

AC or DC, either polarity

ACor DCEN

AC or DC, either polarity

DCEP

AC or DCEP

AC or DCEP

AC or DC. either polarity

AC or DCEN
(

AC or DCEP

ACor DCEP

.. The abbreviacions. F. V. V-down. OH, H. and H-fdtels indicate the welding positions as {ollows:

F· Aat
H ... Horizontal

H·nlJets • Horizontal fillets
V-down • Vertical down

V = Vertical} { Fo! electrodes 3/16 in. (4.8 mm) ~nd under, except 5/32 in. (4.0 mm) and under for classifications
OH = Overhead E7014, E7015, E7016, and E7018.

b. The term DeEP refers to direct current, electrode positive (DC r~\~rse polarity). The term DCEN refeu to direct current, electrode
negative (OC straight polarity).

c. Electrodes of the E6022 classification are for single·pass welds.



PART C - SPECIACATIONS FOR WELDING RODS.
ELECTRODES. AND ALLER METALS

Table 2
Chemical composition limits for weld metal

aiemical composition, max parcenta•b•c

SFA-5.1

AWS Classification Mn Si Ni Cr Mo V

£6010, £6011, £6012, }£6013, £6020, E6022, No specific chemical limits
£6027

E7016d,E701Sd• E7027 1.60"" 0.75 0.30·· 0.20"" 0.30"" O.OS"

E7014, E70lS, E7024e
.} 1.2S" 0.90 0.30" 0.20" 0.30" O.OS"E702S, E704S

a. Composition limits are intended to insure a plain carbon steel deposit.
b. For obtaining the chemical composition. DCEN may be wed where DC. both polarities is specified.
Co The total of aD elements with the asterisk (*) shaD not exceed 1.S0 percent. The total of aU elements with the double

asterisk (••) shall not exceed 1.7S percent.
cL Upon _ment between the supplier and the purclwer, dectrodes clas5if'1Cd as E7016 or E7018 may be ,uppBed to •

minimum Owpy V·notch impact requirement of 20 ft • Ib at _SO° F (21 J at -46° C). Such electrodes Ihal1 be identified u
E7016-1 or E7018-1, as appropriate.

c. Upon agreement ·between supplier and pwchaser. electrodes classified as £7024 may be suppUed to a minimum Owpy
V-notch impact requirement of 20 ft • Ib at O· F (27 J at -ISO C) and a minimum elongation of 22 percent. Such electrodes
shall be identified as E7024-1.

6.3 All packages of welding materials or individu
ally packaged units enclosed within a larger package(s)
shall carry the following precautionary labelling as a
minimum, prominently displayed in legible type:

WARNING: Protect yourself and others. Read
and understand this label.
FUMES AND GASES can be dangerous to
your health. ARC RAYS can injure eyes and
burn skin. ELECTRIC SHOCK can kill.

• Read and understand the manufacturer's instruc
tions and your employer's safety practices.

• Keep your head out of the fumes.
• Use enough ventilation, exhaust at the arc, or both,

to keep fumes and gases away from your breathing
zone, and the genera. area.

• Wear correct eye, ear, and body ·protection.
• Do not touch live electrical parts.
• See American National Standard Z49.I, Safety in

Welding and Cutting, published by the American
Welding Society, SSO North Lejeune Road, Miami,
Florida, 33135; OSHA Safety and Health Stand
ards, 29 CFR 1910, availablefrom the U.S. Govern
ment Printing omce, Washington, D.C. 20402.

DO NOT REMOVE THIS LABEL
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7.0 Packaging
7,1 Welding materials shall be suitably packaged to

insure against damage during shipment or storage
u ndec normal conditions.

7.2 Standard packages shall !Ie as specified in Sec
tion C of this specification or as agreed upon by supp
lier and purchaser.
8.0 Rounding-orr Procedures

For purposes ofdetermining conformance with this
specification, an observed or calculated value shall be
rounded to the nearest 1000 psi for tensile and yield
strengths and to the "nearest unit" in the last right-hand
place of figures used in expressing the limiting value
for other quantities in accordance with the rounding
off method given in ASTM E29, Recommended Prac
tice for Indicating Which Places of Figures. arc to be
Considered Significant in Specified Limiting Values.'

I. ASTM Standards can be obtained from the American
Society for Testing and Materials. 1916 Race Street. Phila
delphia. PA 19103.
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Table 3
Tensile strength, yield strength, and elongation requirements for

all-weld-metal tension test in the as-welded condition·

(

AWS Oassification

Tensile
strength, minb

ksi MPa

Yield strength, at 0.2
percer.t offset, minb

ksi MPa
Elongation

min. percent

E60 series electrodesc

E6010
E6011
E6012
E6013
E6020
E6022d

E6027

62
62
67
67
62
67
62

430
430
460
460
430
460
430

50 340
50 340
55 380
55 380
50 340
Not required
50 340

22
22
17
17
22

Not required
22

E70 series electrodesc

E7014
E7015
E7016
E7018
E7024f

E7027
E7028
E7048

72 500 60 420

17
22
22
22
17
22
22
22

a. Sec Table 8 for sizes to be tested.
b. For information on stress relief considerations, see A2.4 through A2.6 of the Appendix.
c. For each increase of one percentage point in elongation over the minimum, the tensile strength or yield strength,

or both. may decrease t 000 psi to a minimum of 60 Icsi (420 MPa) for the tensile strength and 48 ksi (330 MPa)
for the yield strength for all classifications of the £60 dectrodes except E6012, £6013. and E6022. For the
£6012 and £6013 classif"aoations., the tensile strength and yield strength may decrease to a minimum of 6S ksi
(450 MPa) for the tensile strength and 53 ksi (365 MPa) for the yield strength. E6022 electrodes are for sin8le-pass
welding. and the yield strength/elongation measurement is not required.

d. A lnnsverse tension test (see 9.1.4, 13.8, 13.9) and a tonsitudina! guided bend test (see 9.1.5, 13.8, 13.10) are
required for classification of 5/32, 3/16, and 7/32 in. (4.0, 4.8, and 5.6 mm) E6022 electrode.. Weldin8 sIlaII be
done in the flat position (see footnotes h and k of Table 8).

e. For each increase of one percentage point in elongation oYer the minimum. the tensile strength or yield strength,
or both, may decrease 1000 psi to a minimum of 70 ksi (480 MPa) for the tensile sllength and 58 ksl (400 MPa)
for the yield strength:.

f. Upon qreement between supplier and putehuer. electrodes dassified u E?024 may be supplied to a minimum
Olarpy V-notch impoct requirement of 20 n • 1b at If' F (27 J at -IS' C) and a minimum e1onption of 22
percent. Such electrodes shall be identified u E7024-1.

(

Section B - REQUIRED TESTS
AND TEST METHODS

9.0 Chemical Composition Limits. The chemical com
position of the weld metal deposited by the electrodes
shall conform to the limits of Table 2. The details of
the test are specified in 13.3.

9.1 Mechanieal. Usability. and Soundness Tests
and Requirements. When required in Table 8, the
following tests are prescribed to demonstrate (I) the·
usabililY of electrodes classified herein, and (2) the

4

mechanical properties and soundness of welds depos
ited with those electrodes. The tests are conducted in
the as-welded condition.

9_1.1 All-weld-meta. Tension Test. The tension
test specimens made from weld metal deposited by the
eleclrodes classified herein shall yield results conform
ing to the mechanical property requirements pre
scribed in Table 3. The details of the test are specified
in 13.4 and 13.6.

9.1.2 Impact Test. The Charpy V-notch impact
test specimens made from weld metal deposited by the
electrodes classified herein shall yield results conform
ing to the impact requirements prescribed in Table 4.
The details of the test are specified in 13.4 and 13.7.
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ELECTRODES. AND FILLER METALS SFA-5.1

Table 4
Impact requirements

Table 5
Radiographic soundness requirements

L Upon qreement betwnft the suprlier and the purchaser.
electrodes classified u E7016 and E7018 may be supplied
to a minimum Chupy V-notch impact requiRment of
20 rt • Ib at -SO' F (27 J at -46' C). Such electrodes shall
be identified u E1016-1 and E7018-I, u applicable.

b. UPM apeement between supplier md purchaser, electrodes
dassified as £1024 may be supplied to a minimum Cbarpy
V-notch impact requirement of 20 ft • Ib at 0° F (27 J at
-18- C) and a minimum elongation of 22 percent. Such
electrodes shall be identified u E7024·1.

Not required

Grade I

Grade 2

Not required

IUdiographic standarda,b

E6020 IE70lS
E7016
E70lS
E704S

E6010
E6011
E6013
E1014
E7024
E6027
E7027
E7028

E6012 }
E6022

AWS Oassifications

a. See Fla. I.
b. The radiognphic soundness obtainable under the actual

industrial conditions employed for the vuious electrode
classifications is disc.ussed ill AUO.I ill the Appendix.

Impact
requirement,

min

(27 J at -29' C)

(27 J at -IS' C)

Owpy V-notch
AWS

Ousification

E6010, E60II'1
E6027, E70lS, 20 ft .lbat-20· F
E7016,a E70lS,a
E7027, E7048

E7024,b E7028 20 ft • Ib at 0- F

E6012, E6013,}
E6020, E6022,
E7014,E7024

9.1.3 Soundness Test. The radiographs of lesl
assemblies shall indicate no cracks or zones ofincom·
plett fusion nor any porosity or slag inclusion in excess
oflhat allowed in Table Sand Fig. I. The details oflhe
lesl are specified in 13.4 and 13.5.

9.1.4 Transverse Tension Test. The transverse
tcnsion test specimens shall yield results conforming to
the requirements prescribed in Table 3. A specimen
that breaks in the base metal shall be considered satis
factory, provided the tensile strength obtained in the
test is equal to, or greater than, the tensile strength
required in Table 3 for the electrode being tested. The
delails of Ihe lest are specified in 13.S and 13.9.

9.1.5 Longitudinal Guided Bend Test. Thelongi
tudinal guided bend test specimens shall, after bend
ing, show no cracks or other open defect in the weld
melal exceeding 1/8 in. (3 mm) measured in any direc
lion. The delails of the test are specified in 13.8 and
13.10.

9.1.6 Fillet Weld Test. The fillet weld test speci
men shall ccnform to the following requirements (see
13.11 for details of the lesl).

9.1.6.1 Examined visually, the test specimen
shall be free of cracks. overlap, trapped slag. surface
porosity, and substantially free of undercut. An infre
quent short undercut up to 1/32 in. (O.S mm) deplh
shall be allowed.

9.1.6.2 The convexity (of convex fillel welds)
and the difference in length ofthe Iwo legs ofeach fillel
weld shall be in accordance with the requiremenls of
Table 6.

9.1.6.3 The Iwo fraclured surfaces oflhe fillel
weld shall be visually examined wilh the unaided eye
(withoul magnificalion) and shall he free of cracks.
Incomplete fusion atlhe root oflhe weld shall nol be
greater than 20 percenl of the total length of weld.
There shall be no continuous area of incomplete fusion
greater Ihan I in. (25 mm) in length as measured along
the longiludinal weld axis except for eleClrodes of the
E6012, E6013, and E7014 classifications. Fillet welds
made with electrodes of these electrode classifications
may exhibit incomplete fusion throughout the entire
length of the weld. provided Ihal al no poinlthis lack
of fusion exceeds 25 'percenl of Ihe smaller leg of the
fillet.

Note: Thefillet weldlest is not intendedfor
the determination of subsurface porosity
under the conditions normally encountered
because v!Zriations in base metals. proce
dures. welders. etc., will affect the porosity
level. Reference should be made to 9.1.3
for the determination a/weldmetalsound·
ness.

5
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(

Assorted porOSIty and/or inclUSions

Size 1/64 in. (0.4 mm) to 1/16 in. (1.6 mml in diameter or in length. Maximum number of indications in any 6 in. (150 mm) of
weld'" 18. with the following restrictions:

Maximum number of large 3/64 in. (1.2 mml to 1/16 in. (1.6 mml diameter and/or length indications'" 3.

Maximum number of medium 1/32 in. (0.8 mml to 3/64 in. (1.2 mml diameter and/or length indications = 5.

Maximum number of small 1/64 in. (0.4 mm) to 1/32 in. (O.P mml diameter and/or length indications = 10.

•

•

•
• •

•

•

•

. large porOSity and/or inclUSIons

Size 3/64 in. (1.2 mm) to 1/16 in. (1.6 mm) in diameter and/or lenr,th.

Maximum number of indications in any 6 in. (150 mml of weld = 8.

Grade 1

•

•

•
•

•

•

•

•

•

•

•

•

•
•

•

Medium porOSity and/or inclUSions

Size 1/32 in. (0.8 mm) to 3/64 in. (1.2 mml in diameter and/or length.

Maximum number of indications in any 6 in. 050 mm) of weld'" 15.

•

•

•
•

•

•
•

•

•

•

• • •• •• • •
• • •

• •
• •• • • ••

Fine porOSity and/or inclUSions

Size 1/64 in. (0.4 mm) to 1/32 in. (0.8 mml in diameter and/or length.

Maximum number of indications in any 6 in. (150 mml of weld'" 30.

Grade 1

Notes:
1. In using these standards. the chart which is most representative of the size of the porosity and/or inclusions present in the test

specimen radiograph shall be used for determining conformance to these radiographic standards.

2. Since these are test welds specifically made in the laboratory for classification purposes, the radiographic requirements for these
test welds are more rigid than those which may be required for general fabrication.

3. Indications smaller than 1/64 in. 10.4 mml diameter andlor length shall be disregarded.

Fig. 1 - Porosity and inclusion standards for soundness test

6
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• • • •• • • •• • •
• • • •• • • •

•

•

•

•

•
•

•

•
Assorted porosity and/or inclusions

Size 1/64 in. 10.4 mml to 5/64 in. t2.0 mmJ in diameter or in length.

Maximum number of indicltions in any 6 in. (150 mml of weld • 27. with the following restrictions:

Maximum number of l-ve 1/16 in. n.6 mm) to 5/64 in. 12.0 mml diametl!l' ,ndlor length indications· 3.

Maximum number of medium 3164 in. (1.2 nun) to 1/16 in. 11.6 mm) diameter and/or length indications· 8.

Maximum number of small 1/64 in. (0.4 mmJ to 3/64 in. 11.2 mm) diameter and/or length indications" 16.

•

•
•

•

•

•
•

• •

• •
•

•

•
Large porosityn/~ tndUSIonS

Size 1/16 in. 11.6 mmJ to 5/64 in. 12.0 mmJ in diameter and/or length.

Maximum number of indications in any 6 in. OSO mm) of weld = 14.

•
•

•
• •

•

• • •• •• •
• • • •• ••

•

•
Medium porosity and/M inclvsions

Size 3/64 in. (1.2 mml to 1/16 in. (1.6 mml in diameter .nd/or length.

Maximum number of indications in any 6 in. (150 mm) of weld .. 22.

•

• •

• •
• •

• • • •

•

• •• • • •• • •• •• •• • • • •
• • •• •• •• • •• • • •

Fine porOSity and/or inclUSIOns

Size 1/64 in. «0.4 mmJ to 3/64 in. (1.2 mm) in diameter and/or length.

Maximum number of indications in any 6 in. (150 mm) of weld;;; 44.

Grade 2
See Not. on page 1.

Notes:

1. In using these s~rds. the chart which is most representative of the size of the porosity andlor inclusions present in the test
specimen radiograph wll be used for determining conformance to these radiographic standards.

2. Since these are test welds specifically made in the laboratory for classification purposes., the radiographte requirements for these
test welds .re more rigid thin those which may be required for general fabriation.

3. Indications smaller than 1/64 in. 10.4 mm) diameter .nd/or length shall be disregarded.

FiC_ I (continued) - Porosity and inclusion standards for soundness test

7
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Table 6
Dimensional requirements for fillet weld usability test specimens

Maximum difference between
Size of fillet weld Maximum convexity lengths of filletle(lS

in. mm in. mm in. mm

1/8 3.2 3/64 1.2 1/32 0.8
SI32 4.0 3/64 1.2 3/64 1.2
3/16 4.8 1/16 1.6 1/16 1.6
7/32 S.6 1/16 1.6 SI64 2.0
1/4 6.4 1/16 1.6 3/32 2.4
9/32 7.1 1/16 1.6 7/64 2.8
S/16 8.0 SI64 2.0 1/8 3.2
11/32 8.7 SI64 2.0 9/64 3.6
3/8 9.S SI64 2.0 SI32 4.0

(

Section C - MANUFACTURE,
PACKAGING, AND
IDENTIFICATION

10.3 Exposed Core
10.3.1 The gri p portion of the electrode for mak

ing contact with the electrode holder shall be as
follows:

10.3.1.1 Not less than I in. (2S mm) shall be
bare for electrodes to be used in automalic feeders.

10.3.2 The arc end of each electrode shall be
sufficiently bare and the covering sufficiently tapered
to permit easy striking of the arc. The covering shall
cover the core wire (or at least one-half of lhe circum
ference ofthe electrodeat the following distances from
the arc end:

10.3.2.1 For low hydrogen electrodes (classi
fications E7015. E7016. E7018. E7028. and E7048).
one-half the diameter of the core wire or 1/16 in. (1.6
mm). whichever is smaller.

10.3.2.2 For all other electrodes. two-thirds
the diameter of the core wire or 3/32 in. (2.4 mm).
whichever is smaller.

11.0 Standard Packages. Electrodes shall be suitably
packaged to ensure against damage during shipment
and storage under normal conditions. The weight of
the package shall be as agreed upon by the supplier
and the purchaser.

10.0 Manufacture
10.1 Standard Sizes and Lengths. Standard sizes

and lengths of electrodes shall be as shown in Table 7.
In all cases. standard size refers to the diameter of the
core wire.

10.2 Core Wire and Coverings
10.2.1 The diameter of the core wire shall not

vary more than ± 0.002 in. (± O.OS mm) from the
standard size specified. The length shall not vary more
than ± 1/4 in. (± 10 mm).

