





















































cither don’t recognize its importance or
understand its practice. Allin all, it is more
a luck of understanding what has changed
and what is needed than simply not caring
or responding. There is also the problem of
not knowing how to respond.

So let’s look at what must change in
postseeondary  education, as the founda-
tion for and genesis of future designers and
practitioners in manufacturing, in general,
and joining und welding, in particulur,

The Seven Truths

It is contended here that therc arc
seven factors at play that are so basic, so
ingrained, and so pervasive that they
should be treated as “traths” just as cer-
tain “givens” are treated as truths in logic.
These truths arise ontside of education,
but they profoundly alfect what is needed
from education.

Truth #1: The majority of problems
encountered in joining in praclice arise
frum the lack of applicatiun of existing
knnwledge, not a lack of knowledge.

This is not a4 ¢ry 1o stop seeking new
knowledge through research. 1t is simply
a statement of fact that must be changed.
Otherwise, if we don’t use what we know,
why scck to know more?

Anyone who has conducted a failure
anulysis [or u product or process knows the
root causce was virtually always avoiduble if
existing knowledge had only been
employed. Welds in high-strength steels
crack because of hydrogen-induced
embrittlement arising from failure o
properly preelean using well-established
procedures, failure to employ commercial-
ly available recommended low-hydrogen
electrodes, fuilure o employ needed and
recommended preheat, or failure to post-
weld heat treat using well-cstablished pro-
cedures. No fundamental knowledge was
missing. Existing knowledge was simply
not employed out ol ignorance or neglect.

This is a matter of cducation. New
designers, process engineers, and practi-
tioners need to know the theory and then
employ it. Increased attention needs to be
given to casc studics. The risks of circum-
venting best practice need to be fully
appreciated. The education of a joining
specialist or welding engineer must be
centered on a strong foundation in theo-
ry, with appropriate accommaodation of
(or accounting for) faulty assumptions,
imposed constraints, special circum-
stances, or lack of complete knowledge.
Truth #2: Poor quality in practice often
results because high qoality is nnt the

basis for reward, grnss nutput is.

1f 4 shoemaker is paid lor how many

pairs of shocs he/she makes, hefshe will
make a lot of pairs of shoes, many of
which may be of poor quality. 1f a welder
is paid for how much hefshe welds (in
meters or fect, kilograms or pounds), lots
of rod will get “burned.” If industry wants
quality because customers want quality or
because the critieality of the structure or
product demands quality, then quality not
quantity must be the measure of success
andd the basis Lor reward,

Workers need to be rewarded for their
“net quality” output not their “gross™ out-
put, with the emphasis on quality not
quantity or speed. Education must instill
in students that produectivity is & measure
of the efficiency with which output of
acceptable quality is created not the sheer
quantity of output.

Truth #3: Automation will increasingly
be forced ever manual processing.

The increusing sophistication of prod-
ucts, the greater demands on perform-
ance, global competitiveness, and a
shrinking lorce ol skilled tradespeople
will continue to forece automation to
replace and eventunally predominate over
manual processing. As materials become
increasingly “engincered™ in their compuo-
sition und microstructure, they will need
to be processed more carefully, and
robots will have to replace human beings.
As speed with quality becomes the meas-
ure of productivity (see Truth #2),
processes will have 10 be automated,
employing embedded sensing [or contin-
uous monitoring and adaptive control. As
fewer and fewer young people are attract-
ed into the skilled trades for the allure ol
{and socictal pressure to obtain) a college
education, the workforce of such people
will continue to shrink,

Automation will become the preferred
approach for routine praduct manulac-
turce and the necessury approach for high-
ly sophisticated product manufacture.
Human beings will be used for their cre-
ativity und aduptability, not their utility.
Education will have to foeus on teaching
how processes work and how they can be
controlled, not on how they can be per-
lormed as u trade. Troubleshooting will
be a key skill, not burning rods.

Truth #4: For automated processes, over-
control is as problematic as undercontrol
or lack of cnotral.

Surely there are examples where an
automated process hius not been sutlicient-
ly controlled; examples where knowledge
of what to do, of what to control and how
to control it, existed but was not followed
(see Truth #1). Bul, there is also u lenden-
cy to overcontrol processes. Give a welder
four knobs ta turn, and that person will

turn all four knobs. Give the welder one
knabh {like on a synergic power supply) and
he/she will turn that one., Sometimes the
knob turning is more out of a sense of guilt
from not doing something than out of any
real need.

The future world to be dominated by
automated processing {sce Truth #3)
needs a new paradigm of “minimal essen-
tial control™ vs, “total control.”™ Perhaps
un analogy will help make the point, An
cquine veterinarian knows everything
there is to know ahout how a horse works,
including the detailed mechanics, kine-
mutics, and physiology of whut mukes u
horse run fust. A jockey knows how to
ntake a horse run fast, but rarely knows
much about the detailed mechanics, kine-
matics, and physiology of the horse. The
jockey effectively controls a camplex sys-
tem using a simple process of coaxing with
verbal chortles and properly placed and
timed cracks of a whip. This is minimal
csscntial control. A veterinarian on a
horse would almost certainly attempt total
control and, in the process, overcontrol to
no advantage, if not a disadvantage.

Education of welding engineers must
emphasize control to achieve the desired
end, not us an end in itsell. Minimal
cssential control needs to he sccn as
proper not deficient. Control needs to be
focnsed on putcome, nol input. If the
microstructure in and around u weld must
be of a certain type for the weld to be con-
sidered of high quality, then we must
learn to sense weld microstructure, not
vollage, current, and travel speed.

Truth #5: Quality begins as a mindset,
must be pervasive thronghout manufac-
turing, and must be assessed in sitn not
post factn.

We must learn how to sense and moni-
tor what really matters, rather than what
docsn’t matter but is cuasy to sense and
monitor. Voltage, current, and travel speed
are importunt parameters to produce a
weld, and are indirectly responsible for al
least some key characteristies of u weld for
it to be considered of high guality, but they
are not enough, Perhaps they are easy to
monitor, so we monitor them out ol guilt
not to do so. as much as a lack of knowl-
edge of knowing how to monitor what is
really impottant (i.e., 'Truth 4).

Education must [ocus on the concept
of total quality control, not as the result
of overcontral, but as the result of proper
embedded control. A maodel to be emu-
lated in welding is the “pop™ thermome-
ter in Frank Perduc’s chickens. The weld
is done, and done properly, when some-
thing “embedded” to moniter the weld
indicates the weld has been done well.

Truth #6: The technolngy of joining will
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AWS Foundation Announces
Its Fourth Annual Silent Auction

The AWS Foundation is proud to announce the current donors to its Fourth Annual Silent Auction, April 6-8, at McCormick
Place Lakeside Center in Chicago, 111.

The auction henefits the AWS Foundation's scholarship programs. Companies wishing to donate items for the auction ($240
minimum value), please call Vicki Pinsky at (800} 443-9353 ext. 212 or e-mail to vpinskyaws.org.

To bid in advance, visit the American Welding Society’s Web site at wwwaws.org/foundationfauction/ or contact the AWS
Foundation at (800) 443-9353 ext. 212 with the item name and your bid, complete name, address, and telephone number. To bid
on an item while attending the AWS Welding Show, plcase go to the AWS Foundation booth.

NELSDN
o . -
Welding Engineering Supply Co.  Malcolm Gilliland Nelson Stud Welding
2520 1b 4, diameter x 60 |b Coils of 600-A CV Welding Power Source Series 4000 Mode! 300 Stud
Tri-Mark Triple 7 Flux Cored Arc Retail Value: $3000 Welding System
Welding Wire Minimum Bid: $1500 Retail Value: $2950
Retail Value: $3150 ($1.25 per lb) Bid Increment: $100 Minimum Bid: $1500
Minimum Bid: $1600 Bid Increment: $75
Bid Increment: $100
TRERHAT Dypramics Ne W
Thermadyne Industries, Inc.
Thermal Arc 18STSW Portable/  Nordan Smith Welding Select Arc, Inc.
Shielded Metal Arc E71T1 FCAW Wire Sclact 720,052 5 WIS,
Welding Machine Retail Value: $1731 Retail Valuc: $1600
Retail Value: $2100 Minimum Bid: $300 Minimum B{d' $800
Minimum Bid: $1000 Bid Increment: $50 :

Bid Increment: $75 Bid Increments: $60

Quality I Welding & Applied Robotics Saf-T-Cart

Consulting Inc. Q5-AWSDNP - Rohotic 552-16FE
Welder Training Fixture Collision Sensors Retail Value: $607
Retail Value: $1295 Retail Value: $845 Minimum Bid: $300
Minimum Bid: $650 Minimum Bid: $450 Bid Increment: $20
Bid Increment: $30 Bid Increment: $15
ESAB Welding & Cutting Products Miller Electric Mfg. Co.
Miniarc 150 APS Power Supply Millermatic® 175 All-in-One 1TW Habart Brathers
Retail Value: $937 GMA Welding Machine $600 Training Equipment
Minimum Bid: $500 Retail Value: $793 Retail Value: 3600
Bid Increment: $50 Minimum Bid; $400 Minimum Bid: $300

Bid Increment: $50 Bid Increment: $20
ESAB Welding & Cutting Products
Purox GT-350 Deluxe Gas Welding Sonesta Beach Resort Harris Calorific, Inc
and Cutting Qutfit Two-Night/Three-Day Harris Port-A-Torch
Retail Value: $500 Stay for Two Retail Value: $566
Minimum Bid: $200 Retail Value: $750 Minimum Bid: $300
Bid Increment: $20 Minimum Bid: $375 Bid lncrement: $20

Bid ncrement; $20
Welder Training & The Lincaln Electric Co.
Testing Institute Calco Controls, Inc Two Front Straight
AWS CWI Prep Course Meclirath Electric Tickets for the NASCAR
Retail Value: $950 Gas Heater Winston Cup in 2004.
Minimum Bid: 5475 Retail Valuc: $660 Retail Value: $3500
Bid Increment: $15 Minimum Bid: $330 Minimum Bid: $250

Bid Increment: $20 Bid lncrement: $25
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AWS Foundation
Announces Its Fourth
Annual Silent Auction

Juckson Products

HSL 100 American Eagle Welding
Helmet with NexGen™ EQC® Lens
Retail Value: $409

Minimum Bid: $188

Bid Jocrement: $20

PFERD, Inc.

50 each PFERD POLIFAN Flap Discs

Retail Value: $400
Minimum Bid: $200
Bid Increment: $15

Hyatt Regeucy

McCormick Place

Two-Night Weekend Stay for Two
Retail Value: $384

Minimum Bid: $175

Bid Increment: $20

District 5 Director
Jackson Nexgen EQC
Welding Shield

Retail Value: $375
Minimum Bid: $148
Bid Increment: $20

Earl Lipphardt, AWS Treasurer
1 Set of Golf Clubs

Retail Value: $350

Minimum Bid: $160

Bid Increment: $20

Inweld Curp.
Medium-Duty Welding and
Cutting Kit

Retail Value: $340
Minimum Bid: $170

Bid Increment: $15

TWDC (Weldmark)

Weldmurk Medium-Duty Deluxe
Welding & Cutting Kit

Retail Value: $340

Minimum Bid: $170

Bid locrement: $13

Steiner Industries
Welder's Safety Kit
Retail Valuc: $340
Minimum Bid: $170
Bid Increment: $15

Jerry Uttrachi

AWS Vice President
Gas Saver System
Retail Value: $328
Minimum Bid: $164
Bid Increment: $15

Metabo Corp.
W10-150 Quick 6 deg
Angle Grinder

Retail Value: $321
Minimum Bid: $160
Bid lacrement: $15

Four-Poiuts by Sheraton
Two-Night Stay for Two Including
Dinner in York, Pa.

Retail Value: $320

Minimum Bid: $150

Bid Increment: $15

AWS Central-Pennsylvania Section
Welded Brass Bonsai

Tree Sculpture

Retail Value: $300

Minimum Bid: $125

Bid Increment: $15

JAZ USA, Inc.
Wire Brushes and
Abrasive Wheels
Retail Valhue: $300
Minimum Bid: $150
Bid Increment: $20

The Lincoln Electric Co.
Washington Redskins
Racing Helmet

Signed by Joe Gibbs
Retail Value: $300
Minimum Bid: $150

Bid Increment: $20

Lancaster County Career &
Technical Center

Brass & Pewter Chess Set
Complete with Board
Retail Value: $300
Minimum Bid: $125

Bid Increment: §15

AWS S§t. Lonis Section
Sony DSC-P52 Digital
Still Camera

Retail Value: $277
Minimum Bid: $135
Bid Increment: §15

Reveu Industries, Inc.
Tool Handz™ Series
Glove Package

Retail Value: $275
Minimum Bid: $140
Bid Increment: $15

The Lincolua Electric Co.
Black Leather NASCAR
Bomber Jacket

Retail Value: $260
Minimum Bid: $130

Bid Increment: $20

ArcOne Welding & Safety Products
1 80 STS

Retail Vahie: $250

Minimum Bid: $137

Bid Increment: $15

AWS San Antuniv Sectiuvn
Gift Certificate from
Victoria’s Secret

Retait Value: $250
Minimum Bid: $160

Bid Increment; $15

AWS York Central Section
Patriotic Cylinder Bell
with Stand

Retail Vatue: $250
Minimum Bid:; $125

Bid Increment: $10

Flexovit Abrasives
Metal Hog Basket
Retail Value: $250
Minimum Bid: $125
Bid Increment: $10

Dressel Welding Supply Cu.
ArcMaster Head Shield
Retail Value: $249
Minimum Bid: $125

Bid locrement: $10

Laser Quest nf Austin
Two Birthday Party

Gift Certificates

Retail Value: $240
Minimum Bid: $73 each
Bid Increment: $10 cach

Abicor Binzel

Two sets ol Alpha MIG Guns
Retail Value: $250 cach sct
Minimum Bid: $180

Bid Indrement: $15

Hornell

Speedglas Protop with 9000V Lens
Retail Value: $356

Minimum bid: $180

Bid Increment: $13

Sellstrom Mfy. Cu.