10.2.2 The covering on all sizes of covered elec
trodes shall be concentric to the extent that the maxi
mum core-plus-one covering dimension shall not
exceed the minimum core-plus-one covering dimen
sion by more than 7 percent of the mean dimension in
sizes 1/16.5164. and 3/32 in. (1.6. 2.0. and 2.4 mm): S
percent ofthe mean dimension in sizes 1/8 and S/32 in.
(3.2 and 4.0 mm); and 4 percent ofthe mean dimension
in sizes 3/16 in. (4.8 mm) and larger. T,he concentricity
may be measured by any suitable means.

10.2.3 Core wire and coverings shall be free of
defects which would interfere with uniform perfor
mance of the electrodes.

10.2.4 The maximum moisture content of the
coverings of low hydrogen (E7015. E7016. E7018.
E7028. and E7048) classifications. as manufactured.
or reconditioned as specified in 13.2. shall be 0.6 per:
cent max. The coating moisture test may be made by
any suitable method agreed upon between supplier
and purchaser. In case of dispute. the tests will be
conducted in accordance with the procedure stipu
lated in 1l.12.

8

Electrode
size

5/32 in.
(4.0 mm) and

smaller

3/16 in.
(4.8 mm) and

larger

Bare portion
(minimum)

1/2in.
(13 mm)

3/4 in.
(19 mm)

Distance from
grip end to full

thickness of
covering

(maximum)

1-1/4 in.
(30 mm)

1-1/2in.
(40 mm)



PART C - SPECIFICATIONS FOR WELD[NG RODS,
ELECTRODES. AND FILLER METALS

Table 7
Standard sizes and lengths

Standard lengths classificationsb,c,d

SFA·5.1

E6020, 66027, E7024,
E7027,E7028,E7048

66010,66011,56012,
Standard sizes, 66013,66022, £7014,

(core wire diametert E7015, E70[6, E7018

In. mm in. mm

1/16- 1.6- 9 230
5/64- 2.0- 9 or 12 230 or 300
3/32- 2.4- [2 or [4 300 or 350
1/8 3,2 14 350
5/32 4,0 14 350
3/16 4.8 14 350
7/32- 5.6- [4 or [8 350 or 450
1/4- 6.4- 18 450
5/16- 8.0" 18 450

in.

120r 14
14
14

14 or 18
18 or 28
18 or 28
18 or 28

mm

300 or 350
350
350

350 or 450
450 or 700
450 or 700
450 or 700

L Tolenoce on the core wire dlam_ter shaU be :!: O.ooZIn. (:!: O.OS mm).
b. Tolenoce on the IatatIt shaU be :!: 1/4 in. (:!: 10 mm).
Co Other _1Ild 1Oostb. may be dusirlCd.
do in111-. ead cri........Is_.
e. These diameters ue not tunuCactured in aU electrode dusif1c:ations (see Table 8).

11.0 Electrode Identmeatlon. All electrodes sliall be
icIentifaed in accordance with the following:

11.1 At least one legible imprint of the applicable
AWS classification shall be applied to the electrode
covering as DCaras practical to the grip end ofthe core
wire but not more than 2-1/2 in. (65 mm) from that
grip end.

11.2 The numbers ofthe imprinted electrode classi
fication shall be of bold block type and of sufficient
size to be legible.

12.3The ink used for imprinting shall provide suffi
cient contrast with the electrode covering so that the
numbers and letters are legible both before and after
normal welding applications.

11.4 The prefix letter E in the electrode classifica
tion may be omitted from the imprint of the electrode
covering.

Section D - DETAILS OF TESTS

13.0 Required Tests. The tests specified in 9.0 and 9.1
shall be conducted in accordance with the require
ments of 13.1 through 13. iI. Electrodesizes otherthan
those shown shall be classified using the tests for the
closest standard size which are required in 13.3 and
Table 8. See also footnote k of Table 8.

9

13.1 Material for Test Plates. Steel 10 be used for
lesl plales for allihe required lesls (chemical analysis.
soundness. all-weld-melaltension, impact, transverse
lension.longitudinal guided bend. and usabilily lests)
shall conform 10 one oflhe following ASTM specifica
tions or their equivalent:

13.1.1 Specificalion A28S, Pressure Vessel Plales,
Carbon Sleel Low and Inlermediate Tensile Sirength.
GradeC.

13.1.2 Specificalion A283. Low and [nterme
diale Tensile Sirength Carbon Sleel Plales ofSlruclu
ral Qualily, Grade D.

13.1.3 Specificalion A36, Structural Sleei.
13.2 Conditionlne of Eleetrodes for Test. Elec

trodes shall be tested in Ihe as-received condition
excepl for the low hydrogen electrodes (classifications
E70lS, E7016, E7018, E7028. and E7048). Low hydro
gen eleclrodes. if Ihey have nol been adequately pro
lected againsl moisture pickup in storage, shall be held
al a lemperature of SOO to 8000 F (260 to 4270 C)for a
period of 2 hours immedialely prior to testing.

13.3 Chemical Analysis
13.3.1 Samples for chemical analysis of the weld

melal shall be oblained for S/32 and 1/4 in. (4.0 and
6.4 mm) electrodes according 10 Table 2. using each
type ofcurrenlshown in Table 8. for the classification
being tested. !



TableS ~..
Summary of mechanical tests required"···

Electrode

Slzeb Soundness testc•d

AWS Currentlnd III-weld-metll
alSSifiCition polarity in. mm tension testc,e Impact testc•r FiJlet weld teste,.

r'''' 2.4. 3.2 Not required Not required Not required
S/32.3/16 4.0.4.8 F F V and OH

E6010 DCEP 7/32 S.6 Not required Not required Not required
1/4 6.4 F F H
S/16 8.0 F Not required Not required

r" '" 2.4.3.2 Not required Not required Not required
S/32,3/16 4.0,4.8 F F VandOH

E6011 ACand DCEP 7/32 5.6 Not required Not required Not required
1/4 6.4 F F H

$S/16 8.0 F Not required Not required ....
en

0;

("" '0 '"
1.6 to 3.2 inc. Not re;R:ired Not required Not required §S/32.3/16 4.0,4.8 Not required Vlnd OH

E6012 ACand DCEN 7/32 S.6 Not re~uired Not required Not required
1/4 6.4 Not required' H Z

5/16 8.0 Fh Not required H =

("" '0 '"
1.6 to 3.2 inc. Not required Not required Not required

E6013 ACand DC, S/32,3/16 4.0,4.8 Fm Not required Vand OH

both polarities 7/32 S.6 Not required Not required Not required
1/4 6.4 Fm Not required H
S/16 8.0 Fm Not required H

Por H-mlets- r 3.2 Not required Not required Not reqUired
AClndDCEN 5/32,3/16 4.0,4.8 Fm Not required H

E6020 For nat position - 7/32 5.6 Not required Not required Not required
AC and DC, both 1/4 6.4 pm Not required H
polarities S/16 8.0 Fm Not required Not required

f'8

3.2

E6022 ACand DCEN S/32 4.0 h Transverse tension and bend tests
3/16 4.8 required. See footnote uk."
7/32 5.6

~._.._..-- ,--~--- ~~.'"-'-'~.,.

- .-.



TableS
Summary of mechanical tests requlnKl"'· (cont'dl

Electrode

Sizeb Soundness teltc,ci
AWS Current and ail-weld-metal

Oasslfication polarity in. mm tension teste,e Impact teltc,f Fmet weld teste,.

rn

, '"

2.4,3.2 Not required Not required Not required
5/32 4.0 Fm Not required V and OH

~AC and DC, both 3/16 4.8 Fm Not required HE7014 polarities 7/32 5.6 Not required Not required Not required ~
1/4 6.4 Fm Not required' H

~~5/16 8.0 Fm Not required H

C',. 2.4,3.2 Not required Not required Not required O~5/32 4.0 F F V and OH 0-
E7015 DCEP 3/16 4.8 F F H mill

7/32 5.6 Not required Not required Not required . >
1/4 6.4 F F H >:1- zo- 5/16 8.0 F Not required Not required Oz

:!I'"

r'"
2.4,3.2 Not required Not required Not required ~~5/32 4.0 F F V and OH

E7016 ACand DCEP 3/16 4.8 F F H

~~7/32 5.6 Not required Not required Not required
1/4 6.4 F F H >-
5/16 8.0 F Not required Not required !;;~

{'""" 2.4,3.2 Not required Not required Not required ~
5/32 4.0 F F VandOH ~

E7018 AC and DCEP 3/16 4.8 F F H
7/32 5.6 Not required Not required Not required
1/4 6.4 F F H
5/16 8.0 F Not required Not required

{'"",. 2.4,3.2 Not required Not re~ulred Not required
5/32,3/16 4.0,4.8 pm,ft H

E7024 AC and DC, both 7/32 5.6 Not required Not re~ulred Not required
polarities 1/4 6.4 pm,n H

5/16 8.0 pm,n Not required Not required

'"~
{It-
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Tabla 8
Summary of mechanical tests requireda,' (cont'd)

Electrode

Sizeb Soundness testc,d
AWS Currontand all-weld·metal

aassification polarity in. mm tension testc,e Impact te.tc,f Fillet weld testC,g

For H-fillet. - AC r 3.2 Not required Not required Not required
E6027 and DCEN 5132,3/16 4.0,4.8 Fm F H
and For flat po.itlon - 7/32 5.6 Not required Not required Not required
E7027 AC.nd DC, 1/4 6.4 Fm F H

both polarities 5/16 8.0 Fm Not required Not required

f/8 3.2 Not required Not required Not required

E7028 ACand DCEP 5132,3/!6 4.0,4.8 F F H
7/32 5.6 Not required Not required Not required :g
1/4 6.4 F F H ....

II>
;::;

r
/8 3.2 Not required Not required Not required q

E7048 AC.nd DCEP 5132 4.0 F F V-down and OH 0
3/16 4.8 F F V-down and H Z

=L For electrodes .moUer thlUl $/32 In. (4.0 mm) and for the 7/32 in. (5.6 mm) lize, the .pecifled lests would require delliled modlflCllion; tho .ultabUity of
theselizeJ may be Judged from tho re.ults of tho le.1I on tho 5/32 in. (4.0 mm) .nd 1/4 in. (6.4 mm) Ii.... respectively.

b. Electrodes manufactured in.izes not shown shaD be tested to the requirements of the nearest standard .ize.
c. Th••bbrevlotlons, F, H, V-down, V, .nd OH are defined in foolnote. of Table I.
d. See 9.1.3, 13.4, lUId 13.5.
e. See 9.1.1,13.4, and 13.6.
f. See 9.1.2, 13.4,lUId 13.7.
.. See 9.1.6 and 13.11.
h. A lOundn... test is not requlred for this claulflCltlon.
J. Upon agreem.nt between .uppller and porch...r, electrodes clasJified IS E7024 m.y be .uppUed 10 a minimum Owpy V·nolch imp.ct requlrement of

20 ft 'Ib at O· F (27 J at -18' C) and a minimum oIongotion of 22 percent. Such electrode. shall be identified IS E7024·1.
k. A trInIVCno I.nsion t••t (III 9.1.4, 13.8, and 13.9) and .lonJitucllnal guided b.nd lest (II' 9.1.5, 13.8, and 13.10) are required for cluJlflCltlon of 5/32,

3/16, and 7/3210. (4.0,4.8, and 5.6 mm) £6022 electrod••. Welding shall be in the n.1 po.ition. S.e foolnote d of Table 3.
m. DCEN only, may b. uood when DC, both polarltlea, is .p.clfied.
0. Electrodes longer thon 18 in. (450 mm) which .re UlCd for gravily welding will requlre 2 I••t ....mbllo.. each m.de with tho .pecial procedure ducrlbed in

13.4.4,10 in.ure unlformlly of the .ntire electrode.
• Standard oIectrode IizeJ having no leat requlrem.nts can b. cJaulfled provided .t leut two oth.r IizeJ of thaI cJaulfication have poaed tho leats requlred for

them, or th.Ii.. lo b. cJaulfled moots .peclfic.tlon requirements by having boon telled in .ccordance with FIg~ AI and A2 and Table A3.

.- ,-,



PART C - SPECIFICATIONS R>R WElDING RODS.
ELECTRODES. AND FILLER METALS SFA·5.1

13.3.2 Samples for chemical analysis may be
obtained from the weld pad specified in 13.3.3 or any
other weld deposit, provided it produces results equi
valent to those obtained from the weld pad. In case of
dispute, samples shall be taken from the weld pad.

13.3.3 The weld pad shall be deposited in layers
in the flat position. The width of each pass in each
layer shall be 1-1/2 to 2-1/2 times the diameter of the
core wire. Afterdepositing each layer, the pad shall be
immersed in water (temperature unimportant) for
approximately 30 seconds and then dried before weld
ing is resumed. The surface of each layer shall be
cleaned ofall foreign matter. The completed weld pad
and ~he location from which the sample for analysis is
taken shall conform to the requirements in Table 9.

13.3.4 The cliemical analysis shall be made by any
suitable method. In case of dispute. the procedure in
the latest edition of ASTM Standard Melhod E3SO.
Chemical Analysis ofCarbon Sleel. Low-Alloy Steel.
Silicon Electrical Steel. Ingol Iron. and Wroughllron.
shall be the referee method.

13.4 Preparation of Test Assembly for Soundness
Test, AlI-Weld-Metal Tension Test, and Impact
Test

13.4.1 When required in Table 8. the test assem
bly detailed in Fig. 2 shall be prepared and welded as
prescribed in 13.4.2 through 13.4.5 wilh Ihe Iype of
currenl shown in Table 8 for Ihe c1assificalion of the
electrode being lested..

13.4.2 The test assembly shall be welded in the
flat posilion wilh Ihe weld axis and Ihe plales horizon
lal and shall be preset or reslrained during welding 10
prevenl warpage in excess 01'5 degrees. A tesl assembly
thaI has warped more Ihan 5 degrees shall be dis
carded. Welded tesl assemblies shall not bestraightened.

13.4.3 The test assembly shall be lack welded and
preheatedto225±25° F(1I0± 14°C). Weldingshall
be continued wilh an inlerpass temperature ofnot less
than 225° F(IIOO C) nor more than 350° F(~80° C)as
measured by lemperature indicaling crayolls or sur
face thermomelers at the poinl specified in Fig. 2. The
welding procedure shall be as prescribed in 13.4.4.

13.4.4 The pass sequence shall be as called for in
Fig. 2. Each pass shall include at leasl one start and
stop wilhin the area of weld Ihal musl meet radiogra
phic soundness requiremenls (see 13.5). The direction
of welding to complele a pass shall nol vary; however,
Ihe direclion of welding for different passes may be
allernaled (see nole below).

Nolt': Elutrodes longer than 18 in. (450
mm) used for gravity ",elding shall be
testedusing tK'O ofthe 10 in. (150 mm)lt'st
assemblies. Fig. 1. bUlled bat:k-to-bat:k.
The spet:ifit: e/et:trode usedfor a partic:ular
pass in one assembly shall also be usedfor
the t:o,responding pass in the other assf'm
b(,·. This is to be done by depositing the
bead in one assembly using thefirst halfof
eat:h e/utrode and "'ithout interruption
depositing the rorresponding bead in the
serond assembl)'. using the remaining half
ofthee/et:trode. The K'eldingspeedshallbe
t:ontrolled to ensure that eat:h e/et:trode
does in fat:t cover both assemblies. Both
assemblies shalf pass the mechanit:alprop
erty requirements listed in TaMe J.

13.4.5 If il is necessary to inlerrupl the welding
procedure prescribed in 13.4.4, the assembly (or
assemblies) shall be allowed to cool instill air 10 room
lemperalure. When welding is resumed, the assem
bly(ies) shall be preheated 10 a temperature of 225 ±
25° F(IIO ± 14° C). The procedure used forcomplet
ing the weld shall be as prescribed in 13.4.4.

13.5 Soundness Test
13.5.1 When required in Table 8, Ihe assembly

shall be prepared for radiographic examination in
accordance with Ihe following:

Note: For the optional 10 in. (500 mm)
assembl}'. anI}' the set:ond half of the
assembl}' need be radiographed.

13.5.1.1 The backing strip shall be removed
prior to performing the radiography.

Electrode size
ID. mm

Table 9
Weld pad dimensions

Minimum pad size
in. mm

Minimum distance of
sample from surface

ofbue plate
In. mm

5/32
1/4

4.0
6.4

1-1/2x 1-1/2 x 1/2
2x2xl(2

13

40x40x 13
SOxSOxl3 1(4 6
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J-1 min

11------l0-----~

-1i-+_l_m_in I-...~_-_-_-_I_/2_lengt__h_---j__.;

(

5

All-weld-metal
tension specimen

~
pointof

tempenlture
measurement

r BA-,
:

~Weld Ii Weld Ii

51 Equivalents

in. mm

1/16 1.6
1/2 13

1 25
5 125

10 250

(

_AA _aa

(bl Ori_ ..... I_on of
impecl: splCimen

Notes:

1. All dimensioM except angles are in inches.

2. Two lest assemblies reqUited for electrodes longer than 18 in. (450 "Im'- that are used for gravity welding. As an option. II 20 in.
(500 mm)· long assembly may be welded. One 10 in. (250 mm)· long portion of this optional assembly shall be used for the
soundness test and the other 10 in. (250 mm)· long portion shall be used 'or the tension.nd impact tests.

3. Test assembly deuils on optional all-weld-metal tests on 3/32 in. 12.4 mml·. 1/8 in. 3.2 mm)· and 7/32 in. (5.6 mm)
electrodes are shown by Fig. A1 in the Appendix.

Split weave

1TI (B) Passes
Electrode size Plate thickness Backing thickness Full weave per
i!'!. mm in. (min) mm in. mm for layer no. Layer no. loyer Number of layers

5/32 4.0 3/4 19 1/4 6.4 1 2 to top 2 7109
3/16 4.8 3/4 19 1/4 6.4 1 and 2 3totop 2 6 to 8
1/4 6.4 1 1 25 1/2 12.7 1.2. and 3 4 to top 2 9 to 11
5/16 8.0 1·1/4 32 1/2 12.7 1.2. lod 3 4 to top 2 10to 12

Fig. 2 - Details of test assembly for soundness test, all-weld-metal tension test, and impact test

14



PART C - SPECIFICATIONS FOR WELDING RODS.
ELECTRODES. AND FlU-ER METALS SFA-5.1

13.5.1.2 The weld ripples or surface irregular
ities on both the face and the root of the weld shall be
removed by any suitable mechanical process to a
degree such that the resUlting radiographic contrast
due to any remaining irregularities cannot masle or be
confused with that of any objectionable defect. Also,
the weld faees shall merge smoothly into the plate
surface. The finished surface ofthe weld may be flush
with the plate or have a reasonably uniform rein
forcement, not exceeding 3/32 in. (2.4 mm).