Five themed Titan with Attitude
Welding Helmets with Striker
Autodarkening Filter.

Retail Value: $143 each
Minimum Bid: $75

Bid lncrement:$10
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AWS Welcomes
New Supporting
Companies

New Educational
Institutions

Institute for Construction Education
2240 E. Geddes Ave,
Decatur, 1L 62526

Neo Welding Institute
Modern Erectors, Graviporam
Kollam, Kerala 691 011

India

Virginia College Technical
2790 Pelham Parkway
Pelham, AL 35124

William J. Dean Technical
High School

1045 Main St.

Holyoke, MA 01040

New Supporting Companies
Vaughn’s, Inc.

3960 Boone Rd. S.E.
Salem, OR 97301

AWS
Membership

Member As of
Grades January 1, 2004
Sustaining Companies........cov.ccoee.. 414
Supporting Companies ................... 211%*
Educational Institutions................. 318

Affiliate Companies......nsisnnnnn 217
Welding Distributor Companics....... 44

Total Corporate Members .. 1,204

* During the month of March, the Society lnunched
the Welding Distibutor Compary Membership.
Those Supporting Comparty Members identified as
welding distributors were vpgraded to this new cor-
porate member categony!

Individual Members.................... 43,350
Student Members

Total Members ... 47,788

Sustaining Member Company

Stillwater Technologies, Inc.
1040 S. Dorset Rd.
Troy, OH 45373

Phone: (B0Q) 338-7561
www.stiwir.com

Stillwater Technologies, Inc., has
experienced sufficient growth and devel-
opment over the last 45 years to place the
company firmly in the position of being
one of the top suppliers of resistance
welding tip-dressing equipment through-
ont the domestic and international auto-

motive marketplaces. Stillwater Technologies’ diverse selection of electric and pneu-
matic tip dressers in both single and dual-head models offers a wide variety of choic-
¢s unmatched in the ficld. These tip dressers, matched with the company’s new auto-
mated tip-changing systern, can provide a hands-off solution to users of robotic resist-

ance welding cells,

By maintaniing control of all machining and fabricating in-house, Stillwater can
service many of its customers’ resistance welding needs for gun arms, tips, shanks, and

specially designed tooling and fixturing.

The company’s mission statement says it all:
“To serve our customers with professionalism, integrity, quality, and value.” 4

AWS Welcomes New Affiliate
Member Companies

AMG, Inc.
301 Jefferson Ridge Parkway
Lynchburg, VA 24501

Don Foss Fabrications
2356 Ethel Porter Dr.
Napa, CA 94558

Pipe & Tank Erection Ltd.
27C Rousseau Rd.
Kingston 5, Jamaica

RPM & Associates, Inc.
333 Concourse Dr.
Rapid City, SD 57703

Serimer Dasa North America
10777 Clay Rd.
Houston, TX 77041

Solar Atmospheres
1969 Cicarview Rd.
P.O. Box 64476
Souderton, PA 18964

Specialty Welding, Inc.
P.C. Box 1101
Muoses Lake, WA 98837

Valco Fabricating & Machining
1235 St. Luke Rd.

Windsor, Ontario N8Y 4W7
Canada

Wilborn Steel Company Ltd.
PO, Box 10208
San Antonio, TX 78210

AWS Life Members Receive
Free Registration for the Welding
Show’s Professional Program

As longtime supporters of the American Welding Society (AWS), AWS Life
Members are being offered complimentary registration to the AWS Welding Show
2004 and the complete Professional Program (a $325 value).

The Professional Program will take place April 6-8 in Chicago, 1ll, at the
MecCormick Center, with the Welding Show occurring on the same dates.

Registration to the Professional Program entitles AWS Lite Members to attend
any of the seminars or sessions occurring over the three-day period. Please be sure
to include any applicahle fees for special events or spouse attendance when you reg-
ister. Registration forms will be available in upcoming issues of the Welding Journal
as well as in the Advance Program, which was mailed to members in January.

To register, please mark “AWS Life Member: FREE Registration™ at the top of
the registration form, then fax both sides to Cassie Burrell, Associate Executive
Director, Memhership, at (305) 443-5647; or mail the form 1o AWS, 550 NW

LeJenne Road, Miami, FL 33126. ¢
























2003-2004

Campaign

Member-Get-A-Member

Listed below qre the people participating in the 2003-2004 Member-Get-A-Member Campaign. For campaign rides and a prize list, please

see page 53 of this Welding Journal

If you have any questions regarding your member proposer points, please call the Membership Departrment af (800} 443-9353 ext. 480,

Winner's Circle

{(AWS Members sponsoring 20 or more
new Individual Members, per year, since
June I, 1999)

J. Compton, San Fernando Valley™**
E. H. Ezell, Mobile**

S. McGill, Northeast Tennessee*

J. Merzthal, Peru**

B. A. Mikeska, Houston*

R. L. Peaslee, Detroit*

W. L. Shreve, Fox Valley*

G. Tavlor, Pascagoula™

T. Weaver, Johnstown/Altoona*

G. Woomer, Johnstown/Altoona®

R. Wray, Nebraska*

*Denotes the number of times an Indi-
vidual Member has achieved Winner’s
Circle status. Status will be awarded at
the close of each membership campaign
yeat,

President's Gulid

(AWS Members sponsoring 20 or more
new Individual Members between June
1, 2003, and May 31, 2004.)

President’s Round Table

(AWS Members sponsoring 11-19 new
Individual Members between June I,
2003, and May 31, 2004.)

R. Purvis, Sacramento — 14
P. Evans, Chicago — 12
T Hart, Mobile — 12

President's Club

(AWS members sponsoring 610 new In-
dividual Members

between June [, 2003, and May 31,
2004.)

1. Powell, Triangle — 9

W. Drake, Jr., Ozark — 8

G. Taylor, Pascagoula — 7

J. Compton, San Fernando Valley — 6
C. Daily, Puget Sound — 6

P. Walker, Ozark — 6

miEBHUAHY 2004

President’s Honor Roll

(AWS members sponsoring 1-3 new In-
dividual Members between June 1, 2003,
and May 31, 2004.

Only those sponsoring 2 or more AWS
Individual Members are listed.)

. St.-Laurent, Northern Alberta — 5
B. Suckow, Nornthern Plains — 5

C. Wesley, Northwestern Fa. — 5
C. Dynes, Kern — 4

1. Smith, Columbus — 4

S. Abarca, Minois Valley — 3

K. Campbell, L.A./Inland Empire — 3
C. Chilton, Ozark — 3

B. Franklin, Mobile — 3

J. Greer, Chicago — 3

T. Nichols, West Tennessee — 3

J. Cantlin, Southern Colorado — 2
8. Colton, Arizona — 2

A. DeMarco, New Orleans — 2

E. Duplantis, San Antonio — 2

5. Henson, Spokane — 2

R. Johnson, Detroit — 2

P Krishnasamy, India — 2

G. Mulee, Rochester — 2

J. O’Neal, Ozark —2

R. Painter, Holston Valley — 2

S. Schrecengost, Pittsburgh — 2

T. Shirk, Tidewater — 2

R. Warner, Utah — 2

D. Wright, Kansas City — 2

R. Wright, Southern Colorado — 2

Student Sponsors

(AWS members sponsoring 3 or more
new AWS Student Members between
June 1, 2003, and May 31, 2004.}

R. Olson, Siouxland — 36

M. Pointet, Sierra Nevada — 27

C. Donnell, Northwest Ohio — 25

8. Sivinski, Maine — 24

M. Arand, Louisville — 23

C. Overfelt, Southwest Virginia — 23
M. Wilkes, Mahoning Villey — 23
D. Combs, Santa Clara Valley — 21
D. Kettler, Williamette Valley — 21
W. Kiclhorn, East Texas — 21

E Juckem, Madisorn-Beloit — 20

D Scott, Peoria — 19

F. Wernet, Lehigh Valley — 19

B. Chesney, Greer: & White Mowntains — 17

J. Daugherty, Lowisville — 16

D. Hatfield, Tidsa — 16

A. Reis, Pittsburgh — 16

T. Baldwin, Arrowhead — 15

R. Norris, Maine — 15

D. Roskiewich, Philadelphia — 153
M. Anderson, lndiana — 14

J. Hepburn, Johnsiown-Altoona — 13
L. Davis, New Orfeans — 13

G. Euliano, NW Pennsybvania — 13
W. Harris, Pascagoula — 13

K. Ellis, Central Pennsyhvania — 12
A. Badeaux, Washington, D.C. — 12
R. Tupta, Jr., Milwankee — 11

P. Walker, Qzark — 11

R. Williams, Ozark — 11

J. Boyer, Lancaster — 10

M. Koehler, Milwaukee — 10

T. Strickland, Arizona — 10

A Vidick, Wyorming — 10

D. Weeks, Southwest Virginia — 10
G. Gammill, Northeast Mississippi — 9
J. Mendoza, San Antonio — 8

J. Pelster, Southwest Nebraska — 8
J. Smith, Jr., Mobile — §

J. Compton, San Fermando Valley —7

R. Gallagher, Ir., Lehigh Vafley — 7
W, Gulvery, Jr., Long Beach/Orange Crty — 6
C. Kipp. Utah — 6

M. Tyron, Utgh — 6

D. Vranich, North Florida — 6

J. Carney, Western Michigan — 5

T Kienbaum, Colorado — 5

A, Mattox, Lexington — 3

W. Miller, New Jersey — 5§

S. Williams, Central Arkansas — 5
R. Douglas-Wells, Atlanta — 4

F. Henry, L.A./Inland Empire — 4
J. Olivarez, Jr., Puget Sotnd — 4

R. Richwine, Indiana — 4

D. Smith, Niagara Frontier — 4

W. Wilson, New Orleans — 4

D, Zabel, Southeast Nebraska — 4
T. Bur, Northern Michigan — 3

J. Ciaramitaro, NMorth Central Florida -3
J. Crosby, Atlanta — 3

R. Grays, Kern —3

R. Huston, Qympic — 3

J. Livesay, Nashville —3

J. Morash, Boston — 3

A. Qchoa, San Francisco — 3

H. Rivera, South Florida — 3

T Shirk, Tidewater — 3 #



Nominations For AWS
District Directors

The term of office for District Directors in the following Districts will terminate
on May 31, 2005. As District Nominating Committces will he appointed this spring,
it is time to be thinking of position nominations. For further information, use your
current District Director’s contact information given below.

District 15

* Jack D, Heikkinen, President
Spartan Sauna Heaters, Inc.
7484 Malta Rd.

Eveleth, MN 55734

(218) 741-8433

e-mail: spartans(@cpinternet.com

District 3

Alan J. Badeanx, Jr., Instructor
Charles County Career & Tech Center
7775 Marshall Corner Rd.

Pomfret, MD 20675

Telephone: (301) 934-5061

FAX: (301) 934-0165

e-mail: abadeaux@ccboe.com

District 18

Jahn Mendaza

City Public Service

3319 Kashmuir

San Antonio, TX 78223-1612
Telephone: (210) 532-9098
e-mail; mendoza 727 aol.com

District &

Neal A, Chapman, Welding Engineer
Entergy Nuclear Northeast

15491 Mclntyre Rd.

Sterling, NY 13156

Telephone: (315) 349-6960

FAX: (315) 349-6625

e-mail: chapman(@redcreek.net

District 21

Les J. Bennett
Associate Professor
Allan Hancock College
1020 Fairway Vista Dr.
Santa Maria, CA 93455
{805) 348-1838

e-mail; lesweld @aol.com

District 9

* John C. Bruskotter

Dynamic Industries, Inc.

2804 Peters Rd. (70058)

RQ. Box 44

Harvey, LA 70059

Telephone: (504) 363-5900

FAX: (504) 363-5920

e-mail; jhruskotter@dyramicind.com

District 12

* Michael D. Kersey, Technical Sales
Representative

The Lincoln Electric Company

W223 N798 Saratogu Drive #H
Waukesha, W1 53186

Telephone: (262) 650-9364

FAX: (262} 650-9370

e-mail: imichael_d_kersey@fincolnelectric.com

* Denotes current District Director is
not eligible for reelection to another
three-year term.

Standards Notices

Standard for Public Reviaw

AWS was approved as an accredited standards-preparing organization by the Ameri-
can National Standards Institate (ANSI) in 1979. AWS rules, as approved by ANSI, re-
quire that all standards be apen to public review for camment during the approval process.
This calumn also advises of ANSI approval af dacuments. The following standards are
submitted for public review. A draft capy may be obtained by cantacting Rosalinda O’Neill
at AWS, Technical Services Basiness Unit, 550 NW LeJeune Rd., Miami, Fl 33126; tele-
phane (800/303) 443-9333 ext. 451, e-mail: roneill@aws.org.

D16.1M/D16.1:200X, Specification for Robotic Arc Welding Safety. New standard. $7.
[ANST public review expires February 10, 2004.]

Technical
Committee Meetings

Al AWS technical cammittee meel-
ings are apen ta the public. Persans wish-
ing to attend a meeting should cantact the
staff secretary of the commitiee as listed
below at AWS, 550 NW LeJeane Rd,,
Miami, FL 33126; telephone: (800) 443-
9333 ar, autside the United States, (305)
443-9353.

February 4-5, International Standards
Activities Committee. Miami, Fla.
General meeting. Staff contact: A. R.
Davis, ext. 466.

February 5-6, Techmical Activities
Committee. Miami, Fla. General meet-
ing. Staff contact: A. R. Davis, ext. 466.