13.5.2 The radiographs shall be obtained in
accordance with the 2-2T sensitivity level ofinspection
as stipulated in ASTM E142, Standard Method for
Controlling Quality of Radiographic Testing.

13.5.3 When evaluating the radiographs, a I in.
(2S mm) length on each end of the test welds shall be
disregarded.

13.6 AIJ-Weld-Metal Tension Test
13.6.1 For all electrode classifications, no ther

mal treatment other than that prescribed in 13.6.3
shall be performed on the test assembly subsequent to
the welding operation.

13.6.2 One all-weld-tension test specimen as
shown in Fig. 3 shall be machined from the same test
assembly (Fig. 2) which was examined radiographi
cally or from one-half of the optional 20 in. (SOO mm)
assembly.' For gravity feed electrodes, see Note under
13.4.4.

13.6.3 For all electrode classifications. except
the low hydrogen classifications (E701S, E7016, E7018.
E7028, and E7048). the machined tensile specimen
shall be aged at 200 to 220· F(9S to lOS· C)for48 ±2
hours. The specimen shall then be cooled to room
temperature and subjected to tension until rupture.
The tensile specimen from the low hydrogen classifica
tions shall not be aged prior to testing.

13.6.4 The all-weld-metal tension test specimen
shall be tested in accordance with the tension test
section of the latest edition of AWS 84.0. Standard
Methods for Mechanical Testing of Welds.

13.7 Impact Test
13.7.1 When required in Table 8. five Charpy

V-notch impact test specimens. as shown in Fig. 4.
shall be machined from the same test assembly (Fig. 2)
which was examined radiographically or from One half
of the optional 20 in. (SOO mm) assembly.

13.7.2 No thermal treatment shall be performed
on the test specimens.

13.7.3 The impact specimens shall be tested in
accordance with the impact test sections of the latest
edition of AWS 84.0. Standard Methods for Mechan
ical Testing of Welds.

13.7.4 The impact properties of the five speci
mens from the test assembly shall be obtained at the
test temperature specified in Table 4 for the classifica
tion being tested.

2. This half need not be the portion that was radiographed.

15

13.7.5 When computing the average value oftbe
impact properties from the set of five specimens. tbe
lowest value and the highest value obtained shaD be
disregarded. Two of the three remaining values shaD
be greater than the specified 20 ft • Ib (27 J) etterIY
level; one ofthe three may be lower butsbaD not be las
than IS ft . Ib (20 J). The computed average value of
the three values shall be equal to. or greater than, the
20 ft . Ib (27 J) energy level

13.1 Preparation ofTest Assembly for Tr......erse
Tensloa and LoaptadlDal Guided Bend Test

13.8.1 When required in Table 8, a test assembly
as detailed in rig. Sshall be prepared and welded as
prescribed in 13.8.2 through 13.8.3 using each type
of current specified in Table 8 for the classification
of the electrode being tested.

13.1.2 The test assembly shall be welded in the
flat position and shall be SUfficiently preset or res
trained during welding to prevent warpage in excess of
S degrees. A welded test assembly that has warped
more than S degrees shall be discarded. Welded test
assemblies shall not be straightened.

13.1.3 The test assembly shall first be tacle
welded at each end. Welding shall be started with the
assembly at a room temperature of6S· F (20· q min.
When the weld on one side of the test assembly is
completed, the assembly shall be turned over and the
weld on the reverse side completed, as shown in Fig. S.

13.9 T......nrse Tension Test
13.9.1 One transverse tension test specimen. as

shown in Fig. 6. shall be removed from the test
assembly.

13.9.2 No thermal treatment shall be performed
on the test specimen.

13.9.3The transverse tension test specimenshall
be tested in accordance with the tension test section of
the latest edition ofAWS 84.0. Standard Methods for
Mechanical Testing of Welds.

13.10 Loncitudinal Guided Bend Test
13.10.1 One longitudinal guided bend test spec

imen. as shown in Fig. 7, shall be removed from the
same test assembly. as shown in Fig. S, from which the
transvene tension test specimen was removed.

13.11.2 The machined specimen shall be aged at
200 to 220· F (9S to lOS· q for 48 ± 2 hours. The
specimen shall be cooled to room temperature before
testing.

13.10.3 The longitudinal guided bend test speci
men shall be uniformly bent through 180 degrees over
a radius of 3/4 in. (19 mm) in any suitable jig. The
specimen may be positioned for bending so that the
maximum bending occurs in either of the two weld
passes. A typical bending jig is shown in the latest
edition ofAWS 84.0, Standard Methods for Mechan
ical Testing of Welds.
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I' c
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F F (
I G+

o
'------5.. Not. 2 ------/

G+ :; Gage length

Dimensions of specimen. in.

Test plate
thickness 0

3/4 0.500 ' 0.010

G

2.000 ' 0.005.

c
2·1·4

8 F,min

0.375
131BI

Approximate
area sq. in.

I 5

Dimensions of specimen, mm

Test plate
thtckness 0

19.1 12.7' 0.25

G

SO.8 t 0.13

c
57.1

Approximate
B F. min area sq. mm

19.1 9.5 129

Notes:

1. Dimensions G and C shall be as shown, but ends may be of any shape to fit the testing machine holders as long as the load
is axiai.

2. The diameter of the specimen within the gage length shall be slightly smaller at the center than at the ends. The difference
shall not exceed one percent of the diameter.

3. When the extensometer is required to determine yield strength or other elastic properties. dimensions C and l may be
modified. However, the percent of. the elongation shall be based on dimension G.

4. The surface finish within the C dimension shall be no rougher than 63 " in. (1.6 I'm).

Fig. 3 - All-weld-metal tension test specimen dimensions

(

13.11 Fillet Weld Test
13.11.1 When required in Table 8, test assem

blies, as detailed in Table 10 and Fig. 8, shall be
prepared and welded as prescribed in 13.1 1.2 through
13.11.5 in the welding positions required in Table 10
(see Fig. 9 for welding positions), using each type of
current specified in Table 8 for the classification of
electrode being tested.

13.11.2 In preparing the two plates forming the
test assembly, the standing member (web) shall have
one edge machined throughout its entire length so that
when the web is set upon the base plate (flange), which
shall be straight and smooth, there will be intimate
conlact along the enlire length of the joint.

13.11.3 A single pass fillet weld shall be depos
ited on one side. of the joint. The minimum tempera
ture ofthe assembly during weldingshall be 65· F (20·
C). The first electrode shall be continuously consumed
to within the maximum.permissible stub length of2 in.

16

(50 mm). Additional electrodes, if necessary, shall then
be used to complete the weld for the full length of the
joint, consuming each electrode completely as stated
above, insofar as permitted by the length of the
assembly.

13.11.4 When welding in the vertical position,
the welding shall progress upwards. except for the
E7048 classification. For this classification. welding
shall progress downward.

13.11.5 The fillet weld shall be deposited using
welding speeds compatible with the electrode classifi
cation being tested.

13.11.6 The completed weld first shall be visually
examined. Then, a macrosection shall be removed
from the deposit made with the first electrode at a
point approximately I in. (25 mm) ahead ofthe crater
end. The specimen shall be approximately I in. (25
mm) in width. One surface ofthe macrosection shall be
polished, etched, and examined.
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51 EquMlonts

-2.5

mrn
0.25 0 0.025
8 00.025

10 00.025
+0

55

in.
0.010 0 0.001
0.31500.001
D.394 0 0.001

+0
2.165

-0.100

H o.394 0 0.001

R
'50o.00'

rt 0.394 0 0.001b.d I
I , }
~90" t 10 minutes

[J(5~-

0 •••;101 /.- ~
notch

45° ± t·

1----2.165 >0 -0.1000 --"1

Note: All dimensions except angtes are in inches.

Fig. 4 - Details of V-notch impact test specimen

(See Fig. 71

------10-----_1' 1/16 1.6
1/4 6.4

1 2S
2 50
4 100
6 150

·10 250

Root opening
1116 .....

See
Detail A

---H-1I4

4

~ I l
Detail A

I
I
I I

g ! I
~~ ~------------,• E Longitudinal bend
e ·ll+-";;;;~=:::';=-+-I-r-Y•• I test specimen I~ 9- L J

~;; I
I- ~ I

I 4

!-..l-_.....a.! ...lo...ll

Notes:

1. All dimensions are in inches.

2. Completed joint showing approximate weld configuration. See Footnote "K" of Table 8.

Fig. 5 - Details oftest assembly for transYerse tension and longitudinal guided bend tests

17
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(

R = 2 minI
Cl. of weld

11-·------8 m;n-t-_1/-~_-_-_-_-_-_-_--1-;

I ~
2.LL--__-

Notes:

1. All dimensions ire in inches.

2. Welci reinforcement shall be ground or machined smooth and flush with the surfaces of the specimen. Grinding or
machining marks shall be parallel to the length of the longest dimension of the specimen.
Also. see Footnote "K" of Table 8.

Fig. 6 - Transverse tension test specimen (E6022)

51 Equivalents

in. mm
1/16
1/~

1·112 ... 1/16
1·1/2
2
6
8

1.6
6.~

38 ... 1.6
J8
50

150
200

\----6----..,1
~'1J**i;L-; ," T "((1",.3 I· {/2

~co'"e"adiUS !116ma.

-n-- <t. of weld

--! ~1/4

Note: Weld reinforctment shall be ground or machined smooth and flush with the surfaces of the
specimen. Grinding or machining marks shall be parallel to the length of the weld.

Fig. 7 - Longitudinal guided bend test specimen

18
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Approx. 1 in.

Cut here for
macrosection_'<O""-1_oI

L

End 01 deposit made
with first electrode

Sf Equivalents

in. mm

1 25
3 75

Flange to be straight and in intimate contact with square mao
chined edge of web member along entire length to insure maxi
mum restraint

Note: See Table 10 for values of T and L.

Fig. 8 - Preparation of fillet weld test specimen

13.11.7 Scribe lines shall be placed on the pol
ished and etched surface. as shown in Fig. 10; and the
weld size. the leg lengths. and the convexity (ofconvex
fillet welds) shall be determined to the nearest 1/64 in.
(0.5 mm) by actual measurement (see Fig. 10).

13.11.8 The remaining two joint sections shall be
broken iongitudinally through the fillet weld by a force
exerted in the direction as shown in Fig. 8. The frac
tured surfaces shall be examined. If the weld pulls out
of the test plate during bending. it shall not be con
sidered as failure of the weld metal. and the test shall
be repeated without penalty.

13.11.9 If necessary to facilitate fracture. one or
more of the following procedures may be used:

13.11.9.1 Reinforcing welds. as shown in Fig.
lI(a). may be added to each leg orthe weld.

19

13.11.9.2 The posItIOn of the web on the
nange may be changed as shown in Fig. II (b).

13.11.9.3The face ofthe weld may be notched.
as shown in Fig. II(c).

13.12 Coatinl: Moisture Test
13.12.1 The following method shall be used to

determine moisture content in an electrode covering:
Oxygen shall be passed over the sample of covering in
a nickel or clay boat placed in a fused silica or high
temperature ceramic-type combustion tube which is
then heated. Liberated water shall be collected in a
weighed absorption V-tube. and the weight of water
determined by the increase in the weight of the V-tube.
The moisture content shall be expressed as a percen
tage of the weight of the covering sample.
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Table 10 !'o

Requiremen1s for preparation of fillet weld test essemblies -
Plate sizea

AWS
Electrode size Thlckne.. (T) Width, min Lengthb, min (Ll"

Position of
Size of mlet weld

Oassification in. mm in. mm in. mm in. mm welding in. mm

r""/O
2.4 &. 3.2 Not required

5/32 4.0 3/8 9.5 3 75 12 300 Yand OH !/4 max 6.4
E6010 and 3/16 4.8 3/8 9.5 3 75 12 300 Y and OH 5/16 max 8.0
E601l 7/32 5.6 Not required

1/4 6.4 1/2 12.7 3 75 18 450 H 1/4 min 6.4
5/16 8.0 Not requiredf'''m""",,.,

1.6 to 3.2 (incl.) Not required
5/32 4.0 3/8 9.5 3 75 12 300 YandOH 1/4 max 6.4

E6012 and 3/16 4.8 1/2 12.7 3 75 12 300 Yand OH 3/8 max 9.5
E6013 7/32 5.6 Not required - - - - - - - ~1/4 6.4 1/2 12.7 3 75 18 450 H 5/16 min 8.0

~ 5/16 8.0 1/2 12.7 3 75 18 450 H 5/16 min 8.0 '"9{"a '/0
2.4 &. 3.2 Not required - - - - - - - 0

5/32 4.0 3/8 9.5 3 75 12 300 Y and OH 5/16 max 8.0 Z

E7014 3/16 4.8 3/8 9.5 3 75 12 300 H 1/4 min 6.4 =
7/32 5.6 Not required - - - - - - -
1/4 6.4 1/2 12.7 3 75 18 450 H 5/16 min 8.0
5/16 8.0 1/2 12.7 3 75 18 450 H 5/16 min 8.0

{"a", 2.4 &. 3.2 Not required
5/32 4.0 3/8 9.5 3 75 12 300 VandOH 5/16 max 8.0

E7015 and 3/16 4.8 3/8 9.5 3 75 12 300 H 3/16 min 4.8
E7016 7/32 5.6 Not required

1/4 6.4 1/2 12.7 3 75 18 450 H 5/16 min 8.0
5/16 8.0 Not required{"a ,/0

2.4 ok 3.2 Not required
5/32 4.0 3/8 9.5 3 75 12 300 V and OH 5/16 max 8.0

E7018 3/16 4.8 3/8 9.5 3 75 12 300 H 1/4 min 6.4
7/32 5.6 Not required
1/4 6.4 1/2 12.7 3 75 18 450 H 5/16 min 8.0
5/16 8.0 Not required

- A

.._~ _---,-..------------------------



Tabla1Q
Raquirements for preparation of fillet weld test _mblies (cant'd)

Pllte size"

AWS
Electrode size Thickness (T) Width, miD Lensthb, miD (L)

POIltio of
SIB of fUle weld

Ousificalon iD. mm iD. mm iD. mm In. mm welchs in. mm ~
~

1/8 3.2 Not required - - - - - - -

~~5/32 4.0 3/8 9.5 3 75 12 300 H '32 miD 4.0
3/16 4.8 3/8 9.5 3 75 12 or 300 or -H 316 min 4.8

E6020 ~ 18c 450c
o~7/32 5.6 Not required - - - - - - - 0-

1/4 6.4 1/2 12.7 3 75 18 460 H !16 miD 8.0 BlR
5/16 8.0 Not required - - - - - - - . >

:= , 3/32d &. 1/8 2.4d &. 3.2
~:1

Not required - - - - - - - o~

E7024, ES027, ~ 5/32
4.0 3/8 9.5 3 75 12 300 11 n6 miD 4.8 :!len

E7027,Ild 3/16 4.8 3/8 9.5 3 75 12 or 300 or 11 '4 miD 6.4 ~~
E7028

18c 460c

7/32 5.6 Not required - - - - - - -
~~1/4 6.4 1/2 12.7 3 75 18 460 f 116 min 8.0

5/16e 8.0· Not requi.ed - - - - - - - >-
r;;~

r" 3.2 Not required - - - - - - -
~5/32 4.0 3/8 9.5 3 75 12 300 V·do'll &. /16mlx 8.0 0

E7048 Of .en
3(16 4.8 3(8 9.5 3 75 12 or 300 or H &. '\down /4 miD 6.4

18c 460c

L See Flo 8.
b. In th......t the end of the weld d.poslt mlde with the fintel.etrode It closer than 41ft. (100 mm) from the .nd of the tell platej.tut!na.b or a 10111' tell

plate IIY be wed.
Co When IIIns 14 1ft. (350 mm) electrode.. the mln1mum I.nath ohaI1 be 12 1ft. (300 mm); when udna 18 In. (450 mm) .Iectrodo, the mbmum lonah ohaI1

be 16 n. (400 mm)..
II. Quo 11024 only.
L au. E6027, E7027,and E7024 only.

~
;..
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~90"
Axis of weld
verticil

Axil 01_ horizontol

J
......--.1-

(

IbIV__-' lel~ fiIIot-'

Fig. 9 - Positions of test plates for welding fillet welds

(

13.12.2 The apparatus shall be as shown in Fig.
12l and shall consist of:

13.12.2.1 A tube furnace with a heating ele
ment ofsufficient length to heat at least 8 in. (203 mm)
orthe middle portion ofthe combustion tube to 2000°
F (1093° C).

13.12.2.2 An oxygen purifying train consist
ing of a needle valve, now meter, 96 percent sulfuric
acid wash bottle. spray trap, and anhydrous magne
sium perchlorate drying tower.

13.12.2.3 Fused silica combustion tube 7/8 in.
(22 mm) inside diameter with plain ends and a devitri
fication point above 2000° F (1093° C). (A high
temperature ceramic-type tube can be used, but a
higher blank value will result.) A plug oC fine glass
wool to filter the gases shall be inserted Carenough into
the exit end of the combustion tube to be heated to a
temperature oC 400 to SOO° F (204 to 260° C).

13.12.2.4 Water absorption train consisting
of a U-tube (Schwartz type) filled with anhydrous
magnesium perchlorate and a concentrated sulfuric
acid gas-sealing bottle.

13.12.3 The covering sample oC approximately 4
grams shall be a composite of the middle portions of
covering Crom three electrodes from the same package
and shall be removed by bending Or with clean. dry
Corceps. The sample shall be transCerred immediately
to a dried, stoppered vial or sample bottle.

Theoretial
throat

Theoretical
throat

Convexity

Concave fillet

1---+- Leg 01 Iillet

Convex fillet

Size of
weld -r--oj

Size of -t--oj
weld

Size of
weld

Size of
weld

Leg of .
fillet

Note: Size of fillet weld· Leg length of largest inscribed i~les
right triangle. Fillet weld size. convexity, and leg lengths
shall be determined by actual measurement ho nearest
1/64 in. CO.5 mm) on a section laid out with scribed lines
as shown.

Fig 10 - Dimensions of fillet welds
3. Equivalent modifications may be used as described in
Section AS.
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Reinforcing
welds
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Fracturing
force

Web _

Flonge

"I~of_

SFA-5.1

Fig. 11 - Alternate methods of faeiUtating fillet weld fracture

13.12.4 The furnace shall be operated at 1650 to
18000 F (900 to 9820 C) with an oxygen Row of200 to
250 ml per min. The nickel boat (see 13.12.1) shall be
placed in the combustion tube for drying and the
absorption U-tube shall be attached to the system for
"conditioning." After 30 minutes. the absorption U
tube shall be removed and placed in the balance case.
The nickel boat shall be removed and placed in a
desiccator in which anhydrous magnesium petth1o
rate is used as the desiccant. After a cooling period of
20 minutes. the absorption U-tube shall be weighed.

13.12.5 In the blank determination. the proce
dure for an actual moisture determination shall be
followed step by step with a single exception of omit
ting the sample. The nickel boat shall be removed from
the desiccator and exposed to the atmosphere for a
period approximating the time required to transfer the
sample from the balance pan to the boat. The combus
tion tube shall be opened. the weighed absorption
U-tube attached. the boat placed in the combustion
tube. and the tube closed. After a heating period of 30
minutes. the absorption U-tube shall be removed and
placed in the balance case. The nickel boat shall be
transferred to the desiccator. After the 20 minute cool
ing period. the absorption U-tube shall be weighed and
the gain in weight shall be taken as the blank value.

2J

13.12.6 Immediately after weighing the absorp
tion U-tube above. the sample covering shall be
weighed on the balance dish and quickly transferred to
the boat. The combustion tube shall be opened. the
weighed absorption U-tube attached. the boat and
sample transferred to the combustion tube, and the
tube closed. Afteran ignition period of30 minutes, the
absorption U-tube shall be removed from the combus
tion tube and transferred to the balance case. If
another sample is to be run. the boat shall be taken
from the combustion tube, the ignited sample removed
completely. and the boat transferred to the desiccator.
The absorption U-tube shall be weighed after the 20
minute cooling period. Another determination may be
started immediately. It is not necessary to repeat the
blank determination since the same combustion boat
can be used.

13.12.7 The calculation shall be made according
to the following formula:

P . A - B 100ercent mOIsture =Weight of sample x

where:
A = gain in weight of absorption U-tube in moisture
determination, and
B = gain in weight of absorption U-tube in blank
determination.
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Spray trap

Anhydrous magnesium
perchlorate drying
lower

G....
wool
filter

"Schwortz" type
.my. m.gnesium
perchlorole
obsorptlontube

Cone.. H 2 SO ...
drying tower

Cone.
H~SO ..
...1

(

(

Fig. 12 - Schematic oCtrain moisture determinations
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PART C - SPECIFICATIONS FOR WELDING RODS.
ELECTRODES. AND FIU.ER METALS SFA-5.1

Appendix: Guide to Classification of Carbon Steel Covered
Arc Welding Electrodes

AI. Introduction and Method ofClassul
cation

AI.I This auide is appended to the specification as a
source of information. The JIIide is not mandatory
and does not form a pan of the specification.

A I.ZTheclassification system used in the specirlC8tion
follows the established pattern for AWS filler metal
specifications. The letter E designates an electrode.
The finttwo digits. 60. for example. designate tensile
strength ofat least 60 ksi ofthe deposited metal. in the
as-welded condition. Thethird digit indicates the posi
tion in which satisfactory welds can be made with the
electrode. Thus. the ~I.· as in E6OIO. means that the
electrode is satisfactory for use in all positions (nal.
venical. overhead. and horizontal). Thc ~2~ as in
E6020. indicates that the electrode is suitable for the
nat position and also for making fillet welds in the
horizontal position. The ~4· in E7048 indicates Ihal
the electrode is suitable for venical-down welding and
for other positions (see Table I). The last two digils
taken together indicate the type current with which Ihe
electrode can be used and the type ofcovering on Ihe
electrode. as listed in Table I.

A2. WeldiJ!g Procedure and Classifi
cation Tests

AZ.I Weld metal propenies may vary widely. accord
ingto the size ofthe electrode and amperage used, size
of the beads in Ihe weld. plate thickness, joinl geome
Iry. preheat and interpass temperalures, surface condi
tion. base metal composition. dilulion. etc. Because of
Ihe profound effect ofthese variables. a tesl procedure
was chosen for this specification which would repre
sent good welding practice and minimize varialion of
Ihe mosl potent of these variables.

AZ.Z It should be recognized. however that production
practices may be different. The differences encoun
lered may alter Ihe propenies of the weld melal. For
instance. interpass temperatures may range from sub
freezing to several hundred degrees Fahrenheil (Cel
sius). No single lemperalure or reasonable range of
lemperalures can be chosen for c1assificalion lesls
which will be represenlalive of all of the conditions
encountered in production work. Propenies of pro
duction welds may vary accordingly, depending on Ihe
panicular welding conditions. Weld metal propenies
may not duplicate. oreven closelyapproach. the values

2S

listed and prescribed for test welds. For exampre. duc
tility in single pass fillets or welds in heavy plate made
outdoon in chilly weather may drop to lillie more than
halfthat required herein and normally obtained. This
does not indicate that eitherthe electrodes or thewelds
are below standard. It indicates only that the panico
Iar production conditionsare moresevere than tbe test
conditions prescribed by this specification.
A1.3 Hydrogen is another factor involved. Weld
metals. other than those from low hydrogen elc:ctrodes
(E7015. E7016. E7018. E7028. and E7048). contain
significant quantities of hydrogen for some period of
time after Ihey have been deposited. This hydrogen
gradually escapes. After two to four weeks at room
temperature or in 24 to 48 houn at 200 to 2:ZOO F (95 to
105· C). most of it has escaped. As a resull of this
change in hydrogen content, the yield. tensile, and
impact strengths remain relatively unchanged. bulthe
ductility of the weld mctal increases towards its inher
ent value. This specification requires aging of the test
ban at 200 to 220· F (95 to 105· q for 48 houn before
subjecting them 10 the tension tesL This is dnne to
minimize discrepancies in testing. Also. Table 3(foot
notes ~c~ and ~e") provides for a lower yield strength
or tensile strength. or both. when higher values of
elongation are obtained. Thisapproach recognizes the
variation of the results which may he obtained when
Ihe electrodes are actually used in production.

AZ.4 When weld deposits are given a postweld heat
lreatmenl. the lemperature and time at temperature
are very imponant. The following points concerning
postweJd heat treatment (stress relief in this case)
should be kept in mind. The tensile and yield strengths
generally are decreased as stress relieftemperalure and
time at temperature are increased.

AZ.S Two welds made with low hydrogen electrodes of
Ihe same c1assificalion and Ihe same welding proce
dure (inc:luding Ihe same inlerpass temperature of300
±2S. F[ISO± 14· C)) will havesignificantlydifferenl
tensile and yield strengths in the as-welded and siress
relieved conditions. Comparison of the values for as
welded and slress-relieved (IISO±2S· F[620± 14· C)
for one hour) weld metal will show Ihe followinc:

AZ.5.1 The tensile strength of the stress-relieved
weld melal will be approximalely SOOO psi (34.5 MPal
lower than thaI of the weld metal in the as-welded
condition.

AZ.5.Z The yield strengt.h ofthe stress-relieved weld
metal will be approximalely 10.000 psi (69 MPa) lower
Ihan that ofthe weld metal in the as-welded condition.
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,,\2.6 Conversely. stress-relieved weldments made with
the same classification of low hydrogen electrode and
using the same welding procedure excepting a varia
tion in interpass temperature and stress relief time can
have almosl identical tensile and yield slrengths. As an
example. almost identical tensile and yield strengths
will occur in two weldments, one using an interpass
temperature of 300 ± 25° F (ISO ± 14° C) stress
relieved for one hour at 1150 ± 25° F (620 ± 14° C).
and the other. usingan interpass temperature of2oo to
225P F (93 to 107° C). and stress-relieved for 8 to 10
hours at 1150 ± 25° F (620 ± 14° C).

A2.7 Electrodes which mect all the requirements of
any given classification may be expected to have sim
ilar characteristics. Certain minor differences continue
to exist from one brand to another due to differences
in production facilities and the usual differences in
preferences that exist regarding specific operating
characteristics. Furthermore. the only differences be
tween the present E60 and E70 series are the differen
ces in chemical composition and mechanical proper
lies of the weld metal. as shown in Tables 2 and 3. In
many applications. electrodes of either E60 or E70
series may be used.

A2.8 Since the electrodes within a given classification
have similar operating characteristics and mechanical
properties. Ihe user can limit the study of available
electrodes to those within a single classification after
determining which classification best suits his particu
lar requirements.

A2.9 This specification does not establish values for all
characteristics of the electrodes falling within a given
classification. but it does establish values to measure
those of major importance. In some instances. a par
ticular characteristic is common to a number ofclassi
fications and testing for it is not necessary. In other
instances. the characteristics are so intangible that no
adequate tests are available. This specification does
not necessarily provide all the information needed to
determine which classification will best fulfill a particu
lar need. Therefore. a discussion of each classification
is included in Section A4 to supplement information
given elsewhere in the specification.

A2.IO Some important tests for measuring major elec
trode characteristics are as follows:

A2.IO.1 Soundness Test. Nearly all of the carbon
steel electrodes covered by this specification are capa
ble of producing weld deposits that meet most radio
graphic soundness requirements when deposited in
certain ways and under certain conditions. However. if
incorrectly applied. unsound welds may be produced'
by any ofthe electrodes. For electrodes ofsome classi
fications. the radiographic requirements in Table 5 are
not necessarily indicative ofthe average radiographic
soundness to be expected in production use. Under
most conditions. electrodes of the E60IO. E60II. and
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E6020 classifications can be expected to produce the
best radiographic results. Under certain conditions.
notably in welding long, continuous joints in relatively
heavy members, low hydrogen electrodes ofthe E70IS.
E7016. and E7018 classifications will often produce
even better results. On the other hand. in joints open to
the atmosphere on the back side. at the ends ofjoints.
in short joints with many ends, and welds. in small.
thin. irregularly shaped joints. such as small diameter
pipe. the low hydrogen electrodes tend to produce
welds of poor radiographic soundness. £6013 elec
trodes usually produce the best radiographic sound
ness in welding small. thin parts. E6027 and E7028
electrodes produce welds which may be either qu.ite
good or rather inferior in radiographic soundness. The
tendency seems to be in the latter direction. Of all
types. the E6012 and £7024 electrodes generally pro
duce welds with the least favorable radiographic
soundness.

A2.IO.2 FWet Wdd Test. This test is included as a
means ofdemonstrating the usability of an electrode.
This test is concerned with the appearance ofthe weld;
i.e.. weld surface contour and smoothness, undercut.
overlap. size, and resisiance to cracking. It also pro
vides an excellent and inexpensive method of deter
mining the adequacy of root penetration (one oCthe
important usability considerations for an electrode).

A2.IO.3 Notch Touglmess. Notch toughness requir~
ments are included in the specification. All classes of
electrodes in this specification can deposit weld metal
of sufficient notch toughness for most applications.
The inclusion of impact requirements for certain
classes of electrodes in this specification allows the
specification to be used as a guide in selecting elec
trodes where low-temperature impact properties arc
specifically required for a certain steel. There can be
considerable differences among the impact test results
ofa given electrode unless particular attention is given
to the welding of the test assemblY,the preparation of
the specimens. and the testing itself. Note that the
impact energy values are for Charpy V-notch speci
mens; these values should not be confused with values
obtained with keyhole notch test specimens.

A2.11 Operating and usability characteristics in the
various positions are measured by the soundness and
fillet weld tests. In the case ofthe fillet weld test. it is
necessary to obtain both proper fillet weld profile and
adequate fusion at the root. Any electrode meeting the
fillet weld test requirements and possessing the proper
mechanical properties. as measured by the all-weld
metal tension test. will produce the proper fillet weld
shear strength.

A2.12 Other areas where controls are required are as
follows:

A2.12.1 Electrode Coating Moisture Content and
Reconditioning

A2.12.1.1 Hydrogen can have adverse effects on
welds in some steels under certain conditions. One

(

(
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source of this hydrogen is moisture in the electrode
coverings. For this reason. the proper storage. treat
ment. and handling of electrodes is necessary.

A:U:U.l Electrodes are manufactured to be
within acceptable moisture limits. consistent with the
type ofcovering and strength of the weld metal They
are then normally packaged in a container which has
been designed to provide the degree of moisture pro
tection considered necessary for the type of covering
involved.

A1.I1.I.3 The low hydrogen electrodes E70lS,
E7016, E7018, E7018, and E7048 are the most eritical
types for moisture absorption. These types of inor
ganic covered electrodes are desi8ned and developed
to contain the very minimum amount of moisture in
their coverings and should be stored and handled with
considerable care. For this reason, a requirement Iim
iting the moisture conlent of the coverings of low
hydrogen electrodes toO.6 percent maximum is included
in this specifICation. Electrodes which have been
exposed to humid atmospheres may absorb excess
moisture. The moisture content of electrodes which
have been exposed to the atmosphere should not
exceed the 0.6 percent limit.

Al.I1.I." Tests conducted to date indicate that
E701810w hydrogen electrodes may be left out ofoven
and held in open ponable containers for up to 10 hours
when joining carbon steels to carbon steels (0.30 max
percent carbon). No adverse effects from this length of
out-ofoOven time under very humid conditions (80
percent relative humidity and SOo F [27° CD has been
evidenced when joining carbon steels. The user is cau
tioned that this may not be the case when joining
carbon steels to alloy steels, or alloy steels to alloy
steels.

Al.I1.I.5 If there is a possibility that the elec
trodes may have picked up excessive moisture, they
may be restored by rebaking. Some electrodes require
rebaking at a temperature as high as 800° F (425° C)
for approximately 2 hours. The manner in which the
electrodes have been produced and the relative humid
ity and temperature conditions under which the elec
trodes are stored dctermine the proper length of time
and temperature used for reconditioning. Some typi
cal storage and drying conditions are included in Table
AI.

Al.I1.I.6 Coverings for E60IO and E6011 elec
trodes have moisture levels of3to 7 percent; therefore,
storage or conditioning above ambient temperature
may dry them too much and adversely affect their
operation (see Table AI).

Al.I1.1 Core Wire. The core wire for all the elec
trodes in this specification is usually a rimmed or
capped steel having a typical composition of0.10 per
cent carbon, 0.45 percent manganese, Q.03 percent
sulphur, 0.02 percent phosphorous, and 0.01 percent
silicon.
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A1.ll.3 Coverin&$
A1.I1.3.1 Electrodes ofsome classifications have

substantial quantities of iron powder added to their
coverings. The iron powder fuses with the core wire
and the other metal in the covering as the electrode
melts down and is deposited as weld meta\, just as is
the core wire. Relatively bigh currents can be used
since a considerable ponion of tbe electrical energy
Passin8 through the electrode is used to melt the larger
covering and iron powder therein. The result is that
electrodes with iron powder in their covering usually
have higher deposition rates than electrodes without
iron powder.

A1.ll.3.1 Due to the tbick coveringand deep arc
cup produced. iron powderelectrodes can be used very
effectively with a Mdrag" technique. This technique
consists of keeping the electrode covering in contact
with the workpiece (both members, in fillet welds) at
all times, which makes for easy handling. However. a
Mclose arc" technique is preferable ifthe 3/32 in. (2.4
mm) or 1/8 in. (3.2 mm) sizes are to be used in out-of
position welding or for making groove welds. Tests
conducted to date have not indicated any significant
difference in mechanical propenies for the two tech
niques.

Al.I1.3.3 The E70XX electrodes were included
in this specification to acknowledge the higher strength
levels obtained with many of the iron powder and low
hydrogen electrodes, as well as to recognize the indus
try demand for electrodes with 70000 psi (485 MPa)
minimum tensile strength. Unlike the E70XX classifi
cation in AWS AS.S, SpecifICation for Low Alloy
Steel Covered Arc Welding Electrodes, these elec
trodes do not contain deliberate alloy additions, nOr
are they required to meet minimum tensile propenies
after postweld heat treatment.

Al.Il.3." E70XX low hydrogen electrodes have
mineral coverings which are high in limestone and
other ingredients that are low in moisture and hence
"low in hydrogen content." Low hydrogen electrodes
were developed for welding low alloy high-strength
steels, some of which were high in carbon content.
Electrodes with other than "low hydrogen coverings
produce "hydrogen-induced cracking" in those steels.
These "underbead" cracks OCCur in the hase metal,
usually just below the weld bead, and are caused by the
hydrogen absorbed from the arc atmosphere. The
elimination of hydrogen, with its consequent under
bead cracking, permits Mdifficult-to-weld steels" to be
welded with less preheat than is required for other
electrodes. Although these cracks do not generally
occur in carbon steels which have a low carbon con
tent, they may occur whenever other electrodes are
used on high-strength steels. Low hydrogen electrodes
are also used to weld high-sulphur and enameling
steels. Electrodes with other than low hydrogen cover
ings give porous welds on high-sulphur steels. With
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TableA1
Typical storage and drying conditions for covered arc welding electrodes

Storage conditions·

AWS
Oassifications Ambient air Holdinl ovens Dryins"

E6010, E6011 Ambient temperature Not recommended Not recommended

E6012, E6013, 80 ±20· F(30:t 10· C) 20· F (10· C) to 40· F (20· C) 27S ± 2S· F (13S:t IS· C)
E6020, ~022, SO percent max relatiye aboYe ambient temperature I hour at temperature
E6027, E7QI4, humidity
E7024

E70lS, E7016, 80:t 20· F (30:t 10· C) SO· F (30· C) to 2S0· F 47S:t 2S· F (24S:t IS··C)
E7018, E7028, SO percent max relatiye (140· C) aboYe ambient 2 hows at temperature
E7048 humidity temperature

L Became ofinherenl differences in manuf.c1uret,the supp1len of th... de<lrodes should be conau1ted for the exacl dryins conditions.
• After removal from manulactvrer'J plckqing.