February 11, Dlé Committec on
Robotic and Antomatic Welding.
Orlando, Fla. Standards preparation
and general meeting. Staff contact: P,
Howe, ext. 309,

February 26-27, C3 Committee on
Brazing and Soldering. Miami, Fla.
Standards preparation and general
meeting. Staff contact: C. Jenney, ext.
304,

February 26--27, B2F Subcommittee on
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An Investigation of Ductility-Dip Cracking In
Nickel-Based Weld Metals — Part Il

The characteristics of weld-metal grain boundaries associated with
elevated-temperature fracture are investigated

M. G. COLLINS, A. J. RAMIREZ, AND J. C. LIPPOLD

ABSTRACT In Part I of this investigation
of ductility-dip cracking (DDC) in nickel-
hased liller materials, the strain-to-lrac-
ture {STF} test (Ref. 1) was used Lo quan-
tify the DDC susceptibility of two
Ni-based filler metals, Filler Metal 32 and
Filler Metal 82, Ductility-dip cracking sus-
ceptibility was related to the nature of the
migrated grain houndaries in these weld
metal deposits and the effect of grain
boundary “lortuosity”™ on the mechanical
locking of these boundaries at elevated
temperature. Part 11 of this investigation
used scanning electron microscopy to ex-
amine the DDC fracture surfaces in order
ta relate fracture maode to temperature,
composition, interstitial content (hydro-
gen), and microstructure, Part 111 ol this
investigation uses optical microscopy,
high-tesolution scanning electron mi-
crascopy. and electran backscattered dit-
fraction (LBSD) techniques to further ex-
plore the Tactors that contribute to DDC
in Ni-hascd weld mctals. Based on this
analysis and the results from Parts 1 and 11
of this investigation, a DDC mechanism is
described that involves the complex inter-
play of alloy composition, interstitial and
impurity element additions, grain bound-
ary segregation, triple-point grain bound-
ary junctions, grain growth, grain bound-
ary sliding. precipitation, recrystallization,
boundary orientation relative to the ap-
plied strain, and the contribution of grain
boundary misorientation and accumu-
lated locul strain, Insight is provided to op-
timize clevated-temperature duetility in
order to avoid DDC in Ni-hased weld de-
posits and other austenitic alloys,

Introduction

I'rom a mechanistic stundpoini, relu-
tively little ts known or understood about
DDC. a solid-state cracking mechanism.
Ductility-dip cracking occurs below the ef-

M. G COLLINS, A ) RAMIREZ, andJ. C. LIP-
POLD are with The Oluo State University,
Columbus, Ohio,

fective solidus temperature and separa-
tion of grain boundaries has been re-
ported to be characteristic of materials
susceptible to DDC (Refs. 2, 3). A number
of factars have heen reported to con-
tribute to the development of DDC, in-
cluding specilic alloy, impurity, and inter-
stitial clement content, segregation, large
grain size, grain boundary precipitation,
orientation relative 1o the applied strain,
and high levels of weld restraint. The
DDC mechanism is still not well under-
stood, nor is the individual effect of these
lactors. Furthermore, preventive methods
for avoiding DDC in highly restrained
weldments have proven elusive,

Part | of this investigation (Ref. 4)
guantified DDC susceptibility in Filler
Meials 52 and 82. Additionally, hydrogen
and sulfur additions to the weld metal
were evaluated with the ST test and
found to increase weld metal DDC sus-
ceptibility. Part 11 of this investigation
(Ref. 5) used optical and scanning elec-
tron microscopy to study the ductility-dip
fracture surfaces, identitying the fracture
mode dependence on temperature and
microstructure. These two previous stud-
ies provided an initial insight into the fac-
tors responsihle Tor promoting DDC in
highly restruined weid metals. Part 1T of
this investigation uses optical microscopy,
high-resolution scanning electron mi-
croscopy, and electron backscattered dif-
fraction technigues o [urther expand on
the understanding of the DDC phenome-
nan. Part 111 of the investigation has com-

KEY WORDS

Ductility-Dip Cracking
Nickel-Basced Filler Metals
Grain Boundary Characteristics
Strain

Elevated-Temperature Ductility

bined the results of the Tirst two parts with
the advanced characterization results to
provide insight into the mechanism of
DDC. The mechanistic aspects of DDC
discussed here are thought to apply not
only 10 the Ni-based Filler Metals 52 and
82, but also more hroadly to other
austenitic alloys, including the austenitic
stainless steels,

This investigation has provided further
evidence that the Gleehle strain-to-frac-
turc test is an cffective, robust test tech-
nigue lor evaluating DDC susceptihility in
weld metals. The ability to determine the
strain-temperature relationships for DDC
as a function of composition has been in-
valuable for studyving elevated-tempera-
ture behavior in these alloys.

Experimental Procedures

Advanced characterization was con-
ducted on STF samples of both Filler
Metals 32 and 82. 'The compusitions of
these filler metals are provided in Table 1.
The STF test techniques and test results
are reported in Part 1 (Ref. 4). In this
study, grain houndary characteristics of
DDC were investigated in more detail
than in Part 1.

Strain-to-fracture samples were sec-
tioned and mounted in a conductive phe-
nolic powder for advanced characteriza-
tion using optical und high-resolution
scanning cleetron microscopy, along with
X-ray energy-dispersive spectrometry
(E138) and electron backscattered ditirac-
tion {EBSD), ulso known as orientation
image microscopy (CHM™). The samples
were polished and then electrolytically
etched with 109 chromic acid at 2.5 V for
15-20 s. During polishing, an cffart was
made to minimize material removal, as
many cracks were relatively shallow. The
polished and etched samples were exam-
ined using 4 Nikon metallogruph, and dig-
ital photomicrographs were taken with a
Hitachi CCD camera. Additionally, a
Philips X1.-30 field emission gun (I'EG)
scanming electron microscope (SEM) was
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Table 3 — Grain Boundary Character Distribution of STF Samples

Measurement 1 2 3 4 5 6 7 8

Alloy FM-52 FM-52 FM-§2 FM-82 FM-82 FM-82 FM-82 FM-82

Temperature {°C) 980 1140 972 972 o84 954 1147 1147

Strain (%) 2.6 29 75 7.5 8.1 8.1 11.3 11.3

Ared (mm x mm) }4x0.3 04 x(h3 0.4x03 20x1.8 0.7x0.5 0.4x03 0.4x03 0.4x03

Cracks Yes No Yes Yes No No Yes Yes

CSL I, ., fraction of the bigh angle grain boundaries (angle > 15 deg) [%]

=3 3.9 2.1 5.9 2.9 03 1.3 10.3 8.7

5 2.2 — — 1.6 0.1 13 0.3 0.4

7 — — (.3 (137 — 07 1.2 -

o 2. — .2 (1X+] — — 0.4 0.4

=i 0.3 0.1 0.1 0.3 —— — — -

z13 (h1 1.1 0.4 3.4 — 1.1 —

15 0.3 — 1.6 0.2 — 0.5 0.1 1.6

z17 2.0 —_ — 0.4 - — 0.2 0.4

bRy 131 34 0.6 01 — — 0.7 0.9

221 .1 6.5 03 0.2 — — 0.4 0.7

%23 0.1 - 02 0.3 — — .- —

25 — — (12 0.2 — — 0.1 0.4

7 0.1 0.2 0.7 — 0.1 0.1 0.4

29 — — 0.1 0.3 2.8 4.4 23 2.5

Tortal (%) 1.6 12.2 11.5 9.2 6.7 7.3 17.0 16.4
filler metals (Table 2) are strikingly simi-

Table 4 — Grain Boundary Misorien{ation In STF Samples lar. Note cspccia”y the Nb, Cr, and C con-
tents. From his studies of a number of dit-

Measuremeot 1 3 4 7 B ferently alloyed Ni-Cr-Fe weld deposits,

Allov FM-52 FM-82 FM-82 FM-82 EM-&2 Hecuschkel (Ref. 12) reported the best re-

eat NXU277 YN6&3 YN6S30 YN6830 YNBE30 sults for those weld deposits containing

‘tempcerature (°C) 986 972 972 1147 1147 Nh additions and made with argon shield-

Strain{%) 2.0 7.5 7.5 1.3 1.3 ing gas. Additionally, Sadowski (Ref. 13)

Arca (mm x mm) 0.4x10.3 0.4x03 0.2x18 14 x03 0.4x0.3 summarized the effects of Nb on weld-

. . . metal hol crucking susceptibility of

Minium Mi.«mrienmtmnghe.lwcen grum;(\)‘vhcn’: crackmgifccurred (dcgrl(‘;)cs} 0 25%Cr-20%Ni base(% on rep[grts byysew

Muximum 54 &0 53 57 59 eral authors and reported Nb content to

Average 40+ 1) ) + 5 34 + 3 )+ 5 39 + 4 be deleterious up to 0.25% while henefi-

from STF specimens of Filler Metals 82
and 52, the struin was {ound to be concen-
trated at the grain boundarics with essen-
tially no strain in the grain interiors. The
highest strains were associated with the
crack lips, where high stress concentra-
tions would be expected.

Discussion

Bused on the results presented here
and those from Parts I and IT of this inves-
tigation, it is clear that DDC is a complex
phenomenon that is influenced by multi-
ple factors, to be reviewed and discussed
in the following sections. Reference to
Parts 1 and 11 of this investigation are sug-
gested in order to understand the entire
context of this discussion.

Alloy Element Effecis
Bused on the results of STF tests pre-

sented in Part I of this investigation, signifi-
cant differences in DDC susceptibility were
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observed when comparing Filler Metals 52
and 82. Data in the literature support the
observed differences based on the composi-
tion of the weld metal. A number of Ni-
based alloy welds were tested by Heuschkel
(Ref. 12) to determine their elevated-tem-
perature ductility responsc. In that study,
Ni-Cr-Fe-Nb weld deposits achieved the
hest ductility, with a minimum elongation of
34% observed. Conversely, Ni-Cr-Fe-Ti and
Ni-Cu-Ti type weld deposits cxhibited the
lowest ductility. with a minimum elongation
of 109 reported. The 649°-1093°C low-
ductility tcmpcrafure range reported for
the Ni-Cr-Fe-Nb weld deposits is similar to
the STF results for Filler Metal 82 (Ref, 4},
which contains Nb and forms a NbC eutec-
tic constituent. Interestingly, the Ni-Cr-Fe-
11 weld metal contained only 0.47% Nb
while the Ni-Cu-11 weld deposits contained
no Nb additions whatsoever. Table 2 com-
pares the compaosition of the Ni-Cr-Fe-Nb
weld deposits from Heuschkel (Ref. 12)
with that of Filler Metal 82 (Heat YN6830).

Overall, the compositions of the two

cial at 1.38-2.80%. This is precisely the
Nb range for both filler metals in Table 2.
Furthermore, based on hot duetility test-
ing af 25%Cr-20%Ni and 18%Cr-8%Ni,
Haddrill and Baker (Ref. 14) reported
that Nb-containing weld deposits in-
creased the observed duetility minimum
significantly compared to weld dcposits
free of Nb additions.

Carbon content has been reported by a
number of rescarchers to have a significant
effect on DDC susceptibility (Refs. 2.
14-16). Haddrill and Baker (Ref. 14) ob-
served less cracking along migrated grain
houndaries as carbon conlent was in-
creased from 0.06 to (L125 wt-% in re-
heated regions of 25%Cr-20%Ni
austenitic weld metal. They suggested that
the reduction in cracking susceptibility
with the increased interstitial element eon-
tent could be related with the morphology
and distribution ol the intergranular car-
hides and with the segregation of solute el-
ements to the dislocations. In support of
this, Matsuda et al. (Ref, 15) and Arata ct
al. (Ref. 16) reported 4 much narrower
DTR and an increascd minimum sirain









threshold strain for cracking dropped to
1%. There are other metallurgical influ-
cnces that complicate this simple argu-
ment, such as the effect of multiple re-
heating in the multipass weld on the
mature of the boundary. However, based
on the obscervation that most DDC is ob-
served in the spot welds in the angular
range of 43-40 deg to the applied strain, it
can be concluded that the macroscopic
boundary oricntation in the weld metal
relative to the applied strain is a con-
tributing factor to DDC.

Fractura Morphology

Part 11 of this investigation described
the fracture behuvior associated with
DDC in STF samples of Filler Metals 52
and B2 throughout the entire 625°-1200°C
DDC temperature range (Ref. 5). Ductil-
ity recovery at both extremes ol the DTR
is murked by ductile intergranular frac-
ture. The ductility recovery at clevated
temperature coincides with the onset of
local recrystallization at the grain bound-
aries. In the intermediate temperature
regime ol the DTR. the intergranular frac-
fure acquires a wavy pattern with erystal-
lographic steps superimposed. These
steps are clearly evidence of crystalline
slip, which is thought tobe related with the
hydrogen-induced piasticity. The pres-
ence of precipitates was cvident on the
fracturc surfaces. However, the exact re-
lationship between fracture behavior and
grain boundary precipitation is still not
clear and is the subject of un ungoing in-
vestigation.

Grain Boundary Character Distribution

It is well known that low CSL grain
boundaries (Z3-Xag) exhibit speciul proper-
ties that are associated with the relatively
good wlomic scale matching and conse-
quently low energy of these grain bound-
aries. Among these special propuerties are
high resistance to 1) crack propagation, 2)
localized corrosion, 3) sliding and cavitation
at high temperatures, and 4) lower solute
segregation (Refs, 11, 27). Ductility-dip
cracking is a high-temperature phenome-
non and, although the difference in proper-
ties hetween the low-Z CSLand the random
grain boundaries decreases when tempera-
ture increas=s (Rel. 30}, the effect of CSL
grain boundarics on the DDC phenomenon
was of interest.

Although a high fraction of “speciat
grain boundaries™ was not observed in ei-
ther of the filler metuls (Table 2). most of
the boundarics identified were low Z-CSL
grain boundarics (Xy, Ze, Xy, and Zyy), o
which special properties have been re-
purted (Refs, 11, 27). These boundary types
have low activity levels in relatiun to grain
boundary migration, sliding, vacancy gener-

i3 a

ation, dillusion, und absorption while high-
angle “randam™ grain houndarics ive high
activity levels in relation to these boundary
characteristics (Ref. 11). Cracking did not
occur along any of the “special™ grain
boundaries with some boundaries appeur-
ing 1o arrest crack propagation.

In support of this ohscrvation, Watan-
ahe (Ref. 1) reported that “special” grain
boundarics are strong obstacles to crack
propagation such that intergranular frac-
ture will arrest at these boundary types. In
almost all cases, DDC was observed along
“random” high-angle grain boundaries,
Based on the high activity levels associ-
ated with these houndaries, fracture ulong
these houndary types is not surprising,

Lurther supporting the fracture resis-
tunce of low-Z CSL bounduries and low-
angle boundarics, Palumbo and Aust (Ref.
27) reported that these boundary types
would not fracture even when lying ut opti-
mal angles (45-90 dep) for operation of a
grain boundary sliding assisted fructure
mechunism, These angles are preciscly the
angular orientation range 1o the applicd
Inad found to be typical for DDC along ran-
dam high-angle migrated grain boundaries
in Filler Mclals 532 and 82, further suppor]-
ing fracture propensity along high-cnerpy,
high-angle migrated grain houndaries.

Grrain houndary cracking resistance
decreases as the boundary becomes more
“random” (i.e., deviating lurther away
Irom low encrgy configurations). At the
same time, the potential for segregation of
solute and impurities to this grain bound-
ary is also enhanced (Ref. 11). The higher
energy level of the boundary also im-
proves its mobility, generating synergy be-
tween the potential for segregation of the
boundary and the “sweeping” effect of im-
purities while it moves. This behavior
lends suppert to increasing eutectic con-
stituent content and decreasing impurity
content in the weld-metal microstructure,
Increased eutectic constituent content will
inhibit boundary migration and the conse-
quent sweeping of impurities, further min-
imizing the probability of grain boundary
sliding and/or cracking.

tn the STF samples, most of the special
grain bounduarics present in the mi-
crostructure were a result of the thermo-
mechanical wark, which occurred during
the test itself. Many of these special grain
bounduries appearcd to originate during
the recrystallization process in the highly
strained material around the cracks.
Based on this observation, low-X CSL
boundarics have little effeet on crack ini-
tiation, but may play an important rale in
the crack arrest process.

Insight into the DDC Machanism

While the mechanism for DDC is still
not fully understood, the STF test has con-

firmed many previous theories about
DDC and has proven itself as a valuable
method to test different conditions and
produce a varicty ol crucked samples for
cvaluation. Results from this investigation
confirm that DDC occurs preferentially
along weld-metal migrated grain bound-
aries, An overwhelming majority of DDC
was obscrved in the spot weld with cracks
occurring outside the spot weld in multi-
pass weld metal only at relatively high
strains (>8%). Typically, cracks occurred
on migrated grain boundaries oriented ap-
proximately 43-90 deg to the applied
strain, These resuits ugree with previous
reports that grain boundary oricntation
relative to the direction of the applied
strain is a contributing factor to formation
of DDC (Refs. 15,19, 29, 31).

The ellect ol intergranular precipita-
tion on grain bounduary sliding remains
controversial. Mathew et al. (Ref. 21) and
Dix and Savage (Ref. 32) postulated that
as prain boundary precipitates form, grain
boundary sliding is restricted enabling sig-
nificant matrix delormation and higher
ductility. Converscly, Zhang et al. (Ref.
33), Mintz et al. {Ref. 17), and Arata et al.
{Ref, 10) concluded rhat increasced inter-
granular precipitalion  lowers  grain
houndary ductility.

Materials containing precipitates, eu-
tectic constituents, and/or second phases
tend to restrict grain boundary motion und
thereby reduce the amount and length of
cracking. Furthermore, formation of cu-
tectic constituents at the end of solidifica-
tion results in tortuous grain boundary
paths that are increasingly resistant to
both DDC initiation and propagation
when compared to straight grain bound-
ary paths free of precipitates. Tortuous
grain houndary paths result in increased
grain houndary area vs, straight grain
houndaries, over a given length. Grain
houndary sliding is impeded by tortuous
boundaries and orientation to the applicd
strain is increasingly random vs. a straight
grain boundary oriented favorahly for
DDC formation.

Previous research supparts the concept
of Nb and C additions to the weld metal to
decrease cracking susceptibility (Refs. 2,
12-16). Increascd C contents in Filler
Metal 82 may result in increased MC-car-
bide (NbC) formation along grain hound-
aries that further restrict grain growth and
grain boundary migration ultimately re-
sulting in increased grain boundary arca to
withstand higher applied strains. This in-
vestigation supports the hypuothesis that
grain boundary precipitates act as locking
points along the boundary, therehy re-
stricting grain boundary sliding and en-
abling significant matrix deformation and
higher ducetility (Refs. 21, 32). Further-
more, restricted boundary mation result-
ing from pinning by eutectic constituents
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in the microstructure results in reduced
“sweeping” of impuritics and undesirable
solute elements into the houndary, further
enhancing resistance to DDC.

Zhang ¢t ul. (Rels. 33, 34) tevealed that
fully austenitic stainless steel weld metals
precipitated My,C, carhides along mi-
grated grain boundaries below [200°C,
while also observing a high density of in-
tergranular precipitation in Fe-36%Ni
weld metals. Geunerally, it was obscrved
that the prevalence of precipitates in-
creased at locations where migrated grain
boundaries intersect solidification sub-
grain boundaries. Subsequently, it was
postulated that since the solute concen-
tration at the solidification subgrain
boundary is high, migrated grain bound-
ary precipitation should easily occur at
this intersection. 1t wus also determined
that a certain region of the migrated grain
boundary near the intersection could be
cnriched by solute elements due to rapid
diffusion at the grain boundary intersec-
tion. These ohservations further support
the hypothesis that as grain boundary pre-
cipitates form, grain boundary sliding is
restricted, enabling significant matrix de-
formation and higher ductility.

Controlling impurity contents (S, P,
etc.} may also assist in controlling forma-
tion of DDC, especially during multipass
welding operations, Based on the increase
in DDC susceptibility observed during
STF testing of Filler Metal 82 with addi-
tions of sulfur to the spot weld, it is antic-
ipated that minimizing S, P, and other im-
purity contents in Filler Metals 82 and 52
will increase the resistancce to DDC,
Cordea et al. (Ref. 31) concluded that
after extensive grain growth, impurities
became sufficiently concentrated on the
grain boundaries to weaken them, resnlt-
ing in crack initiation. As microsegrega-
tion of 8, P, und other impurity elements
easily oecnrs to sulidification subgrain
boundaries during solidification and dif-
fusion along these boundarics is enhanced
in comparison to the matrix, it is antici-
pated that the inlersection of a migrated
grain boundury with a solidification sub-
grain boundary will result in enrichment
of impurity elements along the migrated
grain boundary. This in turn will promote
decohesion und fuacilitate grain boundary
sliding along the houndarv/matrix inter-
face. Eliminating or minimizing impurity
clements in the filler materials may assist
in increasing the amount of strain neces-
sary to initiate grain houndary sliding.

The potent effect of hydrogen on DDC
susceptibility was initially quite surprising
hased on the perceived resistunce of
austenitic microstructures to hydrogen-
induced cracking. Although the exact lev-
els of diffusible hydrogen were not deter-
mined, it is estimated based on data gath-
ered from multipass welds using 95Ar-5H,
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shiglding gas (Ref. 35) that the levels were
on the order of 15-20 ppm. It is proposcd
that this hydrogen is trapped within the
microstructure at trapsites such as the car-
hide/matrix interface and then released
upon heating above 625°C. Sinee muny of
the carbides are present along the grain
boundaries und stress is concentrated at
these boundarics, the hydrogen accumu-
lates in the boundary and reduces its co-
hesive strength und uctivates the localized
plasticity around rhe grain bounduries. [t
is conceivible that the DDC mechanism is
simply a manifestation of hydrogen-
assisted cracking at clevated temperature.

Welding speed was very low for the but-
ter passes (2 in/inin) and relatively low for
the fill pusses (5 in./min) durting STF sam-
ple preparation. Yeniscavich (Rel. 36)
used the hot ductility test 1o study the el-
fects of welding speed on duectility re-
sponse in Ni-Cr-Fe alloy wrought materi-
als and weld metals. The results show
significant differences in the ductility re-
sponses of wronght and welded speci-
mens, indicating that microstrocture is a
significant parumeter affecting hot ductil-
ity. Althougb somewhat mixced, data [rom
a number of heats revealed that the duc-
tility response is a function of welding
specd with ductility typically increasing as
welding speed increused from 1 to 10
in./min. Higher welding speeds produced
liner grain sizes in both the fusion zone
and heat-altected zone resulting in greater
fissure resistance. Faster welding speeds
not only produced a fissnre-resistant
structure, but also reduced the volume ol
material susceptible to fissuring. Further-
more, Yeniscavich postulated that segre-
gation decreased as the welding speed in-
creased, decreasing the likelihood of a low
ductility response.

This investigation into DDC ol nickel-
based alloy filler materials has identified a
number of factors that contribute to DDC
formation. The DDC mechanism is most
likely a complex interplay amongst these
contributing fuctors rather than a result of
any single factor. The rescarch performed
in this investigation has provided in-
creased insight into a number of variables
that can be manipulated to assist in de-
creasing or controlling DDC [ormation,

Control of the DDC mechanism may
be cffectively described by the following:
Materials containing a consistent distribu-
tion of grain boundary precipitates and/or
cuteclic constituents effectively “lock”
and/or “pin” grain boundary motion, in-
hibiting grain growth. Grain boundary tor-
tuosity is therefore increased resulling in
increased boundary area per unit length
{vs. a straight grain boundary) to resist ap-
plied strains while also subjecting less of
the grain houndary to oricntations favor-
able to boundary separation, Precipita-
tion, cutectic constituent formation, and

subsequent grain houndary tortnosity ef-
fectively distupt grain boundary sliding as
cohesion between grains is enhanced. Tm-
purity und solute segregation is effectively
reduced as the “locked™ and/or “pinned”
boundary maintains a low-angle orienta-
tion that is more resistant to solute and im-
purity scgregation as grain boundary
“sweeping” of these detrimental elements
is effectively controlled. Furthermore,
controlling or climinating impurity con-
tents and utilizing high welding speeds
control intergranular segregation during
multipass welding operations, further in-
creasing resistance to grain boundary de-
cohesion and sliding. Controlling or elim-
inating a single factor contributing to the
DDC mechanism will assist in preventing
formation of DDC, but comprehensive
control of all of the contribnting (actors
will most likely result in the most optimal
ductility response in nickel-hased alloy
filler materials.

Conclusions

1. Duoctility-dip cracking occurred
along random high-angle grain bound-
arics, generully referred to as migrated
grain houndarics in anstenitic weld nietal,

2. A low fraction of interdendritic con-
stituents {TiN) and entectic MC-carbides
were inconsistently distributed through-
ont the microstructure of Filler Metal 52
resulting in long, straight migrated grain
boundaries, These hboundaries have low
resistance to grain boundary sliding and
thus exhibited increased susceptibility to
DDC.

3. A higher fraction of eutectic con-
stituents, particularly (Nh, Ti)C, were dis-
tributed thronghout the microstructure of
Filler Metal 82 resulting in formation of
tortuous grain boundary paths that are
more resistant to DDC. The increased re-
sistance to DDC was a function of the cu-
tectic constituents “pinning” grain bound-
ary motion cffectively minimizing grain
growth and grain boundary sliding,

4. Sulfur and hydrogen additions were
found to increase susceptibility to DDC in
Filler Metal 82.

3. Triple-point grain boundary inter-
sections act as high stress concentration
regions conducive to crack initiation. The
addition of hydrogen greatly increased the
incidence of cracking at triple points.

6. Straight migrated grain houndarics
crack under low levels of strain (<2%).
Higher levels of strain (>2%) are neces-
sary to initiate cracking along tortuous mi-
grated grain boundaries.

7. Recrystallization wus observed in the
upper temperaturc range {1050°-1200°C})
of the DTR and coincided with ductility
recovery.

8. Grain houndary orientation to the
applied strain is a contrihnting factor to



DDC formation. Boundaries oriented at
45-90 deg to the applied strain were found
to be most susceptible to DDC.

9. Using the EBSD technique, it was
shown that high strain concentrations arc
present along the migrated grain bound-
aries upon application of only small
strains in the STF test.
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Liquation Crac-kinlg
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Al-Cu Welds

in Full-Penetration

Keeping the weld-metal solute content above — not below — the solidification
cracking range can prevent liquation cracking as well as solidification cracking

ABSTRACT. Liguation cracking in the
partially melted zone (PMZ) of full-pen-
etration aluminum welds was investi-
gated, using the simple binary Alloy 2219
{Al-6.3Cu) to gain better understanding.
The PMZ is the region outside the fusion
zone where grain-houndary liquation oc-
curs during welding. The circular-patch
test was used (o evaluate the crack sus-
ceptibility. Gas metal arc (GMA) welds
were made with the weld metal contain-
ing 0.93, 2.32, 3.43, 6.30, and 7.53 wi-%
Cu. The curves ol temperature (7) vs. the
solid fraction (fg) were caleulated for both
the PMZ (same as the base metal) and the
weld metal, The results were as [ollows:
First, at 1.93% Cu liquation crucking was
very severe; at 2.32% Cu liguation crack-
ing deercased but solidification cracking
appeared; at 3.43% Cu liquation cracking
disappeared but solidification cracking
was severe; and at 6.30 and 7.55% Cu nei-
ther type of cracking occurred. Second,
liguation cracking either stopped or did
not occur near solidification eracks.
Third, the Tfy curves did not intersect
euch other and they showed that, for the
welds that liquation-cracked, the weld-
metal f exceeded the PMZ f throughout
PMZ solidification. Three things were
proposed. First, liquation c¢racking is
caused by the tensile strains induced in
the soliditying PMZ by the solidifying and
contracting weld metul that cxeced the
PMZ resistance to cracking. Under the
same welding conditions, the tensile
strains in the PMZ increase with increas-
ing weld-metal fg and workpiece restraint,
and the PMZ resistance to cracking de-
creases with increasing liquation. Second,
an aluminum weld metal higher in f5 than
the PMZ throughout PMZ solidificution
can cause liguation cracking if the work-
picee is restrained tightly, the PMYZ is li-
quated heavily, and there is no solidifica-
tion cracking in the adjacent weld metal
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Department  of  Materfals  Science  and
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to relax tensile strains in the PMZ. Third,
raising the weld metal solute content he-
yond the solidification-erucking range can
prevent liquation cracking as well as so-
lidification cracking,

Introduction

The partially melted zone (PMZ) is a
region jinmediately outside the weld
metal where liguation oceurs during weld-
ing because of overheating ahove the eu-
tectic temperature {or the solidus temper-
ature it the workpiece is completely
solutionized before welding) (Ref. 1). This
is illustrated in Fig. 1. Since the grain
houndaries are liguated, intergranular
cracking can occur under the tensile
strains induced by welding. Significant
tensile strains are induced in the work-
picce when it is restrained and unable to
contract {due to solidification shrinkage
and thermal contraction) freely upon
cooling during welding. Liguation crack-
ing often oceurs in the PMZ, along the fu-
sion houndary. Aluminum alloys are
known to be susceptible 1o liguation
cracking in the PMZ during welding. Li-
quation and liquation cracking in alu-
minum welds have been the subjects of
great interest in welding (Refs. 1-20).