(

enameling sleels.lhe hydrogen Ihal escapes after weld
ing with other than low hydrogen electrodes produces
holes in Ihe enamel.

A2.J2.4 Amperage Ranges. Table A2 gives amper
age ranges which are satisfaclory for most classes.
When welding vertically upward. currenls near Ihe
lower limit of the range are generally used.

AU3DetailsofTestsfor3/32,1/8,and7/32in.(2.4,
3.2, and 5.6 mm) Diameter Electrodes

A2.13.1 The delails of tesling provided below may
be used 10 demonstrate the mechanical properties and
soundness ofdeposited weld metal and the usability of
electrodes in sizes for which tesling is not mandatory
under Section D of this specification. These sizes of
electrodes are not normally tested for classification
under Ihis specification. since Ihe tesls specified in
Section D for adjacent sizes usually provide sufficient
evidence ofcompliance wilh Ihe specification to make
testing of Ihese sizes unnecessary. These delails of
lesting are provided so thallhe purchaser ofthesesizes
of electrodes may lest Ihem al his own option and
expense. The results ofthese lests should conform to
the requirements set forth in Section A of Ihe specifi
calion.

A2.JJ.2 Samples for chemical analysis may be
obtained by using Ihe lesling procedure outlined in
13.3 of Ihe specification.

A2.JJ.3 The tesl assembly for Ihe soundness test,
all-weld-melal tension, and impaci tests may be pre
pared as detailed in Fig. AI. When an eleclrodeclassi
fication permils ils use wilh AC or DC either PCllarity,
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the electrode should be lested on bOlh AC and DCEN
(electrode negative). DCEN only may be used where
eilher polarily of DC is permitted for an electrode
classification. The assembly should be prepared essen
tially in accordance wilh Section 13.4. except that the
pass sequence used should conform wilh that shown in
the. table in Fig. AI as applicable. Test specimens
should be removed as detailed in Fig. AI, and testing
should be performed as outlined in Section D of the
specification. The impact speci.mens should be pre
pared in accordance with Fig. 4. The sub-size tensile
strength specimen for 3/32 and 1/8 in. electrodes may
.be prepared in accordance with Fig. A2. The strength
of 7/32 in. electrodes should be determined using the
standard sized tension specimen of Fig. 3.

A2.JJ.4 The test assembly for the fillet weld test.
Fig. 8. should be prepared as detailed in Table A3.
Preferred test positions of welding and required sizes
of fillct also are shown.

A3. Ventilation During Welding

A3.1 Five major factors govern the quantity offumes
to which welders and welding operators can be
exposed during welding. These are:

.A3.1.1 Dimensions ofthe space in which welding is
done (with special regard to the height of the ceiling).

A3.1.2 Number of welders and welding operators
working in that space.

AJ.J.J Rate of evolution of fumes, gases, or dust,
according to the materials and processes involved.

(



Table A2
Typical amperage ranges

E701S. E7024-1.
mectrode E6010 E6027 E7016. E7018 E7024.
diameter and and and and and
In. mm E6011 E6012 E6013 E6020 E6022 E7027 E7014 E7016-1 E7018-1 E7028 E7048 ...

>
1/16 1.6 {-

20 to 20 to ~40 40 - - - - - - - -

~~5/64 2.0 1 -
2510 2S to
60 60 - - - - - - - -

o~
140 to 3S to 45 to 80 to 6S to 70 to 10010 c·

3/321 2.41
80 85 90 - - - 125 110 100 14S - jJl~

>:l
tel {7S to 80 to 8010 100 to 110 to 12S to 110 to 100 to liS 10 140 to 80 to Zo

1/8 3.2 cz
12S 140 130 ISO 160 18S 160 ISO 16S 190 140 :!Jill

S/32 4.0 {1I0to 11010 lOS to 130 to 140 to 160 to I SO to 140 to ISOto 180 to ISO 10 ~~
170 190 180 190 190 240 210 200 220 2S0 220

~~
3/16 4.8 (140 to 140 to ISO to 17S to 170 to 210 to 200 to 180 to 200 to 230 to 210 to

21S 240 230 2S0 400 300 27S 2SS 27S 30S 270 ~~
7/32 5.6 (170to 200 to 21010 22S to 370 to 2S0 to 260 to 240 to 260 to 27S to ~

2S0 320 300 310 S20 3S0 340 320 340 36S -
~

1/4 6.4 (21010 2S0 to 2S0 to 27S to 300 to 330 to 300 to 31S to 33S 10
320 400 3S0 37S - 420 41S 390 400 430

5/161 8.ca (27S to 300 to 320 to 340 to 37S to 390 to 37S to 37S to 400 to
42S SOO 430 4S0 - 47S SOO 47S 470. S2S

.. Theil di.meten In not manufactured in the £7028 claJsjfication.

!-
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POin.Of

temperature
measurement

r B

All-weld-metal
tension specimen

1992 SECTION II

11-

(

51 Equivalents

Note: All dimensions except angJes are in inches.

~0~ - ~ -weld:L_~ W~d~
SectionAA

Ibl Orientation .nd location of
ImPKt specimen

Soetion BB

leI Loation of 0/' _d m_1
IIInIion specimen

in.

1/16
1/2
1
5

10

mm

1.6
13
25

125
250

(

IT) (R)

Plate thickness Roo. IBI Full weave Split weave

Electrode size min opening Backing thtckness for Pa.... Number

in. mm in. mm in. mm in. mm layer no. Layer no. per layer of layers

3/3201 2.4 1/2 13 1/4 6 1/4 6 b b b b

1/8 3.2 1/2 13 1/4 6 1/4 6 1 3 to lop 2 5 to 7
7/32 5.6 3/' 19 1/2 13 112 13 1 and 2 3 to top 2 6 to 8

a. For the soundness test, the test plate thickness shall be 1/2 in. 16.4 mm).
b. Record pass and lavcr thickness..

Fig. AI - Details oftest assembly for mechanical testing of 3/32 in. (2.4 mm). 1/8 in. (3.2' mm).
and 7/32 in. (5.6 mm) diameter electrodes
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PART C - SPECIACATIONS FOR WELDING RODS.
ELECTRODES. AND AUERMETALS

-------c-------

SFA-5.1

F ;1\I GI

- - - -

."". '-0 /
See Note 2

Dimensions of specimen, in.

Test plate Approximate
thickness 0 G C . 8 F.rni" .,.. sq. in.

112 0.250 • 0.005 1.000 • 0.005 1·114 3IB 0.18 1120

Dimensions of specimen. mm
Test plate Approximate
thickness 0 G C 8 F.mi" _sq.mm

12.7 6.4' 0.13 25.4 '0.13 31.8 9.5 4.6 32

Notes:

1. Dimensions G 'nd C shall be • shown. but ends I11IY be 01 Illy"'- to lit the testing moc:hino holden. long •
the 14Md is axial.

2. The dqmeter of the specimen within the gage length shafl be slightly IINIlier It the center than at the ends. The
difference shill not exceed one percent of the diameter.

3. When the extensometer is required to determined yield strength or other elastic properties. dimensions C md l rM'( be
modified. However. the percent of the eIongItion shall be baed on dimension G.

4. The surface finish within the C dimension shatl be no rougher tNn 63 II- in. 11.6 pml.

Fig. A2 - Sub-size all-weld-meta' tension test specimen dimensions

A3.1.4 The proximity of the welder or welding
operator to the fumes as they issue from the welding .
lone and to the gases and dusts in the space in which he
is working.

A3.loS The yentilation provided to the space in
which the welding is done.

A3.Z American National Standard Z49.1. Safety in
Welding and CUlling (published by the American
Welding Society). discusses the ventilation that is
required during welding and should be referred to for
details. Attention is particularly drawn to Section 8 of
that document. Health Protection and Ventilation.

]1

A4. Description and Intended Use pf
Electrodes

A4.1 E6010 Classllicatlon
A4.1.1 E60IO electrodes are characterized by a

deeply penetrating. forccful. spray type arc and readily
removable. thin. friable slag which may not seem to
completely cover the deposit. Fillet welds are usually
relatively flat in profile and have a rather coarse. un
evenly spaced ripple. The coverings are high in cellu
lose, usually eXceeding30 percent by weight. The other

-""",



Table A3 ...
~Preparation of fillet weld test _mblies .

Pllte, .ize·
~-

AWS
Electrode lize ThJckn... (Tl Width, min Lensthb, min (Ll

Position of
Size of fillet weld

Cassification in. mm in. mm in. mm in. mm welding in. mm

E6010 { 3/32
2.4 1/8 3.2 3 75 10 250 V.lOH 5/32 max 4.0

Ind 1/8 3.2 3/16 4.8 3 75 12 300 V .lOH 3/16 max 4.8

E601l 7/32 5.6 1/2 12.7 3 75 120rl8 300 or 460c H 1/4 min 6.4
5/16 8.0 1/2 12.7 3 75 18 460c H 1/4 min 6.4

B6012 f/l6-5164 1.6·2.0 1/8 3.2 3 75 6 150 V.lOH 1/8 max 3.2

and 3/32 2.4 1/8 3.2 3 75 10 250 V.lOH 1/8 miX 3.2

B6013 1/8 3.2 3/16 4.8 3 75 12 300 V.lOH 3/16 max 4.8
7/32 5.6 1/2 12.7 3 75 120rl8 300 or 460c H 1/4 min 6.4

{ 3/32 2.4 1/8 3.2 3 75 12 300 V.lOH 5/32 mix 4.0
B7014 1/8 3.2 3/16 4.8 3 75 14 360 V.lOH 3/16 miX 4.8

7/32 5.6 3/8 9.5 3 75 120rl8 300 or 460c H 1/4 min 6.4

B7015 { 3/32 2.4 1/8 3.2 3 75 10 250 V.t. OH 5/32 max 4.0 j
and 1/8 3.2 1/4 6.4 3 75 12 395 V'" OH 3/16 max 4.8

i... E7016 7/32 5.6 1/2 12.7 3 75 120rl8 300 or 460c H 1/4 min 6.4...
5/16 8.0 1/2 12.7 3 75 18 460 H 5/16 min 8.0

B7018
e/32

2.4 1/8 3.2 3 . 75 10 or 12 2500r300f V'" OH 3/16 max 4.8

Ind 1/8 3.2 1/4 6.4 3 75 12 300 V.t. OH 1/4 max 6.4 =
E7018-1 7/32 5.6 1/2 12.7 3 75 120r 18 300 or 460c H 1/4 min 6.4

5/16 8.0 1/2 12.7 3 75 18 460 H 5/16 min 8.0

{'/8
3.2 1/4 6.4 3 75 12 300 H 1/8 min 3.2

B6020 7/32 5.6 1/2 12.7 3 75 18 460 H 1/4 min 6.4 .
5/16 8.0 1/2 12.7 3 75 18 • 460 H 5/16 min 8.0

B6027, { 3/32 2.4d 1/4 6.4 3 75 10 250 H 5/32 min 4.0
B7024. 1/8 3.2 1/4 6.4 3 75 12 300 H 5/32 min 6.4
B7027,and 7/32 5.6 1/2 12.7 3 75 18 460 H 1/4 min 6.4
B7028 5/16 8.0e 1/2 12.7 3 75 18 460 H 5/16 min 8.0

B7048 { 1/8 3.2 1/4 6.4 3 75 12 300 OH&.. d 1/4 max 6.4
V-down

•. See FJi. 8.
b. I. tho ....t the ..d of lhe wold depo.it made wilh lhe nnl el.clrod. b c10ler than 4 In. (100 mm) from tho e.d of the tOIl plate, I Ilartlns tab or • I.rpr telt plate

may b. used.
c. Wh"1IIins 14 In. (350 mm) electrode., the mi.lmum le'ath .haD be 121•. (300 mm); wh•• OIIna 181•. (460 mm) oIectrodel, the minimum lensth dtaJI be 16 In.

(406mm).
d. Cus E7024 only.
0. Cuseo E6027 and 1!7024 only.
f. Wh.. IIIins 12 In. (300 mm) "ectrode., the minimum length dtaJI be 10 I•• (250 mm); when IIIins 14 In. (350 mm) o1ectrod.., the minimum I....th dtaJI be U la,

(300mm).

~ ""..""--"-~,,,,,,



PART C - SPECIFICATIONS !UR WELDING RODS.
ELECTRODES. AND F1UER ME:rALS SFA-5.1

materials generally used in the covering include tita
nium dioxide. metallic deoxidizers such as ferroman
ganese. various types of magnesium or aluminum sil
icates. and liquid sodium silicate as a binder. Because
of their covering composition, these eleetrodes are
generally c1assuaed as the high-c:ellulose sodium type.

A".l.1 These elecuodes are recommended for all
position work, particularly on mUltiple pass applica
tions in the vertical and overhead positions and where
welds of radiographic soundness are required.

A".l.3 The majority of applications for these elec
trodes is in joining carbon steel However. they have
been used to advantage on galvanized plate and on
some low alloy steels. Typical applications include
shipbuilding, structures suchas buildings and bridges.
storage tanlcs, piping, and pressure vessel fillings.
Since the applications are so widespread. a discussion
of each is impraetical. Sizes larger than 3/16 iri. (4.8
mm) generally are not used in all positions.

A".l'" These electrodes have been designed for use
with DeEP(eleetrode positive). The maximum amper
age that can generally be used with the larger sizes of
these electrodes is limited in comparison to that for
other classifications due to the high spaller 1051 that
occurs with high amperage.

A...1 £6811 Classlllcadon
A".2.1 E60 II eleetrodes are designed to duplicate

the usability characteristics and mechanical properties
of the E6010 classification using AC. Although also
usable with DCEP (electrode positive). a decrease in
penetration will be noted when compared to the E60I0
eleetrodes. Penetration, arcaetion, slag, and fillet weld
appearanceare similar to thoseoftile E6010 eleetrodes.

A...1.1 The coverings are also high in cellulose and
are classified as the high-cellulose potassium type. In
addition to the other ingredients normally found in
£6010 coverings, small quantities of calcium and po
tassium compounds usually are presenL

A4.1.3 Sizes larger than 3/16 in. (4.8 mm) generally
are not used in all positions. Theamperageand voltage
ranges are identical with those ofthe E6010 electrode.
High amperage results in high spatter loss.

A4.3 £6812 CI"liflatioa
AUI £601 2e1eetrodesarecharaeterized by medium

penetration and dense slag which completely covers
the bead. The coverings are high in titania, usually
exceeding 35 percent by weight, and usually are
referred to as the "titania" or "rutile" type. The cover
ings generally also contain small amounts ofcellulose
and ferromanganese. and various silicious materials
such as feldspar and clay with sodium silicate as a
binder. Also.. small amounts of certain calcium com~

pounds may be used to produce satisfaetory arc char
acteristics on DCEN (electrode negative).

A...3.1 Fillet welds tend to be convex in profile with
a smooth even ripple in the horizontal position. and a
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widely spaced convex ripple in the vertical position
which becomes smootherand more uniform as the size
of the weld is increased. Ordinarily. a larger size fillet
must be made in the vertical and overhead positions
using E6012 electrodes compared to welds with £6010
and £6011 eleetrodes of the same diameter.

AU.3 The £6012 eleetrodes are all-position elec
trodes. However. more of the larger sizes are used in
the Oat and horizontal positions than in tbe vertical
and overhead positions. The Iargersizes oftenare used
for single pass. high-speed. high current. horizontal
fillet welds. Their ease of handling, good fillet weld
profile. and ability to bridge gaps under conditions of
poor fit-up and to withstand high amperages make
them very well suited to this type of work. The elec
trode size used for vertical and overhead welding is
frequently onesize smaller than would be used with an
E6010 or E6011 electrode.

A".3." Weld metal from these eleetrodes isgener
ally lower in ductility and may be higher in yield
stren81h(1 t02 ksi[690to 1380 kPaD than weld metal
from the same size of either the E6010 or E6011
electrodes.
A U013 Classlllcatioa

A l £6013 electrodes, although very similar to
the £6012 electrodes, have distinet differences. Their
slag system promotes better slag removal and a
smoother arc transfer than E6012 electrodes. This is
particularly the case for the small diameters (1/16.
5/64. and 3/32 in. [1.6.2.0. and 2.4 mmD. This permits
satisfactory operation with lower open-circuit AC vol
tage. E6013 electrodes were designed specifically for
light sheet metal work. However. the larger diameters
are used on many of the same applications as E6012
electrodesand providesimilar penetration.Thesmaller
diameters provide less penetration than is obtained
with E6012 electrodes.

A......1CoveringsofE6OI3e1eetrodesconwnrutile.
cellulose. ferromanganese. potauium silicate as a
binder. and other silicious materials. The potassium
compounds permit the electrodes to operate with AC
at low amperages and low open-circuit voltages.

A......3 E6013 electrodes are similar to the E6012
eleetrodes in operatingcharacteristicsand bead appear
ance. The arc action tends to be quieter and the bead
surface smoother with a finer ripple. The operating
characteristics of E6013 electrodes vary slightly from
brand to brand. Some are usually recommended for
sheet metal applications where their ability to weld
satisfactorily in the vertical-down position is an ad
vantage. Others. with a more fluid slag, are used for
horizontal fillet welds and othergeneral purposeweld
ing. These electrodes prodUce a Oat fillet weld rather
than the convex contour characteristic of E6012 elec
trodes. Theyare also suitable for malcing groove welds
because oftheir concave bead and easily removed slag.
In addition, the weld metal is definitely freer of slag
and oxide inclusions than E6012 weld metal and gives
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,l beller radiographic soundness. Welds with the smaller
diameter E6013 electrodes often meet the Grade I
radiographic requirements of this specification.