Metzger (Ref. 3) obscrved liquation
cracking in full-penetration gas tungsten
arc {GTA) welds of Alloy 606] made with
Al-Mg filler metals at high dilution ratios,
but not in similar welds made with Al-8i
Mller metals at any dilution ratios. Thiswas
confirmed hy suhsequent studies on 6061
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Aldloy 2219
Solidification Crucking
Liguation Cracking
Partially Melted Zone
Circular-Patch Test
Scheil Equation

und similar alloys such as 6063 and 6082
(Refs. 5, 7-12).

Gittos et al. (Ref. 3) used the circular-
patch test (Ref, 21) to study liquation
cracking in an aluminum ulloy close to
Alloy 6082 in composition. Liguation
cracking occurred in full-penetration GTA
welds made with the Al-5Mg filler metal at
high-dilution rutios (about 80%) but not
with the AL5Si filler metal at any dilution
ratios. They proposed that liquation
cracking occurs when the base metal
solidus temperuture is below the weld-
metal solidus temperature.

Katoh et al. (Ref. 7), Kerr et al. (Ref.
8), and Miyazaki et al. (Rel. 9) used the
Varestraint test (Rels. 22, 23) to study li-
quation cracking in GTA and GMA wclds
of 6000 allays (partial penetration). Their
results contradicted the cracking condi-
tion of Gittos et al. (Rel. 5).

Huuang and Kou (Ref. 24) studied li-
quation cracking in partial-penetration
aluminum welds of Alloy 2219, The papil-
lary (nipple) -type penetration common in
GMAW with spray transfer was found to
oscillate along the weld and cause crack-
ing. Various filler metals, including 1100},
2319, 4047, 4145, and 2319 plus extra Cu,
were used but did not climinate liquation
cracking.

Cross and Gutscher (Ref. 25) studied
the effect of Cu and Fe content on the so-
lidification cracking and liquation in Alloy
2519 using a circular-pateh test.

The present study demonstrates the sig-
nificant effect of the weld-metal solute con-
tent on liquation cracking in full-
penetration welds. Alloy 2219 is selected,
not as the suhject of investigation, hut as a
tool for better understanding of liguation
cracking.

Experimental Procedure

The citcutar-pateh test (Ref. 21) was
uscd to evaluate the susceptihility to li-
quation cracking. As shown in Fig, 2, the
workpiece was highly restrained (by being
bolted down to « thick stainless steel
plale) in order to prevent it from con-
tracting frecly during welding. This allows












‘I'able 2 — Compositions of Weld Metals

Contribution from

Outer Piece

Weld metal { 1) of weld 13.5% from

Contribntion from
Inner Piece

52.3% from

Filler Metal

34.2% from

2219/1100/1100A 2219 1100 1100

Weld metal (2) of weld 36.0% from 28.8% from 35.2% from
22191100/ 1 0B 2219 ISlLy 1100

Weld metal (3) of weld 21.5% from 46.3% from 32.2% from
2219%/1100/2319 2219 1100 2319

Weld metal (4) of weld 635.3% fram 2219 {both 34.7% from
221072219/2319 inner and outer pieces) 2319

Weld metal (5) of weld 63.14% from 2219 (buth 33.52%
2219/2219/2319+ Cu inner and outer pieces) from 23149

Contribution from

Weld-Metal
Composition

Contribution from
Fxtra Cu

— Al-0.93Cu
— Al-2.32Cu
— Al-3.43Cu
— Al-6.30Cu

1.34% from
Cu

Al-7.55Cu

Table 3 — Summary of Experitnental Results

Outer Picee/lnner Picee/Filler Mectal

weld 22197 weld 2219
I TOVI 100A 1 10/11008
Weld-metal Al-0L93Cu Al-2.32Cu
composition
Liquation cracking 18.42 5.82
(cm)
Liquation cracking 91 24
(% of weld outer
cdge)
Solidification 2.08 8.26

cracking (em)
Solidification cracking £3 49
(% of weld lengthi)

weld 2219/ Weld 2219/ Weld 2219/
LHHY2319 221942319 221%2319+4Ca
Al-343Cu Al6.3Cu Al-7.55Cu
No No No
t] ] ]
980 Nn No
Gl 0 0

() Weld length = (lenglin ol weld outer edge plus length of weld inner eulge)é2.

Figure 4C shows the microstructure in
the square of Fig. 4B. The solidification
crack in the fusion zone was connceted to
the liquation crack at the weld interface.
This suggests that liquation cracking can
trigger solidification cracking. However,
solidification cracking can also initiate
within the fusion zone by itself and does
not have to initiate at liquation eracks.

The weld-metal composition was fur-
ther raised to Al-3.43Cu in Weld
22191 100/2319 1o reduce liquation crack-
ing. Solidification cracking (60% of the
weld length) took over completely, that is,
liquation cracking disappeared. As shown
in the overview in Fig. 5A, solidification
cracking occurred in three different re-
gions of the weld, each crack being about
3 (o 4 em long.

The macrograph in Fig. 5B shows so-
lidification cracking in the upper right re-
gion of the weld. Cracking started from
near the onter edge of the weld, propa-
galed inward, und then followed the weld-
ing dircction.

Figure 5C shows the microsiructure of
the weld inside the square in Fig. 5B, in-
cluding the tip ol the solidilication cruck
near the fusion boundary. Clearly, solidifi-
cation cracking initiated within the weld
metal near the outer edge of the weld, and
there was no liguation cracking in the PMZ,
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As the weld-metal composition was in-
creased 10 Al-6.30Cu  in Weld
2219/2219/2319, which is the same as the
composition of Alloy 2219 (Al-6.30Cu),
neilher liquation cracking nor solidilica-
tion cracking occurred except for sone so-
lidification cracking inside the crater.

Finally, as the weld-metal composilion
was increased o Al-7.55Cu in Weld
2219/2219/2319+ Cu. neither liquation
cracking nor salidification cracking ac-
curred, nat even in the crater. Figure 6
summarizes Lhe three types of cracking in
the welds discussed above. 1t includes pri-
marily liquation cracking {Fig. 3A), mixed
tiquation/solidification cracking (Fig. 4A),
and primarily solidification crucking —
Fig. 5A.

Locations of Cracking

The tensile strains in the weld are ex-
pected 1o be highest in the regions be-
tween the center of the workpicee and its
four corners because the workpiece was
holted down at the center and near its four
corners — Fig, 2, The weld could not have
becn subjected to uniform constraint dur-
ing welding even if the washers were re-
moved.

When liguation cracking was severe, it
occurred essentially along the enlire weld,

as in the case of Weld 2219/1100/1100A
{919% of the outer weld edge, Fig. 3A).
However, when liquation cracking was
fess severe, it appeared to be located more
or less in three regions: between the cen-
ter of the workpicce and its lower left,
upper left, and upper right corners. Weld
2219/1T00/1100B is an example — Fig. 4A.
The region between the cenfer and the
lower right corner was more complicaied
hecause of the overlapping hetween the
beginning and the end of the weld. The
rolling direction did not appear {o have a
significant effcet on liquation cracking.

In fact, solidification cracking also ap-
peared to be located more or less in the
same three regions. Weids 2219%1100/1 100A
(Fig. 3A), 221%/1100/1100B (Fig. 4A), and
2219/1100/2319 (Fig. 5A) arc cxamples.
Solidification cracking can be initiated in
a weld metal with a composition highly
susceptible to solidification cracking when
the weld pool enters lhe Lhree regions. As
alrcady mentioned, when solidification
cracks open up in the weld metal, tensile
sirains in the adjacenl PMZ are greatly re-
duced and liguation cracking stops (or
tends not to oecur). This explains why li-
quatinn cracking switched to solidification
cracking in Welds 2219/1100/1 100A (Fig.
3A) and 2219/1100/1 OB — Fig. 4A.

Bottom View of Liquation Cracking

Figure 7A shows the bottom surfuce of
Weld 2219/1100/1 100A. The crack did not
look like liquation eracking because it ran
parallel to but not exactly along the outer
edge ol the weld. 1t did not look like so-
lidification cracking, cither, because it did
not move toward and propagate along the
weld centerline. In fact, this crack was the
bottom of the liquation crack shown in
Fig. 3B.

The transverse cross section along line
“xy” is shiown schematically in Fig. 7B.
During welding the molten metal at the
bottom of the weld pool spread over the
hottam surface of the PMZ, that is, the
bottoms of the weld metal and the PMZ
overlapped. The liquation crack along the









of the binary phase diagram are assumed
1o be straight lines, the solid fraction £ at
any given temperature 7 can be calcolated
fraom the following Scheil equation;

1

A _(&114

Gy (2)

where C,, is the solute content of the alloy,

C, the composition of the liquid at the

solid/liquid interface at T, and & the equi-

librium partition ratio. It can be shown

(Ref. 32} that the Scheil equation can be
rewritten as

|
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' T =T

L (3)
where m; {< 0)is the slope of the liquidus
ling in the phase diagram, and T, the
melting point of pure aluminum,

Consider first the effect of the weld-
metal composition on liquation cracking
in Alloy 2219 — Fig. 10. According to
Equation 3, al any temperature T the
lower the weld-metal solute content C,,
the greater the solid fraction f; ts. That is,
the stronger the solidifying weld metal be-
comes and causes liquation cracking. This
is consistent with the effect of the Cu con-
tent shown in Fig. 10. That is, the closer
the weld-metal composition is to pure Al,
the higher the susceptibility of Alloy 2219
to liquation cracking is, and the suscepti-
bility decreases as the weld-metal Cu con-
tent increases.

Figure 11 shows the 7-f¢ curves calcu-
lated, hascd on the Scheil equation, for the
PMY. in Alloy 2219 and weld metals of var-
ious Cu contents. As shown, Curve 1 for the
Al-0.93Cu weld metal is well on the higher-
fy; side of Curve 4 for the PMZ (Al-6.3Cu).
This suggests that the weld metal was higher
in salid fraction and hence strength than the
PMZ during solidification, This helps ex-
plain why scevere liquation cracking oc-
curred in Weld 2219/1100/1100A (Weld
metal 1in Fig, 10). Similarly, Curve 2 for the
Al-2.32Cu weld metal was on the higher-fy
side of Curve 4 for the PMZ, and this ex-
plains the liquation cracking in Weld
221110071 100B (Weld metal 2 in Fig, 10},

Curve 3 for the Al-3.43 Cu weld metal
was also on the higher-fy side ol Curve 4
for the PMZ. Surprisingly, liquation
crucking did not occnr (Weld metal 3 in
Fig. 10). This is probably because solidifi-
cation cracking occurred first, and the ten-
sile strains in the adjacent PMZ were thus
reduced significantly before liquation
cracking had a chance to occur. As will be
shown later, Al-Cu alloys are most sus-
ceptible to salidification crucking between
3 and 4% Cu. Since the weld metal was
highly susceptible to solidification crack-
ing and since it reached high solid frac-
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tions before the PMZ, solidification crack-
ing oceurred before liguation cracking.

The T-f¢ curve for the Al-6.3Cu weld
metal coincides with Curve 4 for the PMZ.
Curve 5 for the Al-7.55Cu weld metalis on
the lower-f side of Curve 4 for the PMZ.
In neither case, the solidifying weld metal
has a higher solid fraction and hencc
strength than the PMZ to cause liquation
cracking. This helps explain why liquation
cracking occurred neither in Weld
221492219/23149 {Weld nietal 4 in Fig. 10)
nor Weld 2219/2219/23194-Cu {Weld
metat 5 in Fig. 10).

Solidification Cracking and
Liguation Cracking

Figure 12 shows the curve of solidifica-
tion cracking vs. composition from
Michaud et al, (Ref. 33) tor the pulsed
laser beam welding of binury Al-Cu alloys,
As shown, the maximum crack suscepti-
bility occurs between 3 and 4% Cu, which
is close to the muximum crack susceptibil-
ity at 3.43% Cu in the present study. As
shown in Fig. 10, reducing liquation crack-
ing by increasing the Cu content can en-
courage solidification cracking. In view of
this, the weld-metal Cu content should be
increascd to beyond 3 to 4% Cu in order
to avond both soliditication cracking and
liquation ¢racking. This is further illus-
traled in Fig. 13 (shaded area).

Comparison with Partial-Penetration
Welds

As already demonstrated, in full-pene-
tration aluminum welds, liquation crack-
ing can be climinated by using filler met-
als to adjust the weld-metal composition.
As shown by Huang and Kou (Ref. 24),
however, in partiul-penetration welds
made in Alloy 2219, liquation crucking
caused by oscillation of weld penctration
can persist regardless of the filler netul
uscd because penctration oscillation al-
lows the weld metal to solidify and hence
develop strength well ahead of the PMZ
regardless of the weld-metal composition.
Before 4 new penetration Ironl arrives
and liquates the PMZ grain bounduarics
immediately behind it, much weld mctal
has already been solidifying near these
grain boundaries ulter the previous pene-
tration front stopped.