" ........ E6013 electrodes usually cannot withstand
the high amperages that can be used with E6012 elec
trodes in the flat and horizontal positions. Amperages
in the vertical and overhead positions, however, are
similar to those used with E6012 electrodes.

A4.S E7014 Classification
• A".S.I E7014 electrode coverings are similar to

those of E6012 and E6013 electrodes, but with the
addition of iron powder for obtaining higher deposi
tion rates. The covering thickness and the amount of
iron powder in it are less than for E7024 electrodes (see
A4.12).

A4.S.2 E7014 electrodes are similar to E6013 elec
trodes. except for the addition or iron powder for
obtaining higher deposition rates. The iron powder
also permits the use ofhigher amperages than are used
for E6012 and E6013 electrodes. The amount and
character or the slag permit E7014 electrodes to be
used in all positions.

A4.5.3 The E7014 electrodes are suitable for weld
ing carbon and low alloysteels. Typical weld beads are
smooth with fine ripples. Penetration is approxi_
mately the same as that obtained with E6012 elec
trodes, which is advantageous when welding overgaps
due to poor fit-up. The profile of fillet welds tends to
be f1allo slightly convex. The slag is easy to remove. In
many cases, it removes ilself.

A...6 E701S Clusllication
A".6.1 E7015 electrodes are low hydrogen elec

trodes to be used with DCEP (electrode positive). The
slag is chemically basic.

A".6.2 E7015 electrodes are commonly used for
making small welds on heavy sections, since they are
less susceptible to cracking (see A2.12.3.4). They are
also used for welding high sulphur and enameling
steels. Welds with E7015 electrodes in high sulphur
steels may produce a very tight slag and a very rough
or irregular bead appearance in comparison to welds
with the same electrodes in steels of normal sulphur
levels.

A4.6.3 The arc of E7015 electrodes is moderately
penelrating. The slag is heavy, friable, and easy 10
remove. The weld beads are convex, although fillet
welds may be flat.

A".6." E70lS electrodes are used in all positions
through the 5/32 in. (4.0 mm) size. Larger electrodes
are used for groove welds in the flat position and fillet
welds in the horizontal and flat positions.

A4.6.5 Amperages for E7015 electrodes are higher
than those used with E6010 electrodes of the same
diameter. The shortest possible arc should be main
tained for best results with E7015 electrodes. This
reduces the risk of porosity. The necessity for preheat
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is reduced; therefore, better welding conditionS are
provided.

"".7 E7016 ClauUleation
A...7.1 E7016electrodes have all thecharaeteristics

ofE70IS electrodes. plus the ability to operate on AC.
The core wire and coverings are verysimilar to those of
E70 IS. except for tlie use ofa potassium silicate binder
or other potassium salts in the coverings to facilitate
their use with AC. Most ofthe precedingdiscussion on
E70 I5 electrodes applies equally well to the E7016
electrodes. The discussion in A2.12.3.4 also applies.

A...7.2 Electrodes identified as E7016-1 have the
same usability and design characteristics as E7016
electrodes except that the manganese content is set at
the high end ofthe range. They are intended for use in
situations requiring a lower transition temperature
than is normally available from E7016 electrodes when
used out-of-position or with high heat input.

A...g E7018 Classification
A".8.1 E7011 electrode coverings are similar to

E70lS coverings. except for the addition of a high
percentage of iron powder. The coverings on these
electrodes are slightly thicker than those of the E701 5
and E7016 electrodes: The iron powder in the cover
ings usually amounts to between 25 and 40 percent of
the coverinl weight.
. A4.8.2 E701810w hydrogen electrodes can be used
with either AC or DeEP. They are designed for the
same appiications as the E701 5 electrodes. As is com
mon with all low hydrogen electrodes, a short arc
should be maintained at aU times.

A4.1.3ln addition to their use on carbon steel, the
E7011 electrodes are also used for dissimilar joints
involving hilh-strength, high carbon, or alloy steels
(see also A2.I2.3.4). The fillet welds made in the hori
zontal and flat positions are slightly convex in profile.
with a smooth and finely rippled surface. The elec
trodes are characterized by a smooth, quiet arc. very
low spaller, and adequate penetration. E 7011· elec
trodes can be used at high travel speeds.

A4.8.4 Electrodes identified as E7018-1 have the
same usability and design cha.racteristics as E7011
electrodes, except that the manganese content is set at
the high end of the range. They are intended for use in
situations requiring a lower transition temperature
than is normally available from E7018 electrodes when
used out or position or with high-heat input.

A4.9 E7048 Classification. Electrodes of the E7041
classification have the same usability, composition,
and design characteristics as E7018 electrodes. except
that E7048 electrodes are specifically designed for
exceptionally good vertical-down welding (see Table
I).

(

(
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AU0 £6010 CluslficatJon
A4.IO.1 E6020 electrodes have a high iron oxide

covering. They produce flat or slightly concave. hori
zontal fillet aod groove welds with either AC or DCEN
(electrode negative). They are characterized by a spray
type are and a heavy slag. well honeycombed on the
underside. which completely covers the deposit and
can be readily removed.

A4.10.1 Medium penetration will be obtained with
normal amperages. However, these electrodes are
capable of operating at high amperages and in that
case will penetrate deeply. The E6020 electrodes are
generally considered better than all other classifica
tions for deep penetration fillet welds.

A4.IU E6020 electrodes contain manganese com
pounds and silica in their covering. along with large
amounts of iron oxide and sufficient deoxidizers. The
slag coverage is so extensive and the slag-metal reac
tion ofsuch a nature that the electrodes do not nor
mally depend on gaseous protection.

A4.10.4 Fillet welds tend to have a nat or concave
profile and a smooth,_ even ripple. In many cases, the
surface of the deposit is dimpled. The more restricted
the opening in which the metal is deposited, the greater
the tendency toward the dimples. Dimples are to be
expected in practically all cases on the first few passes
of deep groove welds. This tendency decreases as the
weld nears completion. The use of AC tends to pro
mote dimpling. No undesirable mechanical or physical
defects are associated with these dimples.

A4.10.s E6020 electrodes are recommended for
horizontal fillet and nat groove welds where radio
graphic soundness is important. Radiographic quality
welds can be obtained even with high deposition rates
in heavy plate. These electrodes are not usually used
on thin sections because of the higher amperages that
are generally used.

A4.10.6 Amperages nearer the lower end of the
indicated range should be used if undercuuing is to be
held to a minimum in horizontal fillet welds. The
higher currents are used for the deep penetration fillet
welds.

A4.10.7 Applications include pressure vessels. heavy
machine bases, and structural parts.

A4.11 E6011 Classification
A4.1I.1 Electrodes of the E6022 classification are

recommended for single pass, high-speed, high cur
rent, nat groove and horizontal lap, and fillet welds in
sheet metal.

A4.1I.1 The weld bead profile tends to be more
convex and less uniform, especially since the welding
speeds are higher.

A4.11 £7014 Classification
A4.11.1 E7024 electrode coverings contain large

amounts of iron powder in combination with ingre
dients similar to those used in E6012 and E6013 elec
trodes. The coverings on E7024 electrodes are very
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heavy and usually amount to about SO percent of the
weight of the electrode.

A4.11.1 The E7024 electrodes are well suited for
malting fillet welds. The welds are slightly convex to
nat in profile. with a very smooth surface and an
extremely fine ripple. These electrodes are character
ized by a smooth, quiet arc:. very low spalter, and low
penetration. They can be used with high travel speeds.

A4.11.3 Electrodes identified as E7024-1 have the
same general usability characteristics as E7024 elec
trodes. They are intended for use in situations requir
ing greater ductility and a lower transition tempera
ture than normally is available from E7024 electrodes.

A4.11.4 Electrodes of these classifications can be
operated on AC or DC, either polarity.

AU3 £6017 Classification
A4.13.1 E6027 electrode coverings contain large

amounts of iron powder in combination with ingre
dients similar to those found in E6020 electrodes. The
coverings on E6027 electrodes are also very heavy and
usually amount to about SO percent of the weight of
the electrode.

A4.13.1 The E6027 electrodes are designed for fillet
or groove welds in the nat position with AC or DC,
either polarity, and will produce nat or slightly con
cave horizontal fillets with either AC or DCEN.

A4.13.3 E6027 electrodes have a spray-type arc.
They will operate at high travel speeds. Penetration is
medium. Spauer loss is very low. E6027 electrodes
produce a heavy slag which is honeycombed on the
underside. The slag is friable and easy to remove.

A4.13.4 Welds produced with E6027 electrodes
have a nat to slightly concave profile with a smooth,
fine, even ripple, and good wash up the sides of the
joint. The weld metal may be slightly inferior in radio
graphic soundness to Ihat from E6020 electrodes.
High amperages can be used, since a considerable
portion of the electrical energy passing through the
electrode is used 10 melt Ihe covering and the iron
powder it contains. These electrodes are well suited for
fairly heavy sections.

A4.14 E7017 Classification. E7027 electrodes have the
same usabilily and design characteristics as E6027
electrodes. except they are intended for use in situa
tions requiring slightly higher lensile and yield strengths
than are obtained with E6027 electrodes. They must
also meet chemical composition requirements (see
Table 2). In other respects, all previous discussions for
E6027 electrodes also apply to E7027 electrodes.

A4.15 E7018 Classification. E7028 electrodes are very
much like Ihe E7018 electrodes. They direer as follows:

A4.15.1 The slag syslem of E7028 electrode is sim
ilar to that of E70l6 electrodes, rather than E7018
electrodes.

A4.15.1 E7028 electrodes are suitable for hori
zontal fillet and nat groove welding only, whereas
E7018 electrodes are suitable fot all positions.
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·.1 A••1S.3 The E7028 electrode coverings are much
thicker. They make up approximately SO percent or
the weight orthe electrodes. The iron content orE7028
electrodes is higher (approximately SO percent or the
weight or the coverings). Consequently, on horizontal
fillet and nat position groove welds, E7028 electrodes
give a higher deposition rate than the E7018 electrodes
for· any given size of electrode.

AS, Modification of Moisture Test
Apparatus

AS.I Some laboratories have modified test apparatus
for determining the moisture content ofelectrodecov·
erings. The following are some of the modifications
which have been successfully used:

AS.I.I This specification recommend.s Ihat only
nickel boats be used rather than clay boats because
lower blank values can be obtained. Somelaboratories
use zirconium silicate combustion tubes in preference
to fused silica or mullite because zirconium silicate will
not devitrify or allow Ihe escape of combustible gases

36

at te.mperatures up to 2500· F (1370· C). Some conn.
bustion tubes are reduced at the exit end and a sepa f.

ate dust trap is used. This dust trap consists of a 200
mm drying tube filled with glass wool which is insened
between the Schwanz absorption bulb and the conn
bustion tUbe. A suitable 300· F (149· C) hcater is
mounted around the dust trap to keep the evolved
water from condensing in the trap. The dust trap is
filled with glass wool which can be easily inspected ~o
determine when the glass wool should be replaced.

AS.I.2 On the ingoing side orthe combustion tube,
a pusher rod can be used consistin8 of a 1/8 in. (3.2
mm) stainlesssteel rod mounted in a 1/4 in. (6.4 mm)
copper tee filling. This is used at the entrance of the
combustioh tube and permits gradual introduction of
the sample into the tube while oxygen is passing over
the sample. In Ihis way, any free moisture will not be
lost. which can happen if the sample is introduced
directly into the hOI zone before closing the end of the
tube.

(

(



Through a better understanding of transfer modes,
performance characteristics of covered electrodes can be improved

Analysis of Metal Transfer in Shielded
Metal Arc Welding
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processes is important for welding control
and process automation. as well as in the
development of improved welding con
sumables.

Based on the transfer characteristics of
individual metal droplets. the Inter~tional

Institute of Welding (IIW) (Ref. 1) pro
posed to classify metal transfer modes in
three major groups: 1) free ffight; 2)
bridging; and 3) sl~g-protected transfer. In
free flight transfer. molten metal droplets
detach from the tip of the welding elec
trode and Iravel across the arc length.
Bridging transfer. on the other hand. is
characterized by momentary contacts of
the electrode with the weld pool. During
the short-circuiting cycle. the electrode tip
is melted by ohmic heating and trans·
ferred into the molten pool. In SMA and

Me'~1 Transfer Mode aassific~'ion

Since the discovery of arc welding at
the begiMing of this century, metal trans·
fer has been a topic of research interest.
In fact. metal transfer can be related to
weld qua~ty bec.ause it affecls the arc sta
bi~ty. It also delermines weld spaller,
weld penetr~tion. deposilion rate and
welding posnion. Thus. the knowledge of
how metal transfer affects Ihe arc welding

with intermediate characteristic diameter.
The droplels from E7018 gr~de electrodes
showed more slag covering than Ihose
coRecled from theOlherelectrodes. which
c~nbe related to the higher volume of slag
md the thicker ~ting on the electrodes.
This is also the re~son why the core wire
diameter showed the strongest influence
on metal tr~nsfer in E7018 gr~de elec
trodes. FlnaUy, polarity has the strongest
effect on droplet diameter in E6011 elec
trode. while wekf,"g current affected
E6013 electrode the most
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5.fo Pdlio, lIrazi. 5. W is with the Center for
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Paper presented at the 72nd Aonnud1 AoH(5
-.,. held A.pri 14-19. 1991. in Detroit.
Mich.

BY S. BRANDI, C. TANIGUCHI AND S. UU

ABSTRACT. In this work, a conventional
rectifter·type power source was used
wilh an aulomalic covered electrode
feeder 10 investigate met~1 Ir~nsfer in
shielded metal arc (SMA) welding with
commercW AWS E6011. E6013 ~nd E7018
gr~de electrodes. The arc w~s est~blished

between the electrode ~nd a rOl~ling

copper disk. The individu~1 metal droplers
transferred across the arc were co8ected
in water md then processed using st~n

dard mineral dressing techniques to reo
move Ihe slag coverings ~nd to determine
the droplet size and size distribution. The
tips of the electrodes used in the experi
ments were examined metallographicaDy
for internal defects such ~s gas bubbles
~nd evidence of ~quid metal flow. Exper·
iments were conducted foUowing ~ 2'
factorial matrix and Yates's anatysrs was
carried out 10 determine the effects of
electrode c~ling, electrode di~meter,

welding curren!. welding position, ~nd

polarity on metal transfer.
The three major Iypes of transfer iden

tified were explosive Iransfer. short-cir
cuiting transfer. and sl~g1luided Ir~nsfer.

In all three electrodes. the size distribu
tions of the metal dropielS collected were
found 10 be llOlU1iform, with unusuaIy
high spauer-size droplets, SUpporling lhe
exploslve tr~nsfer conclusion. However.
E6013 gr_ electrodes produced drop-
lets wiIh comparably more uniform size
dislribulion (IMn the olher electrodes)
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Table 1-IIW CJmiIiClllon of Metal Trans/er in Ale WeIdin& (Rei, 1)

'<I' OCEP - direct current ftKlrode posilr.~; DaN - riirecr curren! ~1rodenq.llW.
fbi (SCI-limite'd shon-cll'cuilinS IrlnSf«; SC - shorl..-:irC\liting lrM'lSfet; E -exp!owe Ir.nSlet
Ie) S-surf«e l~lOn;V-v~ p'f'Swoe: G-ps ellp.an~ fon:e

(

(

S,V.G
S.V.G
S.V.G

Forces
Presentle)

Droplet
Size

SmaU
Medium
large

low current GMA
CO, shiekfed GMA

Transfer Characteristics

Welding Processes (Examoples)

SAW
SMA. Cored-wire. EleclroslCiS

Intermediate-current GMA
MediLm'"Current Q.AA
High-current GMA
SMA (Coated electrodes)

Short-arc GMA
Welding with fdler wire addition

Typelb)

(SCH
(SC)-E
SC-£

Techniques in Observing Metal
Transfer

a liquid metal droplet can be induced by
the Marangoni effect (Refs. 31. 33, 34).
Sharp surface tension gradients in the
molten electrode tip may result from
temperature gradient, composition differ~

ence, for example. of surface active ele
ments (Refs. 31, 33-35), and surface dis
tribution of electric charges (Refs. 4, 36.
37). In recent years, most of the research
work has been directed toward gas melal
arc (GMA) welding instead of SMAW. The
presence of a slag covering complicates
Significantly the investigation of meta!
transfer in covered electrode welding.

Metal transfer can be observed by
direct and indirect methods. Examples of
direct techniques are photography (Ref.
21), high-speed cinematography (Refs.
7,23.3B-43), high-speed video (Refs. 44
46). deposition on a metal plate (Refs. B.
47-50), deposition wilh double electrodes
(Ref. 51). and deposition againsla carbon
electrode (Ref. 52). The frst three melh
ods examine the in-flight conditions of
metal droplets and the latter ones analyze
the physical evidence of metal transfer.
that is. the metal droplets collected in the
experiments. Indirect techniques rely ba
sically on the variations of arc current and
voltage with the Iransfer of each metal
drople!. The arc signals are recorded, in
the form of oscillograms (Refs. 27, 38, 41,
43,49,53,54), and analyzed to determine

Shielding
Gas

CO2 type

Drop
Repelled

Projected
Streaming
Rotating

Low

Current
Density

Process Variables

DCEP
DaN

Polarjt0~1

Electrode
Core

Table 2-Forces Thol Ad on SMA Welding (Ref. 2)

Acid coating
Rutile coating
Basic coating

$!ag-protected transfer
Flux-wall guided
Other modes

short-circuiting. Becken (Refs. 27, 2B) fur
ther discussed the interaction of surface
tension forces hsli8 and "Y~I.aI) with the
cathode spot pressure, both responsible
for droplet transfer; Besides. there is also
evidence of liquid metal flow inside the
molten electrode tip (Refs. 2. S. 7, 9. 27,
29-32), which affect the metal transfer
behavior. The hydrodynamic instability of

Designation of Transfer Type

Free flight transfer
Oobular

Bridging transfer
Short-circuiting
Bridging without interruption

Explosive

Spray

Molten
Slog

Molten
Electrode
Tip

tubmerged arc (SA) welding. where metar
droplets are commonly covered by a
layer of molten slag. s1ag-prolected Irans'
Itt can predominate. Table 1 shows lhe
delaHed classiflcalion of metal Iransfer
modes.