Summary and Conclusions

fn summary, in view of the susceptibil-
ity of many aluminum alloys to liquation
cracking during welding, the present study
was conductled to investigate liquation
cracking in full-penetration aluminum
welds. The simple binary Al-Cu Alloy
221Y, which is easier to understand, was

selected for studying liquation cracking.
To test the susceptibility to liquation
cracking, circulur-patch welds were inade
by GMAW. To vary the weld-metal com-
position over a wide range, Alloy 2219 was
welded either to Alloy 1100 or to itself
with [iller metals 1100, 2319, or 2319 with
cxtra Cu. The compositions ol the resul-
tant welds varied from (.93 to 7.55% Cu.
The macrostructure and microstructure of
the welds were examined. The curves of
temperature {T) vs. solid fraction {(f5).
were calculated for hoth the weld metal
and the PMZ to analyze the competition
between the solidifying weld metal and the
solidifying PMZ.

The conclusions are as follows:

1) Effect of weld-metal composition. 1 .-
quation cracking can be severe when the
weld-mctal solute content is low and much
lower than the hase-metal solute content
but decreases as the weld-metal solute
content increases.

2) Effect of solidification cracking. So-
lidification cracking can occur if the weld-
metul composition is in the range maost
susceptible to solidification cracking. Li-
quation cracking tends to he ahsent near
soliditication cracks probably because so-
Lidification cracking relaxes the tensile
strains in the nearby PMZ.

3) I'f curves. The curves for the PMZ
(same as the base metal) and the weld
metal, which can he calculated bused on
the Scheil equation, do not intersect cach
other in binary-alloy welds such as Al-Cu
welds, They show that for the Al-Cu welds
that liquation-cracked, the weld-metal fo
exceeded the PMZ f throughout PMZ so-
lidification, The curves, especially when
coupled with the data of solidification
cracking vs. composition, help understand
how liquation cracking in full-penciration
aluminum welds can be avaided by adjust-
ing the weld-metal solute content.

&) Mecharnism of liguation cracking, Li-
quation cracking is caused by the tensile
strains, induced in the solidifving PMZ by
the solidilving and contracting weld metal,
that exceed the PMZ resistance to crack-
ing. Under the same welding conditions,
the tensile strains increase with increasing
weld-metul f5 and workpiece restraint, and
the PMZ resistance to cracking decreuses
with increasing PMZ liquation.

3} Condition for liguation cracking. A
weld metal higher in fg than the PMZ
throughout PMZ solidification can cause
liquation cracking in full-penctration alu-
minum welds if 1) the workpiece is re-
strained tightly; 2) the PMZ is liquated
heavily; and 3) there is no solidification
cracking in the adjacent weld metal Lo
relax the tensile strains in the PMZ. This
condition is different from that of Gittos
and Scott {Rel. 3) based on equilibrium
solidus temperatures, that is, liguation
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cracking occurs when the base-metal
solidus temperuature is below the weld-
metal solidus temperature. Equilibrium
solidification does not exist in welding,

6) Avoiding cracking. In the case of bi-
nary-alloy welds such as Al-Cu welds, in-
creasing the weld-metal solute content to
reduce liquation cracking can encourage
solidilication crucking. Decreasing the
weld-metal solute content to reduce solid-
ification cracking can encourage liquation
cracking. The weld-metal composition
should be adjusted to where both types of
cracking can be avoided, that is, beyond
the solidification cracking range.

7Y Pattern of liquation cracking. Liqua-
tion cracking initiates at, or in the PMZ
near, the outer edge of the weld and prop-
agates along the outer edge.

8) Partern of solidification cracking. So-
lidification cracking initiates in the weld
metal near the outer edge of the weld or
from liquation cracks at the outer edge
and moves inward 1o propagate more or
less along the weld centerline.

9) Liguation cracking at weld bottom.
Al the bottom surface liquation cracking
may nol appear at the outer edge of the
weld as expected but just inside the weld
metat. This can occur if the weld metal
spreads slightly over the bottom surface of
the PMZ, thus allowing liquation cracking
lo propagate through the weld metal and
reach its bottom surface,

10) Comparison with partial-penetration
welds. As demonstrated in the present
study, in full-penetration aluminum welds,
liguation cracking can be climinated by
using filler metals to adjust the weld-metal
composition. In partial-penetration alu-
minum welds, however, liquation cracking
ncar the weld root caused by oscillation of
weld penetration can persist regardless of
the filler metal used because penetration
oscillation allows the weld metal to solid-
ify und hence develop strength well ahead
of the PMZ regardless of the weld-metal
composition (Ref, 24),
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Influence of Stress Ratio on Fatigue
Crack Propagation Behavior of
Stainless Steel Welds

Crack initiation and growth rates in relation to residual stresses
were studied in gas metal arc welds of 316L

BY C. S. KUSKO, J. N. DUPONT, AND A. R. MARDER

ABSTRACT. The fatigue crack propaga-
tian behavior of 3160 stainless steel gas
metal arc welds has been investigated
using the K-increasing testing procedure,
A series of stress ratios from (.10 1o 0.80
was investigated in order to observe thein-
Muence of stress ratio and stress intensity
runge on the fatigue crack growth rate. A
stress ratio of 0.53 has heen shown to over-
come closure for all the gas metal arc
welds tested. Crack closure meuasurements
obtained through the compliance offsct
method were utilized to explain the in-
crease in crack growth rate and decrease
of crack closure as the stress rutio is in-
creased. The increase in fatigue crack
growth rate, which occurs as the stress
rutio is increased from 0. 10 1o 0.55, is gen-
crally attributed to an extrinsic crack
opening effect in which higher stress ratios
promote a fully open crack and corre-
sponding higher growth rates, Continued
increase in the crack growth rate that oc-
curs as the stress ratio is increased further
from 0.55 to (L.70 is attributed to a true in-
trinsic material response to increasing
stress ratio.

Introduction

Conventional are welds ean represent
stress concentrations in load-bearing
structures because of geometry chunges
and defects ussociated with welding. Since
welding serves ds @ prominent joining
process for muny structural applications,
weld-retated features can aid in the initia-
tion of cracks. When considered in con-
junction with welding residual stresses,
propagation of such cracks can become a
concern during service. Consequently, an
understanding of the Taligue crack propa-
gation behavior of welds is important.
Maddox (Ref. 1) and Parry et al. (Ref. 2)
have shown thut the fatigue crack growth
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DUPONT is Associate Peofessor and Director,
Jommg and Laser Processing Laboratory; and A.
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hehavior of welds can be characierized by
the well-known Paris equation, which re-
lules the latigue crack growth rate. da/dM,
to the stress intensity range. AK {Ref. 3)

S clak)"

v (0
where @ is the crack length, /V is the num-
her of cycles, and € and # are material
constanis. 'The stress intensity range, AK,
is piven by the dilference between the
maximum and minimum applicd stress in-
tensity of the load evele, AK = K. Ko
While the stress intensity range is the main
fuctar that governs the crack growth rate,
the stress ratio, R, (ratio of minimum to
maximum applied stress intensity) can
also influence the crack growth rate. The
resulting effeet of an increase of R on
da/dN hus heen investigated for wrought
stainless steels (Ref. 4), carbon steels
(Ref. 5), alloy steels (Refs, 6-8), ulu-
minum {Refs. 9-12), and titanium alloys
(Ref. 9). Generully, an increase in K re-
sults in an increase in da/dV for a given
stress intensity range, AK. This influence
of R can cssentially come from two sources
— a true material dependence of crack
growth rate on R (i.e.. an intrinsic mater-
ial elfect) and/or a cruck closure cffect.
Crack elosure refers to the condition in
which the crack is not fully open during
the entire loading cycle. In this condition,
only u portion ol the applied siress serves
to drive crack propagation. Crack closure
is most often attributed to residual
stresses. For example, if the crack enters
into a compressive stress ficld, the com-
pressive stress will counteract the applied
tensile stress, 1If the compressive stress is
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Residual Stress
Crack Initiation
Crack Growth
Stainless Stecl
Gas Metal Arc
K-Increasing "lest

larger than the minimum applied stress,
then the crack may remain closed during o
portion of the load eyele. In this case, it is
useful to identify an opening stress inten-
sity value, K. where K, represents the
minimum stress intensity required to keep
the erack fully open. In short, if the mini-
mum applied stress intensity, K ;.. Is
below Knp, then the crack will be closed
whenever the upplied siress intensity
drops below K. Under this condition, the
fully applied stress intensity range. AR,
does not contribute to crack propagation,
and it is useful to define un effective stress
intensity range, AK ;r, where AK iy ts given
by Kqux — Kop Under this condition, AK;
represents the true driving foree Tor erack
propagation. Lastly, it is important to note
that onc cannot separate an intrinsic crack
growth rate dependence on R from a crack
closure elfect unless the condition at
which crack closure occurs is identified
during testing,

Crack closure has been applied to ex-
plain the influcnce of R over various
regimes of da/dN (Refs. 9-11, 13-15).
However, most previous research was con-
ducted on wrought test specimens that are
not subject to the residual stresses preva-
lent in welded sumples, An investigation
of alloy steel are welded joints for R ratios
of 0.00 and 0.50 showed no increase in
da/dN as Rincreased {(Rel. 16), That is, the
da/dN-AK curves essentially overlapped
for all deeades of crack growth. Since the
test samples were oriented such that crack
propagution occurred within the weld
metal wlong the dircetion of welding, such
hehavior has heen attributed to tensile
residuat stresses that were encountered
wilhin the weld metal. The presence of
these tensile residual stresses promotes a
completely open fatigue crack at all stages
of loading. That is, crack closure, or pre-
mature closure ol the crack tip during
loading, would not be expected to influ-
cnee the erack growth hehavior.

1o correctly evaluate the influence of
crack closure, accurale assessmenlt ol the
crack opening load. P, during testing is
crucial as it serves as the foundation for
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Fig. 3 — Comparison of 316L GMAW fatigue data tested at an Rratio of 010, Fig. 4 — Slope offset data for 316L GMAW tested at an R ratio of 0,10,

culated from Equation 2, the following ex-
pression developed for the C('T') specimen
wis used to culeulate K {Rel. 25)

(1886 + 4.64(1 ]
e

2
—13.32(‘—’}
W

i 3 - i 4
+14.72 — | —35.6| —
w W

4

Displacement was measnred using an
MTS clip gauge attuched o knile-edges
on the front edge of the C(T) specimen.

All testing was conducted using con-
stant amplitude loading and a sine wave-
torm at a frequency of 25 FHz at room tem-
perature. Testing was performed under
K-gradient control at caonstant R ratios of
various niagoitudes to determine the in-
MMuence on fatigue crack growth. Data
were generated using K-inereasing proce-
dures (Ref. 26), according to the equation
(Ret. 24)

(‘l’ufu” ]

Ky = Kmavor € (3

where C, the normalized K-gradient, rep-
resents the fractional rate of change with
increasing «, such that (Ref. 27)

I dK
K, da {6)

The K-increasing tests were run with a ©
value ot 0.118 mm 1. On all samples, pre-
cracking was conducted until the crack
propagated 1.27 mm, after which, all en-
suing da/dN were measured. The compli-
ance-hased crack lengths, measured as 4
function of N, were converted to da/dN
using a modified version of the secant
method (Rel. 28), which requires the cal-
culation of the slope of a straight line con-
neeting specificd points an the a-N curve.

Results and Discussion
Fatigue Crack Propagation Resnlts

Vatigue crack propagation data ob-
lained from testing at an R ratio of 0.10
are shown in Fig, 2, The dotted linc in the
tigure denotes the location where the fa-
tigne crack crossed Itom the buse melal
into the weld metal. The solid black
squares represent applied da/dN-AK data.
The open symbols correspond to AK
data generated for various slope offset lev-
els irom 1% (o 16% obtained {rom the
compliunce-based slope offset method, as
deserihed in Ref. 17, In this figure, the
AKpcurve for 19 slope offset level is {ar-
thest from the applicd AKX curve, while the
AK  curve for 16% slope oftset data is
closest to the applied AK data. As ex-
plained in Ref. 17, the slope oftset method
muy generate “artilicial” crack closure in-
formation even if closure is not actually in-
fluencing crack growth. Such artificial
measnrements are easily identified
through analysis of da/dN-AK and AK 4
curves for the various slope offsct levels
{Ref. 17) in the following manner. Once

all slope offset curves are plotted, it is de-
termined whether uniyue slope offset
curves result for cach slope offset level or
a single, overlapping curve is present for
all slope offset levels. Unique da/dN
curves tur cach slope oflset level, as shown
for most of the crack growth rutes in Fig.
2, indicate legitimate crack closure data,
signifying true crack closure. However,
overlap of all slope offset level curves in-
dicates thar the software has “artificially”
generated crack closure data, thus indi-
cating that the crack is fully open and the
cffective stress intensity range is equal 1o
the applied stress intensity range.

In Fig. 2, unique da/dN curves are evi-
dent for each slope oilset level up to
da/d¥ of ~1{-® m/evele. Thus, crack clo-
sure is significantly influencing crack
growth behavior up to this level of crack
growth rate at an R ratio of 0.10. At da/dN
greater than ~10-° m/cyele, the slope off-
set curves for the five offset levels hegin to
converge to a single AK jrcurve, indicating
that the crack is fully open beyond this
growth rate. Under this condition, the
K i, has increased to a point where it ex-
ceeds K, and the crack is fully open in the
growth rate regime above ~ |0-% m/cycle.

A second specimen of 3161 weld was
tested at an R ratio of 0.10 (over a wider
crack growth rate) in order to assess the re-
producibility of the results. The applied
da/dN-AK curves for the two tests are shown
in Fig. 3 and exhibit good agreement. inad-
dition, Fig. 4 shows compliance offset data.
These results are also in good agreementi
with Fig. 2. verifving a significant influcnee
of crack closure during testing at R = (.10
up to growth rates of ~H ® m/cycle, at
which point the curves converge, and the
crack is fully open above 4 growth rate of
~10-0 mfeyele. Thus, only one specimen
was tested at each of the remaining R ratios.
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Fig. 6 — Slope offset data for 3161 GMAW tested ar an R ratio of §.55.
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Fig. 7 — Slope offset data for 316 GMAW wested at an R ratio of 070,

Fig. 8 — Slope offset data for 316L GMAW texted at an R ratio of 0.80.

Based on the results of Figs. 2 and 4,
the R ratio was increased to higher values
in an attempt to overcome closure. These
results are shown in Figs. 5-8. Fipure 5 (R
= .40y shows a true influence of crack
closure below much lower da/dN values
{~5 x 10-% m/cycle) than Figs. 2 and 4.
Thus, because of the higher stress inten-
sity ratio, K, ., exceeds K., at much lower
crack growth rates and forces the crack to
remain open al lower growth rates. Figure
6 (R = 0.53) cxhihits a single AK_ curve
for all slope offset levels (i.e., only one off-
set curve is visible in the figure because all
the offset curves lie on top of one an-
other), indicating the crack is always fully
open and AK = AK,y over the entire
growth rate regime. As exhibited in Figs, 7
and 8, ¢losure is also overcome for all
da/dN at R ratios corresponding to 0.70
and 0.80. Figure 9 shows the applicd
da/dN-AK data from Figs. 2, 3, and 5-8 on
a single plot. This figure illustrates that as
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the R ratio increases, da/dNV alsa increases
for a given AK, For each respective R ratio
test, this behavior occeurs up to @ specific
da/dN at which the curves uppear to coin-
cide. The samples tested at R ratios of 0.70
and 0.80 exhibit crack growth rates that
are similar over a wide range of crack
growth rates.

Influence ot R Ratio on
Crack Growth Behavior

Figure 9 illustrates a general increase
in da/dN with R for u given AK up lo the
point where R = 0.70. The curves corre-
sponding to R rutins of 0.70 and (.80 are
essentially equivalent, while the curves for
£ ratios of 0.10, 0.44, and 0.55 show de-
pendence on R. The dependence of da/dN
on the R ratio at lower da/dN, followed by
a convergence to a single curve at higher
da/d¥, has been previously observed for
wrought aluminum alloys (Rel. 1). How-

ever, relatively litte research has been
conducted on stainless steel welded speci-
mens. In addition, the condition at which
the crack is partially closed is not always
identified and, as a result, it is often not
possible to separate an extrinsic effect of
R (i.e., crack closure) [rom a true intrinsic,
matcrial hehavior effect. In this work,
identification of closure conditions per-
mits separation of closure effects from
true material dependence of crack growth
rate on R. An influence of R has been oh-
served for 304 austenitic stainless steel for
4 series ol R ratios ranging {rom 0L.03 to
0.75 ur clevated temperatures (Ref. 4).
That work was completed on wrought
specimens rather than welds and did oot
consider crack closure measurements.
Thus, bused on the limited available re-
scarch of austenitic stainkess steel welds, it
is useful to verify whether crack closure
can explain the influence of R ratio on
da/dN Tor these welded specimens.
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Crack closnre behavior can he quantita-
tively charucterized by the ellective stress
range rutio, {/, which is defined as the ratio
of ARy to AK (Ref. 31). As U/ increases to-
ward u value of unity, the influence of crack
clusure diminishes. In other words, o valuc
of {/ equal to one represents a completely
open crack and a condition in which the ap-
plied stress intensity range, AK, is equal (o
the effective stress intensity range, AK . As
U deereases, the erack is closed during a
larger portion of the loading cycle, und
crack closure has a larger influence on the
growth rate. Such knowledge cun be applied
o the da/dV data shown in Fig. 9 to deter-
mine if crack closure explaing the da/dV de-
pendence on R, Figure 10 illustrates the re-
lutionship between U und AK lor the 3161
weld tested at an R ratio of 0.10. In this fig-
ure, only 2% slope offset data are pre-
sented, as this offset level has been recom-
mended as the most accurate (Ref. 17).

Since, as previously discussed, the

compliance oflsel soltware generates arti-
ficial crack closure measurements even
when erack closure is not actually being
detected, AK 4y will appear o have avalue
that ditfers in magnitude from AK even
when the crack is fully open. However,
thesc values are actuully equal when there
is no influence from crack closure, Conse-
quently, for the current anatysis, & will
never actually equal a value of one. How-
ever, closure-free conditions are easily
identificd when L/ becomes constant and
nearly equal to unity, For example, in Fig.
1), «t closure-tree condition is identificd as
the horizontal portion of the curve where
U/ is constant and equal to .92, which oc-
curs over limited AK above approximutcely
50 MPavm. This figure veritics the domi-
nant influence of crack closure for the
weld samples tested at an & ratio of 0,10,
Over a signilicant range ol AK (approxi-
mately 14 MPavm to 26 MPavm), ¢ de-
creases with an increase in AK. That is, the

crack closure level initially increases with
AK at lower AK. This can most likely be at-
tributed to the crack entering a compres-
sive residuul stress field in the base metal
from welding. However, us AK increasces,
Koin starts to approach K, and the level
of erack closure decreases (U increases).
This trend continues until U = 0.92, at
which point K, exceeds K. closure is
overcome complerely, and the crack is
fully open, Thus, the increase in U and cor-
responding decreases in erack closure cun
be attributed to the increuse in applied AK
andfor the crack heginning 1o enter a
residual tensile stress field.

As shown in Fig. Y, upplicd de/dN-AK
increases for a given AK when R increases
from 010 to (.40, Figure 11 shows L as a
function of AK for 2% slope offset data for
an R ratio ol (.40, This plot exhibils the
sume behavioral trend as Fig. 100 U ini-
tially decreases with increasing AK prior to
reaching a AK at which U escalates with
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creases from 0.55
to 0.70 up to a
growth rate of ap-
proximately 3 x
10-8 m/cycle. Thus,
the increase in
growth rate which
is obscrved as R in-
creases from (.55
to (.70 within (his
growth rate regime
1$ 4 truc intrinsic
material response
i 1o Lhe increase in

Crack Tully open
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Crack fully apen
for R=0.40
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Fig. 13 — Replot of Fig. Y showing locations where the crack becornes fully

vpen for R ratios vf 010 arnd .40,

terial response in
da/dN 15 observed
as R is increased

AK. However, foran f ratio 0f 0.40, the AK
at which this change occurs is approxi-
mately 10 MPav¥m, which is considerably
less than the AK of 25 MPavm at which
similar behavior transpires for an R ratio
of 0.1¢). For comparison to the first two R
ratios, Fig. 12 exhibits the U-AK relation-
ship for the 2% offset level for an R ratio
of (1.55. The single, horizontal line is in-
dicative of artificial crack closure, and
therelore, a completely open crack. Simi-
lar behavior was observed for R ratios of
0.70 and 0.80.

With this information in mind, a more
detuiled interpretation of Fig. 9 is now
possible. Figure 13 shows a replot of Fig.
Q. In this figure, the point at which crack
closure is overcome for K ratios of (.10
and 0.40 are noted on the figure. Foran R
ratio of 0.10, the crack is fully open at fa-
tigue crack growth rates ahove 1 x 10
m/cycle. For an R ratio of 0.40, the crack is
tully open at fatigue crack growth rates
above 5 x 10-¥ m/cycle. For the remaining
R ratios, the crack is alwuys open. First,
note that the crack growth rates are es-
sentially independent ol R at growth rates
above ~1 x 10-° m/eycle, which is com-
monly ohserved since R has the largest in-
fluence on da/dN at low AK values, Below
this growth rate, the crack is not fully open
for an R valuc of 0.10. Thus, the increase
in growth rate which occurs as R is in-
creased from 0,10 to 0.40 can be attributed
to an extrinsic effect. In other words, this
increase in da/dN is caused by overcoming
crack closure and is not an intrinsic mate-
rial effect. A similar argument can he
made for an K ratio of 0.40 at growth rates
below 5 x 10-¥ m/cycle, where the increuase
in da/dN which is observed us R is in-
creased from 0.40 to 0.35 is due to over-
coming crack closure. However, even
though the crack is always open for the re-
maining R values of 0.53,0.70, and 0.80, an
increase in growth rate is observed as R in-
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further from0.70 to
0.50.

Summary and Conclusions

The influence ol R ratio on the fatigue
crack propagation behavior of stainless
stecl gas metal urc welds was cvaluated.
The compliance offset method was ap-
plied to gas metal arc weld specimens in
order to explain the influence of R ratio on
crack growth behavior. For the stainless
steel gas metal arc welds evaluated, an R
ratio of 0.55 has been shown to overcome
crack closure over all growth rate regimes.
Incrcases in crack growth rates us R is in-
creased from 0,10 to 0.35 can generally be
attributed to an extrinsic effect in which
crack closure is overcome. In contrast, the
increase in crack growth rate ohserved for
an increase in R from 0.55 t0 0.70 is a true
intrinsic material response. Further in-
crease in R trom 0,70 to (.80 produces no
significant cnhuncement in the fatiguc
crack growth rates.
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Single-Pass Laser BeamWeIding of

Clad Steel Plate

Trials show the possibility of a satisfactory composition and crack-free weld metal

BY S. MISSORI, F. MURDOLO, AND A. SILI

ABSTRACT. The possibility of lascr beam
welding (LBW) clad steel plates in one
pass with a single tiller metal was investi-
gated. Two procedures, one with a single-
side laser beam and the other with a dual-
heam laser, were utilized for butt-joint
welding of carbon steel plates clad with
austenitic stanless steel. Filler metal was
in the form of strips, interposed within
edges prior to welding. Metallographic
observations and X-ray energy dispersive
spectroscopy microanalysis were per-
formed on welded specimens. Mechanical
properties were evaluated by Vickers mi-
crohardness and tensile tests, These inves-
tigations have shown the possibility of
making sound welds with a satisfactory
compasition and crack-free weld metal
with both ¢xperimental procedures.

Introduction

Plates or tubes of carbon or low-alloy
steel elad with an alloyed material are an
economical solution to meet the increas-

combining c¢levated strength with good
corrosion resistunce. Both base steels and
cladding matcerials can be selected from a
large variety uccording to specitic require-
ments and operations, The available base
steels include structural sweels, pressure
vessel steels for elevated temperature, and
fine-grained steels. Cladding materials are
provided in several classes ol stainless
steels, nickel allovs, copper allovs, or tita-
nium alloys.

Cladding materials are normally ap-
plied to base steels by explosion welding,
weld surfacing, solid-state welding by co-
extrusion, or hot rolling, obtaining strong
metallurgical bonding at the interfuces.
Cladding thickness may vary from 5 to
50% ol the total thickness, but it is gener-
ably 10 to 20% for most applications (Ref.
1). This advantageous combination gives
rise to a remurkable reduction in weight

SOMISSOR! i witle Dipartirento tngegneria
Meccanica, Universita of Roma, Traly, FMUR-
DOLO und A, SILL are with Dipartimento
Chimica Indusiviale ¢ Ingegneria dei Maieriedi,
Universita i Messing, Hialv.

and cost savings in comparison with the
utilization of solid plates,

In our experiments, we considered one
ol the most usual cuses, that of carbon
stecl clad with stainless steel. Tt is impor-
tant to remark that doe to adverse metal-
lurgical reactions, the welding techniques
described below can by no means be ap-
plied to plate clad with titanium or other
nonterrous alloy materials. Usually, weld-
ing ol plate clad with stainless stecl is car-
ried out by arc welding processes (manual
arc, submerged are, gas metal arc, or gas
tungsten are welding), The conventional
welding 1echnigues require the following
steps to be undertaken {Refs, 1-3):

1} the base steel is first welded with a
filler metal;

2} the steel weld is backgouged to the
sound metal, producing a groove;

3y welding of clad material can sturt
with deposition of one or several buffer
layers by using a filler metal higher alloyed
than the ¢ladding metal in order to form a
layer that is tolerant of some dilution with
the buse metal;

4y welding is completed with filler and
cover layers of ¢cladding-like weld metal,

This welding procedure reguires
quite complex practice including the use
of different types of filler metals: more-
over, the number of passes is the sum of
passes required to weld base stecl and
cladding material separately plus the ad-
ditional passes due to backgouging. Not-
mally. many passes arc required. Thus, it
is advantageous to investigate the possi-
bility of reducing the number ol pusses by
high-penetration LBW. In particular, our
wurk deals with butt-joint welding of car-
hon steel plates clad with stainless steel by
single-pass LBW, Both single-side and
dual LBW procedures were considered.
Filler metal was in the form of strips or
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Laser Beam Welding {1.BW)
Hot Cracks

consumable inserts, 1t is well known that
consumable inserts of several configura-
tions {(inverted T, Y, rectangular shape,
ete.) are often utilized with conventional
arc welding for better titup und eusicr rool
welding of compaonents that cannot be
buck welded tfrom inside (e.g.. piping).
Purticularly in these cases, a welding tech-
nique for clad sieel that uses a single [iller
metal could be an interesting solution.

Investigations vn welded samples in-
cluded metallographic abservations by op-
tical anu scunning electron microscopy
(SEM), microanuiysis by energy dispersive
spectroscopy {EDS). microhardness tests,
and tensile tests.

Materials and Methods

Materials

The materials utilized in these welding
trials were carbon steel plates (6.5 mm
thick). clad with a fow-carbon austenitic
stainless steel (2.5 mm thick). These plates
were produced by hot rolling by Voest-
Alpine Stahl GmbH., Linz, Austria. The
clad thickness was chosen because it was
readily available from the supplicr. Even
though the thickness is a little greater thuan
usual (27.74% of the 1otal Ihickness), the
results obtained can be extended to dif-
ferent thickness ratios provided that the
effect of different dilution on the fusion
zone (FZ) is properly taken into account
in the choice ol filler metal composition,
as explained afterward in the discussion of
results. The base material specification is
H 11 DIN (7155, equivalent to ASTM 515
Gr, 60, The cladding metal specification is
1.4306 DIN 17440, equivalent to ATS1 304,
The chemicul compuositions of the two
steels ure given in Tuble 1.