Models of Melal Transfer

In each melallransfer mode. Ihere is a
group of forces that acl on the arc (Refs.
2-26) and provide Ihe characterislics of
the lransfer. The major ones include grav·
Rational force, surface tension. eleclro
magnetic force. plasma jet force and va~

par pressure. Gas.generating chemical re~
actions may also occur in the metal
droplelS leading to porosity formation and
pressure buildup in Ihe droplels. The
resulting force is known as the gas expan
sian force. These forces are schematically
iilustrated in Fig. 1. Depending on the bal
ance of these forces, the mode of trans
fer, size of droplets, rate of transfer,
amount of spatter, etc.. may be different.
Table 2 shows Ihe predominating forces
Ihat act on metal transfer in 5MA welding.

Several models were proposed to ex
plain metal transfer in bare electrode and
covered electrode welding. Conrady(Ref.
17) proposed thaI welding with a bare
electrode using straight polarity and in an
overhead position, metal transfer was
promoted by Ihe cathode spot. The pres
sure of the cathode spot would cause the
surface of the droplet to oscillate and
eventually transfer by short·circuiting. lar·
son (Ref. 21) extended Conrady's model
to include Ihe effect of a gas bubble inside
the molten electrode tip. As the bubble
expanded. transfer of the droplet would
occur by explosion of the droplet or

•ii
E•).
~
••2 Fig. 1-Schematic
:-. drawing of a molten
i electrode tip
.. illustrating the
C different forces

1: involved in metal
droplet transfer

.;} during welding. L- ---.J

{¥"
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F/fl. 1-Wekfng equf>ment seI'f' sho.mg the 5.\« electrode MId the roro/iw _ disk.

Table 3-Comp._ of I"" Different Tedlniques lhed in Observinc Mel" Droplet T,....,..

()iQdvmtllges

Complex experiment.. -.p
Short sampling line
Imprecise droplet size

me.surement
Incopable of dislinglJislq drople.

'rom slag covering
Shor. sampling tine
Imprecise droplet size

measurement
Incapable of cislinlluislq drople.

from slog covering
Indirect observation ond

c:orrelotion
Transfer event citrocult to

characterize
Inc.pable of droplet size ond

shope determination
Inc.pable of dislin~drople.

from slog covering
SimUated weking
Droplet may coalesce or fracture

at contact with chiD

SimuIoted welding
AC welding
Electrodes covered by slog
SimUaled welding
Oxid.Jtion of the c.mon electrode

causing changes in arc
atmosphere

Direct observation of droplet
transfer

Simple expeci,,,,,... setup
Good optical r~Uion

Simple experiment.. setup
large samplinll pos5ible

Advonta&es

Direct observ.tion of droplet
transfer

Medium-t01l00d optic" resolulion

DirK' observ••ion of drople.
transfer

Simple experimen.al 5'!tUp
PhysiaII evidence of individual

droplets
Large sampling possible
Copable of quan.ilying metal

transier
Copable of cislinguishing droplets

from slag covemg
Direct observation of droplet

transfer
Simple experimental setup
Direct observ.tion of droplet
tr~fer

Simple experimental setup

Photography

Oxrenl and voltage
oscillogram

Depositm on melal
plates

Double electrode

urban electrode

the transfer behavior. Allempts have also
been made to use acoustic signals 10
monitor rnetallransfer (Refs. 55. 56).

Table 1 compares the c:ifferent lech·
niques used in observing rnetaltransfer in
SMA welding. Each method has ~s own
advanlages and shortcomings. Direct 0b
servations. however. are generany pre'
ferred. Despite the fa~-to-good optical
resolution lhat can be obtained by pho.
tography, high-speed cinematography
and high-speed video. the lime of each
sampling (period of active arc observa
tion) is generaly limited to a few seconds
or less. thus requiring a large number of
samples for statistical signiflCance.lnd~ect
methods are generaly conducted as weld
simulations that do not aetuaUy corre'
spond to a real welding situation. There
fore. it is not unusual to conibine several
0; the direct and indirect techniques to
characterize the predominating metal
transter mode in a welding process.

Objectives of this Research

The main objective 01 this work was to
characterize metal transfer in SMA weld
ing by studying the metal droplets col
lected during welding. The effect of weld
inl; pmcess parameters (current. polarity
and ,lOSition) and electrode conditions
(composition and diameter) on the size of
the droplels transferred and the amount
of spatter were investigated. It ts antici
pated that: 1) the methodology estab
lished in this research can be used to eval
uate the performance of commercial and
experimental electrodes: and 2) the knowl
edge gained in this study can be used to
improve shielded metal arc welding pro-'
cess control ~h smooth metal droplet
transier and minirm.m spatter.

Experimental Procedure

A rectifoer-type power supply and an
automated SMA welding system (Ref. 57)
were used to perform the welding exper
ments ~h commercial AWS E6011.
E60ll. and E7018 grade covered elec
trodes. The deposition was made against
a rotating copper cfosk as shown in Fig. 2.
The metal droplets were ejected by the
spinning disk into cold water. The rotation
speed of the copper disk was fIXed at 890
rpm because at that speed. no metal
droplet was observed to coalesce or
fragment (Ref. 57) during contact with the
disk. After the transferred droplets were
dried. the slag coverings were separated
by hand crushing with a mortar and pes
tle. The metal droplets were then mag
netically separated from the slag particles.
The samples acquired using a spUner were
classified accorc:ing to size following stan
dard paniculate processing techniques
(ASTM Standard 8-215). U.S. sieve series
(ASTM) number 5. 7. 10. 14. 18.20 and ]5.

I
I
I

I
I
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(,) DClP- d1r«e CUJnnI Mc=trocIe po1IIJVe': DCEN - drKt
ClIl'enI dKlfOdIo MIo'1Ne.

Tmle 4-R.Jnge of the VllUbles Chosen for
lhe Study (Ref. 57)

carl be used to determine the character
istic diameter (Del of the droplets.

In Equation 2. N; is the number of droplets
and V, is the total volume of droplets col
lected in each sieve.

I
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Mean Apparent Density Mean apparent porosity

USA Sieve Series
(glCm') (%)

Number E6011 E6013 E7018 E6011 E6013 E7018

5 2.98 z 0.27 3.84 z 0.22 62.09 5U5
7 5.73 z 0.76 4.33 z 0.39 4.83 z 0.32 27.10 44.91 38.55

10 6.75 z 0.40 6.04 z 0.32 6.49 z 0.29 14.12 23.16 17.43
14 7.32 Z 0.13 7.27 z 0.27 7.29 z 0.15 6.87 7.51 7.25
18 7.45 z 0.28 7.47 z 0.22 7.48 z 0.20 5.22 4.96 4.83

estimated effects. a minus sign means that
Tobie 5-1' Focloriol Deslsn Mil"" Used tothe experiment aeereases the characteris-

tic diameterof the droplets. and a plus sign
Study Iho lnfIuenco 0/ Welcling Process

increases the diameter. The effects of the
Voriobles on Me'" Transfer (Rof. 57)

different process parameters will be fur- Experi-
ther discussed in a later section. ment Electrode Welding Weld,

Desig' Diameter Current ing PoIar-
Amount o/Spolter nation (mm) (A) Position ily

As indicated earlier. weld spatter is re- ·A- -B- -c. -0-
Iated to the stability of the welcong arc and 1 4 150 fl" +lbl

metal transfer. Experimental observations A 5 150 F +
showed that these fine metal droplets 8 4 200 F +
were between 500 "'" (+20 mesh) and

AS 5 200 F +
C 4 150 HI" +212 "",(-70mesh)in size. Therefore,the AC 5 150 H +total number of droplets within the above BC 4 200 H +

size range. assumed to be the total amount ABC 5 200 H +
of spatter, were counted and reported in 0 4 150 F _'bI
Table 8. Of the three eleetrocles, welding AD 5 150 F
with E6013 grade eleetrocles resulted in BO 4 200 F
the srnalest amount of spatter. indepen- ABO 5 200 f

dent of the welding conditions - <Ig. 5. CD 4 150 H

The effects of welding parameters on
ACD 5 150 H
BeD 4 200 H

spatter will be discussed in the section on ABCD 5 200 H
analysis of variance (ANaVA) results.

I.) F-fl.t; H-nonit.al.
IOJ + OCEP; - DaN

Tobie 6-M.an App.arenl Densily (glern') and Mean Apparent Porosity (%) as a Function 0/
Boetrode Coaling and USA Sieve Series (Ref. 671

Tmte 7-Summuy 01 the Analysis 01 VArianee Results of the Char<ideristic DWneters of the
Droplets (Ref. 57)

Mean Characteristic
Diameter (mm) Estimated Fo Estimated Effects111

Experiment E6011 E6013 E7018 E6011 E6013 E7018 E6011 E6013 E7018

1 2.15 2.48 2.85 1.82 2.18 2.97
A 2.05 2.59 3.34 7.02 10.62 177.95 0.1100' 0.1294" 0.5984'
B 1.85 2.01 2.37 10.97 73.09 23.98 -0.1375" -0.3394' -0.2197'
A8 1.92 2.01 3.37 1.76 1.88 1.05
C 1.84 2.18 2.12 <1 2.53 14.73 -0.1722"
AC 2.29 2.55 3.21 8.80 6.27 13.17 0.1231' 0.0994" 0.1628"
BC 1.89 1.84 2.42 1.14 4.79 5.91 -O.1091d
ABC 1.86 2.26 2.92 4.01 <1 18.23 -0.1916'
0 1.59 2.00 3.08 60.81 8.67 41.71 -0.3238' -0.1169' 0.2397'
AD 1.60 2.04 3.17 <1 5.65 15.27 -0.1753"
8D 1.65 2.06 3.06 2.55 4.00 6.11 -0.1109"
ABO 1.60 2.02 3.21 <1 1.18 <1
CD 1.65 2.38 2.98 2.13 9.82 10.13 0.1244' 0.1428'
ACD 1.94 2.60 3.89 <1 3.05 9.61 0.1391'
BCD 1.51 1.99 2.49 1.96 23.67 25.79 -0.1931' -0.2278'
ABeD 1.73 1.90 3.04 3.77 1.55 3.67

(1) Leve15 01 sip'l1ic:¥lCe: •• D.'''': b .. O.S,,; C. 1.0%; d • 2.5,..

(2)

(3)

The characteristic volume (VJ of the drop
lets for each experiment. as defined in the
following equation (Refs. 40. 41).

IN;V,'
VC - INNi

(
3V)1\

Dc = 4if

R.lnge of Study

Main Variables Low level High level

Electrode diameter 4mm 5mm
(A)
Wekfing current 150 A 200 A
(8)
Welding position Aal Nonflat
(C)
PoIority DeEP'" DeEN")
(D)

A summary of the characteristic diame
ters of the droplets collected are given in
Table 7 (Ref. 57). The Fo values and the
estimated effects were obtained using
Vates's algorithm (Refs. 58-62). Of the
three consumables investigated. welding
with E6011 grade electrodes resulted in
the smallest droplets. while E7018 grade
electrodes produced the largest. indepen
dent of the welding parameters. Addition·
aUy. the present findings compared very
favorably with the literature data. For the
welds made in Experiment 1. that is.
welding at 150 A with 4-mm-diameter
electrodes. using reversed polarity and in
a flat position. the mean characteristic di
ameter of the droplets from the £6011
grade electrodes was 1.82 mm, slightly
larger than the 1.73 mm reported by Wy
ant, et a/. (Ref. 63). In the case of E6013
and E7018 grade electrodes. the results of
2.18 and 2.97 mm were well within the
ranges reported in the iteralUre of 1.24 to
2.35 nm and 2.0 to 3.0 mm, respectively
(Refs. 9, 40, 41, 64. 65). In the column of

droplets retained in each sieve (n). the av
erage diameter (0) of the droplets in each
sieve was determined using the equation
pelow.

0= [:,~r (1)
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Table 8-5ummMY 0I1Ile Analysis 01 Vorian<e R_ oIlhe AmcMiiI. 01 SpoRer (Ref. 57)

FIB. 6-St:hematicdr~wing _ photorrMcrograph of lhe lip of~n electrode showinB the ore barrel
_ int«NI8~' porosity.

(

(1Electrodo Type

E6011 E601J E7018

Electrode 4.0 1.63 ± 1.79 ± 2.17 ±
diam- 0.08 0.18 0.29
otef
(mm)

5.0 1.64± 2.08 ± 2.98±
0.19 0.16 0.15

Welding 150 1.70 ::t 1.82 ± 2.44±
cur- 0.12 0.14 0.40
rent
(A)

Table 9-Surnmvy oIlhe Measureme.. 01
era'er Depths altho 1lp 0/ the Electrodet
(Ref. S7)

Flux CO.J.ling Cup (Arc B,arrel) ,at the
Electrode Tip

At the end 01 each welding experiment.
the tip of the electrode was also examined
to determine the presence of porosity in
the undetached molten metal droplet and
the cup of flux coating (arc barrel) formed
at the tip of the electrode during welding.
as shown in Fig. 6. To avoid breakage of
the cup, the electrode tip was first filled
with adhesive and mounted in resin. Care
ful sectioning af the electrode tip along a
diametrarplane and 6ght grinding revealed
the features described above. The depth
of the cups were measured using an op
tical prof~ometer. A schematic profile of
the tip of a SMA electrode is also shown
in Fig. 6. Table 9 shows the average cup
depths for the three electrodes investi
gated. As expected, basic electrodes such
as E7018 showed the deepest cup. This
can be related to the chemical composi
tion and viscosity of the flux coating and
the thickness of the coatings. It is also im~

portant to notice the presence of a large
internal porosity in the metal droplet in Fig.
6. This seems to support Larson's model of
gas expansion leading to metal droplet
transfer.

An,alysis of V,ariance (ANOVA) Resulls

Table 10 summarizes the results of the
ANOVA calculations of the characteristic
diameters and the amount of spatter.
Based on the ranking in Table 10, only the
first five most important results will be
discussed in this paper. These are exper
iments D, B, A. AC, and BCD. In Table 10,
t indicates an Increase and I a decrease
of the effect when compared to the

l

Estimated Effects'"

E6011 E6013 E701B

2189 1068 1080
-778.25' -252.10"

306.34' 357.53'

188.84"

1110.59' 283.96"

200 1.59 ± 1.9-' ± 2.68±
-328.29' -188.79" 0.06 0.18 0.36
-282.85· Welding Flat 1.53 ± 1.68 ± 2.52 ±

posi· 0.05 0.23 0.42
-241.85" lion

Non· 1.70~ 2.03 ± 2.5O±
flat 0.13 0.36 0.45

Polar- DCRP 1.73 ± 1.9] :t 2.60±
ity 0.18 0.25 0.32

DCSP 1.S9± 1.96 ± 2.66 :r
0.08 0.37 0.38

T
1

B

OLJ-L....L...1.-.L...JLJ-L....L...1.-.L-LJ-L....L..J-.J
1 A BABCACBC DAOBO CO BCD

ABC ABO ACO ABCO

Experiment Designation

• E6011
3500 V E6013... El01B

3000

2500

2000

1500

1000

500

~

Ul
~

'"a.e
o-o
~

'".L:>
E
:J

Z
~

~

'"~~o
Fig. 5 - The ",mount of a.

spJuer generdled by tn

Nm ~~~t~~t::~ g
Indep<'fldenl of Ihe ::::;;
welding conditions.

£60 II electrodes
produced consistenlly
the Idrgest amount of

spdtter.

MHnSpouer
(Number of Droplets) Estimated Fa..

Experiment E6011 E6013 E7018 E6011 E6013 E7018

1 1886 576 1170
A 1052 504 1288 56.20 2.59 12.30
B 1780 1010 1424 8.70 23.13 <1
AB 1119 962 688 <1 <1 <1
C 1976 1016 1149 <1 3.39 <1
AC 1276 684 783 5.79 <1 <1
BC 2324 1503 1310 <1 <1 6.90
ABC 1661 1152 1013 <1 2.31 <1
0 2654 1191 1508 114.28 14.59 <1
AD • 2638 940 883 <1 1.20 <1
BD 3453 1338 869 1.63 1.97 <1
ABO 2847 1474 873 1.71 <1 3.22
CD 3021 993 981 9.99 6.45 <1
ACD 1789 1209 1115 7.41 1.16 <1
BCD 3538 1394 1234 1.55 <1 <1
A8CD 2018 1139 986 <1 1.88 11.32

(11 ~eli oj ~gniflUnc~: .lI • 0.1"" b. OS'..; c- ur..; d - 2.S.....

4000
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results of Experiment 1. The number be
lween brackels indIcates lhe relative or-

c! der of significance of lhe experiment;
smaUer numbers represent tests more
heavily influenced by the specific wekflng
condilions. Note lhat the order of signifi
cance for each one oflhe three lypes of
electrode coating is nol necessanly lhe
same.

Polority Effect (Experimenl 0)

In lhe case of E6011 and E6013 grade
electrodes. a change in polarity, from
j!lectrode positive (reverse) to electrode
negalive (straight), caused a decrease in
the charaaeristic diameler of lhe metal
droplels and an inaease in lhe amount of
spaller. This can be related 10 the surface
temperalure of the metal droplets (Refs.

2,66-73). Figure 7 shows the difference in
droplel surface temperalure dislribution
under electrodP. posilive and electrode
negative polarity condilions. Temperature
gradient in the mollen eleclrode tip is
known to give rise to olher temperature
sensitive forces and promote gas circula
tion and metal flow in the molten elec
trode tip, as illustrated in Fig. a. Addition
ally, surface charge olSlribution can also
change surface tension and aller the roquid
metal flow pallern. Wrth aU these effects,
a large number of the metal droplels ex
plode before short-circuiting occurs.
which reduces the characteristic diameter
of lhe droplets and increases spaller.