The weld metal derives from the fusion
of the filler metal and of 5 portion of base
and cladding metals, according to the di-
lution and melt pool dynamics cuused by
the welding process. The filler metul was
chosen in such a way that the weld metal
is suitable to ¢nsure the continuity of the
cladding layer wiul its good anticorrosion
properties und, morcover, does not con-
tain structures that might develop unde-
sirahle brittlencss or cracking after dilu-
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filler strips

clad steel 777

carbon steel

Fig. 1 — Square edge preparation of clad plares.

tion with the steel. Based on results of pre-
vious experiments in LBW of dissimilar
metals (Refls. 4, 5), two different filler ma-
terials have been utilized (Table 2):

a) Nickel-based alloy (DIN 2.4806),
which can tolerate high dilution with car-
bon steel without becoming crack sensi-
tive. In addition, the solubility of carbon is
lower hy comparison to that in sustenitic
stainless steel, minimizing carbon migra-
tion from Lhe ferritic steel to the weld
mctal during welding and while in service
(Refs. 6-8).

b) Austenitic stainless stcel (DIN
1.4463), with the aim of achieving a FZ
composition similar to the one aof clad
stainless steel, free from martensite (to re-
duce risk of cold cracking}, and with little
delta ferrite, effective in preventing hot
cracking in the awstenitic matrix {Refs.
9-13).

Edge Preparations and Welding
Processes

Welds in bult joints were performed on
plates with squure edge preparation, as
shown in Fig. [. The filler metal was pul into
the joint in the shape of strips. Initially, the
LBW lechniques were scheduled to utilize
cither dual laser beam or single laser beam,
as well as cither nickel-based alloy or
austenitic steel alloy filler metal (four tech-
migues in all), but the program could not he
completed und, in fact, only the following
two technigques were tested:

Procedure A: Dnal LBW, with the
heams traveling harizontally and the
plates being positioned on a vertical ptane
— Fig. 2. The two laser syslems were a unit
UTIL 25 kW and a Rofin Sinar SR 170
{nominal power 17 kW). The focusing de-
vices were 35-deg-oft-axis paraboloids
with a focal length of 682 mm each, Three
strips of Ni-hased alloy filler metal Type
2.4806, each being 0.4 mm thick (1.2 mm
lolal thickness), were utilized for this pro-
cedure.

Procedure B: Single-side LBW wilh the
plates in flat position — Fig. 3. The lascr
equipment was a unit UTIL 25 kW, DC,
wilh unstable resonator configuration,
nonpolarized, using CNC five-axis gantry
portal, The focusing device was a 90-deg-
off-axis paraboloid with a focal length of
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Table I — Specitications and Chemical Compaosition of Plates, from Maker Certiticate

Material: Base: Carbon Sieel
Thickness: 6.5 mm
DIN Specification: H ILDIN 17153
ASTM Equiv, Specification: A 515 Gr. 60
Chemical Composition (wt-%)

C 0.145

Mn 0.85

Si 0.20

P 1.008

S 0.001

Al 0.04

Cr -—

Ni —

Cladding: Stainless Steel
2.5mm
L.4£306DIN17440
AZ4l Type 304 1.

0.m7
1.32
{139
0.0129
{(LO03

18.39
10.07

Table 2 — Specifications and Chemical Compesition of Filler Metals, from Maker Certificate

Specification: DIN 2.43806
(hher Designation: AWS ERNiCr3
Thickness: 0.4 mm
Chemical Composition (wt-%)
C 0.020
Mn 3,00
Cr 20.50
Si 0.14
Ni bal.
Mo —
Nb 2.5
Fe 1.5

DIN 1,4465
AWS ER210Mo Modified
0.5 mm

010
6.1H)
25,00
0,10
22.6
2.10
0.01
bal.

‘lable 3 — Welding Parameters

Procedure A

Dual LBW
Pawcr at the Workpicce: =100 kW
Welding Speed: 3.0m/min
Distance Az: }mm
[F-Number: U
Focal Radius; 330/342 um
llelium Flow Rate: 2x25 1./min
Filler Mctal: IN.3 strips

Position:

Edgc Preparation;

ERNiICr} alloy
(0.4 mm thick)

Pluates on vertical planc
with two laser beums
traveling horizontally.

Squared

Procedurc B
Single-Side 1.BW

10.0 kW
1.6 m/min

-1 mm

4

250 um

20 Limin
N.2 strips

ER310Mao maditicd
(0.5 mm thick}

Plates on horizontal plang
with laser beam on

the clad side.

Squared

300 mm. Two strips of the austenitic filler
metal Type 1.4465 (similar to ER 310Mo),
euch being 0.5 mun thick {1 mm total thick-
ness), were ulilized.,

The welding parumeters of procedures
A and B are given in Table 3. For both pro-
cedures, a diagnostic system was utilized he-
fore welding (o check the features of the
laser heam. The estimated Rayleigh lengths
are adapted to the thickness of the work-

pieces. The weld pool protection and the
plasma control were performed by a strcam
of helium gas. No preheating or postweld
heat trcatments were curried out,

Metallurgical Investigations

The welded plates were cut trans-
versely to the bead ta obtain samples of
the welded sections. Melallographic spec-



<F—

e

Az =)

weld travel
(horizontal direction)

Workpiece

A=)

=+ — Laser Beim
clad steel

carbon steel

laser Beam
[

=

\
\

Helium stream

| e
\\ / //)i 35
/

f
| . .
! Workpiece

_—

weld travei

g 2 — Dual L.BW procedire assenihiy.

Fig. 3 — Single-sidde LBW procedioe asseibiy

mens were prepared by conventional me-
chanical polishing and then etched by 2%
Nital ar Glyceregia to reveal carbon steel
and gusienitic microstructures, The fol-
lowing experimental work was performed:

Visial trspection and macrographic ex-
amination. Welds were submitted to visual
and macragraphic inspection, A minimum
ol three macrographic samples per cich
procedure were cut and examined.

Optical and SEM metallurgical obsena-
tions of the FZ aud HAZ.

Micraanalvsis by encrgy dispersive spec-
oscopy (FEDS). Variations in composition
along the centerline ol the weld zone were
analyzed by u clectron probe, Type JSM-35
CF, vquipped with an encrgy dispersive
spectrometer, Model EDAX 71, at an ag-
celeruting voltage of 15 kV. The analysis was
pertormed on samples tuken ftom both
welding procedures. The content of the cl-
ements mainly influencing the formation of
phases, in particular Crand Ni, was quanti-
tatively measured in at leust ten points, lo-
cated on a traverse along the weld zone
crossing the full thickness of the sumple.

Frwduation of fusivn zone areas. The sur-
vey ol the dimensions ol each cross section
of the welds was performed with the aid of
an optical microscope by measuring the co-
ordinates of the profile of the melt zone, di-
vided in slices ol equal height, and evaluat-
ing the wrea by a numericul method.

Estimution of microstructires by Schaef-
fler diagram (Ref. 14). The contents of Cr
and Ni were taken as estimated by SEM
microanalysis. Carbon and Mo contents
were caleulated from base und filler metal
compusitions, taking account of the dilu-
tion and the actual contribution of each
material (hase metal and {iller metal) 1o
the formution of the FZ, according 1o its
respective melted area.

Microharduess tests. Vickers micro-
hardness tests (100-g load, 1-s time) on
metulographic samples, Microhardness
values were measured on:

‘lable 4 — Tensile ‘Test on Welded Samples

Welding Procedure

Dual LW 44806
474
Single-Side LBW 468
463

Tensile Strength (MPa)

Failure Zone

Base metal

HAZ

* i lirst traverse along the centerline vl
FZ;

= asecond truverse in the middle of the
clad steel thickness, parallel to the clad
line;

e i third traverse in the middle of the
basc carbon stecl thickness, parallel to the
clad lineg,

Consequently, three hardness profiles
wure obtained for cach welded sample.

Tensile tests. Tests were performed on
specimens eut normally to the welding di-
rection, in arder to evaluate the tensile
strength of welded joints. Two specimens
per cach webding procedure were provided.

Results

Visual Inspections and
Macrographic Examinations

Figure 4A and B shows representative
macrographs ol the welded sections ob-
tained with the two LBW procedures.
Both sumples showed a satisfactory ap-
pearance. No major discontinuitics, such
as cracks und incomplete fusion, were ob-
served, Both welding procedures gave rise
to a good bridgeability. On the sample
welded with dual LBW, little parosity wirs
observed, hut no quantitative evaluation
wits made ol size and number of pores.

I order to evaluate the extension of
the FZ and heat-affecied zone (HAZ), the
mucrographic cross-sectional urcas were
meusured with the aid of an optical mi-

croscope. In Fig. 5 A and B, the welded
scetions are sketehed with the indications
of the FZ and HAZ, sizes. No metalturgi-
cal changes were observed in the clad stecl
near the fusion boundary. Sumples ob-
tained by the single-side LBW procedure
show u smaller extension ot the FZ and
HAZ

Tensile Tests

Tensile tests show o good mechanical
soundness for both procedures. The re-
sults of tensile tests on two sumples per
cach proccdure are reported in ‘Tible 4,
The tensile strength values ure greater
than the mininum nominal  tensile
strength of carbon steel, equal to 410 MPa,
Failure took place in the hase metal for
sumples welded by the duul LBW proce-
dure und in the HAZ for the single-side
LBW procedurc.

Vickera Microhardness Tests

The hardnesses measured on welded
sections show similur profiles Tor both
LBW procedures A and B. Representative
Vickers microhardness profiles are given
in Fig. bA-C for procedure A and in g,
G-I tor procedure B

i) Traverse along FZ. The profiles along
the central line of the welded sections are
fuirly even and are in the range 190-240 11V
for procedure A (Fig. 6A) and in the range
of 180-200 HV for procedure B (Fig. 6D).
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Fig. 6 — Microhardness prafiles i welded sections: A, B, C — dual LBW: D, E. F— single-side L.BW

the FZ, along all the thickness of the
joints. In particular, the FZ has the [ol-
lowing characteristics according to the
welding procedures utilized:

* procedure A, dual LBW: an
austenitic microstructure, with high-
nickel alloy composition, fairly homoge-
ncous, with some precipitates at the grain
houndary (Fig. 11);

* procedure B, single LBW: an austenilic
microstructure with alloy composition close
to the austenitic clad steel (Fig. 12).

Discussion

The phases in the FZ have heen csti-
mated by reporting microanalysis mea-
surements as points on a Schaeffler
diagram.

The dual-beam LBW (procedure A),
which utilizes a Ni-based alloy as filler

metal, gives rise to a quite homogeneous
compaosition ol the fusion zone along all
the thickness, resulting in a fully austenitic
phase. All the points representative of the
F£ composition are in the austenitic re-
gion, typical of the alloys with high Ni
composition {Fig. 13). The microhardness
values are relatively low. The evaluation of
average composition based on SEM mi-
croanalysis agrees with the determination
huased on dilution of fusion zones and ma-
terial compaositions. However, the Cr con-
tent, estimated by EDS, decreases along
the thickness Itom 16% (clad steel side) to
12% {(carbon steel side). Nicontent is
more homogeneous and is in the range of
35-40%. According to the resnlts ol ni-
crohardaess tests, showing an even trans-
versal profile, it appears reasonahle to
suppose that no anomalies due to incom-
plete mixing out ol the FZ centerline

should be present all along the width.
The single LBW (procedurc B) with the
use of filler metal Type ER 310Mo/modi-
tied shows a composition of FZ with both
Cr und Ni decreasing a little along the
thickness going from the clad steel to the
carhon steel side. Chromium goes from 18
to §4%: and Ni from 14 to [1%. On the
Schaceffler diagram (Fig. 14), the points
representative of Nioand Cr equivalent
compositions along the weld thickness are
still in the austenitic field. ln particular, the
paints related 1o the compositions of the
FZ at the carbon stecl side fall at the
houndary hetween the austenitic and the
austenitic-martensitic regions. In any case,
composition and microstructure can be
considered satisfactory for this procedure
as well. The hardness values are relatively
low with an even prolile along the fusion
zone, confirming the phase estimation ac-
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Fig. 13— Procedre A (ERNiCr3 ducd LBW procedurc). Schaceffler diagrame

Fig. 14 — Procedure B (ER3HMo wadified  single-side L.BW procedire).

with poiats (+ ) cepresetiative of Ni and Cr eqidvalent compositions in the FZ. - Schaeffler diageam with poiats (+ ) eepeesentative of Ni cad Crequivalead com-

positions in the 7.

richer in Crin order to betler compensate
for the greater dilution ocecurring in the
base metal carban steel side. Further-
more, [or hoth procedures, the thickness
of the filler metal strips should be in-
creased to nake possible the use of 4 sin-
gle strip, instead of a number ol packed
strips, This should improve the heat flow
conditions from the weld pool to the base
metal and reduce the risks of incomplete
fusion ar penetration.

Conclusions

It is possible to draw the following con-
clusions:

a) Both experimental LBW proce-
dures, named A and B, gave promising re-
sults for welding clad steel plates by a sin-
gle pass as 11 uppears (easible 1o weld clad
steel with a satisfactory composition and
crack-free FZ.

Procedire A. 'The dual LBW procedure
showed the possibility of performing sound
welds in # single pass, oblaining a homoge-
ncous structure with high Ni content.

Procedure B. Metallographic samples
of welds showed a quite homogeneous
composition of the FZ all along the thick-
ness, close to that (fully austenitic) of the
clad steel. The small difference of compo-
sition between the portion of the I'Z con-
tiguous to clad metal and thal contiguous
o the carbon-stecl meial may be compen-
sated for by a proper increase of Cr con-
tent in the filler metal.

b) The results obtuined wilh the proce-
dures A and B arc not casily compared,
due 1o the different compositinns of filler
metal and diffcrent welding techniques
(single or dual LB). [t appears, howcever,
that dual LBW offers more capability to fit

lo geometrical inuccurdcies in juinl prepa-
ration, due also to a slightly wider FZ.
Mareover, the FZ composition is more
even along the thickness, thus giving rise
to g more homogencous microstructure,

¢} In the F7 obtained by both experi-
mental procedures, moderate and uni-
form hardness values were exhibited. Me-
chanical strength of the joints was in all
cases preater than the nominal strength of
the base carbon steel.

d) The resulls encourage lurther ex-
periments to improve the adopted welding
techniques, with the aim of optimizing the
composition of tiller metal, with possible
utilization of integral thicker filler strips.
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