In E701a grade elearodes. lhe charac
leristic diameler of the droplels increased
when welded at eleclrode negalive p0
IarIty. The presence of fluorides in the flux

coating might have been lhe cause of this
opposite behavior. Firsl of al.fkJoride MS
have been reported 10 make the electron
emission process more diffKUlt (Refs. 14,
53. 54). AddilionaDy, because of their
smaUsize(r,- = 1.36A),l1uoIideionshave
high mobifity and tend to migrale toward
the anode. They reaa with the layer of
posilive charges there and reduce lhe
calhode Spol size. This is schematically~

Iustrated in F'1!. 9. The combination of
these effects causes the droplets to ex
plode after transfer. resulting in larger
characteristic diameters. Furthermore. the
viscosity of the molten metal also played
a complex role in lhe lransfer, because It
can be related to the deoxidizers present
in the eleclrode coaling or elearochemi
cal reaaions that occur al the elearode
tip prior to transfer.

Tobie 1O-SUmmary oIlhe Results Ob_ in This Invesligalion

Significant Characteristic Amount of Characteristic Amount of
Experimerlls Diamet(>f Spatter Diameter Spaller

0 I III" I (I) I (5) t (2)
B I (2) I (4) I (1) t (1)
AC t (3) - I (6)
A I (4) I (2) I (3)
CD I (3) I (4) I (3)
ACD I (5) -
BCD I (2)
AD
C
BD
BC
ABC
ABeD

E6011
Electrode Type

E6013 E7018

Characteristic Amount of
Diameter Spaner

I (2)
I (4)
I (8)
1(1) 1(1)
t (9)
t (10)
I (3)
I (6)
I (7)
I (11)
I (12) f (3)
I (5)

I (2)

Current Effect (Experimenl B)

The increase from 150 to 200 A in
welding current caused a decrease in the
characterislic diameter of lhe droplels for
aU three types of elearodes. The amount
ofspaller observed for E6011 and E6013
grade eleclrodes. however, increased.
This is reasonable because metal vapor
pressure, droplet temperature, and &quid
circulation velocily in the droplel at in
creased with increasing welding Current.
The interaction of these forces. as illus
trated in Fig. 10. would generate com
pressive forces and cause the droplets to
explode at the moment of short-c~cuiling.

,..
!

Fig. 8 - Gu circuldfion .md metal flow in the
molten electrode lip set up by temperature
sensitive forces fmdtemperdturegradknt in lhe
metal droplet.
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_ OWnelet Effect (bperiment A)

A IMBer diameter core wire .tso re
sulted In an increase in the charaeterislic
damtter of the droplets for aft lIvee types
of """'odes. and a decrease in the
amount of spatter for E6011 and E7018
electrodes. At a constant welding current.
the currenl density and droplet tempera
ture wiI be higher for the smaDer diame
ter electrode. Combining these effects
with the surface tension forces. necking
can be resisted to a greater extent in the
fove milrometer diameter electrode, result
ing in larger volume of molten metal at the
electrode tip. Subsequent short-circuiting
transfer wil result in less spalter. Since
E7018 grade electrodes generaUy contain
larger amounts of deoxidizers for oxygen
control, liquid circulation in the melal

droplet may be accelerated by the Ma·
rangoN effect. Eventually, the droplets
would be transferred by short-circuiting
without explosion.

Inletadlon Effed (bperimenls BCD)

When the current was increased to 200
A, polarity changed from electrode posi
tive to electrode negative, and the weld
ing position changed from lIat to nonllat.
the characteristic diameters from E6013
and E7018 welding were observed to de
crease. Since aU other factors had already
been discussed as single effects previ
ously, only the effect of welding position
wi! be discussed. The change in welding
position resulted in the deformation of the
droplets. which together with fiquid circu
lation in the droplet. vapor pressure in the

internal cavity, and compressive force.
caused the droplets to explode at the
moment of short-circuiting, as shown in
F''lIl-e 11, resuking in smaller droplets
transferred.

Inter.dion Effect (Experiment Aq

Changing from a 4-mm'diameter elec
trode welding in the flat position to a
S-mm diameter electrode welding in the
nenllat position, the characteristic diame
ters were observed to increase for the
E6011 electrodes. Electrode diameter (as
shown in Experiment A) was without
question the prevaijing effect. In this case,
spaner was reduced because the transfer
of droplets occurred by short-circuiting
before exploding.

(

A (+J B

Ifl-l..--J

(+J

Fig. '-A,5 d {#!Suit of fluoride IOfJS (F) migriltUJg (0 thf? dnode ilnd redding with the I.lyer of
positive chilrges there. the cJthode size is reduced.

Fig. 11- Welding position
eifect: distortion of the

meldl droplet logether with
liquid circul.ation, vi/por
pressure (F; in the 8"

porosity dIJd compressive
force. cause the droplet to
explode ill the moment of

short-drruititllf.
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Condusions

'l The major findings of this work are
summarized in the following conclusions:

1) Explosive. short-circuiting and slag
guided were the three transfer modes
observed in SMA welding with E6011.
E6013 and E7018 grade electrodes.

2) Explosive transfer was the predom
inate mechanism. evidenced by the het
erogeneous size distribution of the drop
lets for aU experiments.

3) SIag-proIected transfer was most
signifICant in welding with E7018 grade
electrodes. with a large number of the
droplets covered entirely by slag.

4) Polar~y was the variable that most
affected the size of the droplets trans
ferred. as weD as the amount of spaller for
welding E6011 grade electrodes.

5) For E7018 grade electrodes. polarity
has an opposite effect on charaaeristic
diameters of the droplets transferred. This
is due to the flux coating composition
(presence of fluoride ions) and chemical
reaaions that occur between the metal
and molten slag at the tip of the electrode.

6) Current was the variable that most
affected the size of the droplets trans
ferred. as well as the amount of spaller for
welding with E6013 grade electrodes.

7) Electrode diameter was the variable
that most affected the size of the droplets
transferred. as well as the amount of
spaller for welding with E7018 grade
electrodes.

8) E6013 electrodes produced the most
stable arc with low spaller because of Ihe
relatively smaI droplet size transferred.

9) Porosity in the molten electrode tip
was detected in all three electrodes. being
more frequently observed in the E6013
and E7018 elearodes.

10) Independent of the type of weld
ing e1earode. smaI charaaeristic diame
ters were observed when droplets explo
sion preceded the transfer. If droplets ex
ploded after short-circuiting wilh Ihe weld
pool, the characteristic diameters were
generaDy bigger.
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Evaluating E711-11 Flux Cored
Electrodes for Structural Carbon
Steel Applications

BY TIM SCHINDLER

rompanies involved with welding
~onSlanlly search for beller,
cheaper and faster methods of joining
metals. Addilionally, alternative weld
ing processes have become even more
crucial given Ihe increasingly compeli
tive c1imale of the welding fabrication
industry. Nearly all such companies are
investigating the most viable alternalives
to lhe predictable, but slow, manual
welding processes. Many fabricalion
and construction companies now com·
monly use the semiaulomatic flux cored
arc welding (FCAWl process. Only a few
years ago, lhese companies would have
utilized a completely manual process
such as shielded metal arc welding
(SMAWl.

It is commonly known thai the FCAW
process can be ulilized in two different
ways - with supplemental gas shield
ing and without gas shielding. Many pa
pers. technical documents and anicles
have been published regarding the use
of the gas shielded version of this pro
cess. However. it is much more difficull
to locate up-to-date technical literature
regardinglhe general use of self-shielded
flux cored electrodes. Indeed, many
companies (including our own) have his
lorically prohibited use of lhe self
shielded version due to lhe lack of doc
umented perlormance of these products.
Additionally. the negative and positive
feedback associated with the overall
qualilY of the self-shielded FCAW de
posit has a tendency to confuse even
those knowledgeable of the process. For
example, one large U.S. constructor will
not allow the process on any site. while
other companies successfully complele
major offshore platforms and buildings
every day using the self-shielded FCAW
process. Obviously. the fundamenlal
question of "whom I believe" becomes
a very real hurdle to overcome in per-

TIM SCHINDLER is Welding Specialist Koch
Refinery. Qxpus Christi, Tex.

suading a company 10 use self-shielded
FCAWon any type of critical structure.

Testing the Process

Because of Ihe conflicting informa
tion and unknown potenlial regarding
this process, it was decided thaI the pr0

cess should be evaluated to delermine
its overall applicalions and limitations.
The initial considerations for selecting
the electrode classification 10 be tested
were:

• Readily available on the market
- sold by more lhan one manufacturer.

• High-quality deposil equivalent to
SMAW E7018 electrode.

• Inexpensive.
• Universal applications on carbon

sleel up 10 1 in. thick.
• All position, multipass characler

istics.
• Impact properties not required.
After a thorough review of manufac

turers' literature. electrode classification
AWS E7IT-l1 was selected as Ihewire
that best fit the a1teria. We selected three
diameters aI wire (0.045. ~. and'" in.).
and three of the most common brands
of E7IT-l1 to be tested on both groove
and fillet welds.

More than 200 ASTM A36 plales were
purchased and prepared for welding,
with three different thicknesses (%. %and
1 in.) representing the actual thicknesses
considered for production welding. The
joinl design selected for lhe groove welds
was a 6o-deg single-bevel bUll joint with
backgouging, in conformance to AW5
01.1 Structural Welding Code - Steel,
Joint Designation B-U2-GF. The fillet
weld coupons were all prepared as T
joints, per AW5 01.1. Figure 5.16. All
four groove weld and fillet weld posi
tions (1~G. 1F--4F) were used to eval
uate the out-of-position characteristics
aI the eleetrode.

The welders selected to perform the
test welding were both experienced

. metal fabricators. Welder "A" has more

than 30 years of welding experience, but
had lillie experience using the seif
shielded FCAW process. Welder "B" has
more than ten years of welding experi
ence and does have extensive experi.
ence using the process_ Both welders
were allowed to practice for at least eight
hours prior to actualtesl welding, and
both were specificallycounseled regard
ing the welding parameters established
by each electrode manufacturer in its
wrillen welding procedures.

The overall goal was to duplicate the
conditions that could normally be ex
pected in a production environment,
withoulthe formalities and allowances
usually accepted in a strict testing atmo
sphere, i.e., no inordinale grinding per
mitted, no unnecessary external aids. ex
cessive time per coupon not allowed,
etc. Each welded coupon was closely
monilored by an AW5 Cenified Weld
ing Inspector 10ensure proper adherence
to the variables and ranges specified by
each electrode manufacturer. Addition
ally, external factors, such as humidity
and wind velocity, were measured to as
cenain Iheir effecls on Ihe welding being
performed.

Testing Performed to Code
Requirements

A total of 57 groove weld coupons
and 50 fillet weld coupons were com
pleled. All completed coupons were Vi
sually examined by an AWS Cenified
Welding Inspeclor to Ihe crileria speci
fied in AWS 01.1, and all groove weld
coupons were radiographed to the same
code. Eighteen groove weld coupons
were randomly selected (based on dif
ferent electrode manufaclurers) for bend
and tensile testing per AWS 01.1. All fil
let weld coupons were cut. polished and
acid etched per the requirements staled
in the code. Acceptance criteria for vi
sual inspection was as stated in para
graph 9.25.1 of AWS 01.1. Radiogra
phy acceptance was based on paragraph
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Total number of coupons

Perdnt of coupons pasmg aD tests perfonned

Percent of coupons fairing one/a. tests

Percent of electrode brand #1 coupons faied

Percent of electrode brand #2 coupons faned

Percent of electrode brand #3 coupons faned

Percent of coupons faaed by position

Percent of coupons failed by Welder "A"

Percent of coupons taaed by Welder "0"

Percent of coupons failed by wire diameter

Percent of coupons faulnB radiography
Percent of coupons faulOg bend tests
Percerll of coupons failing maao-etch
Percent of coupons failing tensile tests
Percent of coupons fair..,g as a resuk of porosity

1G
2G
3G
4G
1F
2F
3F
4F

Groove
filet
Groove
Fillet
Qoove
filet
Groove
Fillet
Groove
Fillet
Groove
Fillet
(Groove)
(Groove)
(Groove)
(Groove)
(filet)
(filleQ
(Fillet)
(filet)
Groove
Fillet
Qoove
Fillet

Groove 0.045 in.
'''' in.lO.068 WI.s'" In.

filet 0.045 in.
'116 in.lO.068 in.

SM in.
(Groove only)
(Groove only)
(Fillet only)
(Groove only)
Qoove
Fillet

57
50
44%
76%
56%
24%
57%
5%

64%
44%
47%
13%
47%
46%
53%
83%
14%
12%

~.: 36%
44%
51%
33%
60%
15%
64%
50%
55'1".
10'1".
21'1".
33'1".
54'1".
33'1".
18'1".

0'1". (AI passed)
75%
58%

9.2$.2. Macr<>e1ch $pecimens were in
spected visually 10 tbe criteria specified
in paragraph 5.12.3; however, as this
paragraph doe$ nol provide guidance
concerning potO$ity limilalions, the re
quiremenl$ of paragraph 5.28.3 (for
Welder Qualifications) were applied for
potO$ity allowances.

Results of Tests Performed

The results of Ihe tests were tabula ted
and stali$tical percentage$ were appl jed
10 variou$ categorie$ - Table 1. Failure
ta meet one or more of the acceptance
crileria $pecified in AWS D1.1 totaled
56% of Ihe groove weld coupons and
24% of the fillet weld coupons. Intere$t
ingly, of Ihe groove weld failures, 75%
were directly attributable to exces$ive
pOrO$ily observed during radiographic
evaluations - Fig. 1. Porosity was also
a faetor in 58% of the fillet weld failu re$
(Fig. 2), detected on the face olthe we Ids
andlor during macroelch evaluation of
Ihe weld metal depo$it. Of the eight
welding posilion$ used, 83% of the 4G
po$ition groove weld coupons and 44%
of the 4F fillet weld coupons failed to
meet the acceptance criteria, which
were Ihe highesl failure percentages of
any pO$ition u$ed. Of the 18 groove
weld coupons that were de$lructively
tested, all 36 tension test specimen$
passed; however, only 67% of Ihe 72
bend lests met the acceptance criteria.
A direcl correlation between bend lest
failures and excessive poro$ity wa$ de
lermlned, as nearly all failures were

f

)

Fig. r - Typical
porosity obsetved
in radiographs on

Srooveweld
coupons.
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c~~PO':~a'diographp;ior tocuttlng-~~d
preparation for bending. Humidity, wind
and plate thickness did not appear to
served:SPecific i;"rid..cc;..ld~~t be .;.
certained from the data generated, as the
failures occurred nearly equally in all
ternal-~n~ironmentafco~dition~ preva
lenl at the time of welding.

During a delailed analysis of the tesl
parameters and results obtained. several
lrenas emergea that prOVided reasons
for the inordinate amount of failures,
particularly those relaling 10 excessive
Wl£fl~lt;&nrdiftiep7eSentad~i'fio~
each electrode manufacturer. The con
sensus opinion developed as 10 the
........................................l ..... __l __ ......__--.-.J
to the problems, were:

• E71T-11 electrode is not the best
choice of self-shielded FCAW for rela
tively thick structural steel. Although
only one manufacturer's written docu
mentalion specifically limits the base
",At.:ll thi.... l,.n...."'''' ",,..,..Ii,.,,,hl... t ......hi~ .u;.....

('h in. maximum), all technical represen
tatives agreed that this electrode was not
an ideal choice for the thicknesses
.. -'.1_-, _ .., __ .. ~, ,_._. _.,.. __.._ ..

representalives stated that an E71T-7 or
T-8 electrode would have yielded much
better results than those experienced
WIUl me I-I I wire.

• Electrode extension range is es
pecially critical when using T-11 wire.
The electrode extension ranges listed on

___L ••L.-a.. J • •••_I~!__ ~ ..I

were followed as closely as possible.
However, at various times during the
welding of the coupons, these ranges
or shorte~ed du~'to ,;p-';r~ior fatig~e~
Both welders stated' fatigue was defi
nitely more pronounced in the 4G and
count for th~ excessive failu;es ;,t;~M;d
in those posilions.

• E71T-11 is very voltage sensitive.
.~ ....,' ....., ...........h· ...··6... •......~~..,Ut.II:Oa.....11

manufacturer's welding procedure (±
1V, in some cases). Therefore, prior 10
welding, and at various times durinjil
welOlnS, the two constant VOltage welo-
ing machines that were used were
checked with a calibrated multimeter to
tnaieacnmaCfirner:Wa~ p~oo~c"r;;g-vbl~
age at the gun tip equivalent to that
stated on the dial or meter (+ 1 V). How-
............ :_ .. ... _ .....L_ •._h ... __

were exceeded by the welder (+ 1-4 V)
to obtain better stability of the arc and
maintain a more uniform control of the
deposit. This may have caused some of
the failures experienced with the 0.045
in.-diameter wire used on the l-in.-thick
,.nll,..,..",.,. "'.. th I..,.. I 1 0 ..
more prevalent in these coupons than
anyathers.

• E71T-11 is much better for fillet
_ ..... I-r .. _,..- ..··_··0·--·- .._....... ~I ....

test results obtained proved this state
ment to be true - 76% of the fillet weld
coupons passed, while only 44% of the
groove welC coupons passeo. I\.Ulougn
porosity was evident in the failed fillet
weld coupons, It did not appear to be as

. pronounced as that appearing in the

only four fillet ~~rd c~upons were~~:
jected for fusion-type defects, which are
usually muc~ more detrimental to ser-
-._- r-··_····_··_- ...- ..... -. __ .•,.

Conclusions
...., 'u , , •• ~

11 self-shielded flux cored electrode
should be guided primarily by the old
axiom 'the right orodud for the ri2ht cir
(;umSlances. f\ltnougn tol I I-I I -rs usu-
ally less expensive than E71T-7 or T-8,
the overall limitations of this wire may
m~kp c:plllrtinn nf" mnrp IPY~ndvp""irP
a cost-effective decision in the long run.
However, this wire does appear 10 have
many applications, and can produce

iurer'~ instr~cti'ons ~;e ~tiictly applied,
and base metal thicknesses are not ex
cessive.

ture"";;; r;p~~~~t~;i~~~h'~~id ~i~~y;be
consulted prior to final selection of any
cored wire. These individuals may have
additional information or guidance not
published in the written documents ap
plicable to that particular product.•
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