Welding Metallurgy

Metallurgical Effects of
the Weld Thermal Cycle
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= Metallurgical phenomena involved in welding .
= Effects on weld and HAZ properties
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Weld and Heat Affected Zone

#

A welded joint consists of:

« weld metal
—melted and re-solidified base metal mixed with filler metal

(if added)
= heat affected zone (HAZ)

— the region around the weld whose properties or
microstructure are affected by the thermal cycle

- reheating also alters the structure of underlying weld
metal in multi-pass welds

= and base metal
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Metallurgical Phenomena

« Welding is a complex process that involves:
- Gas-metal & slag-metal reactions -
- Solidification
- Metallurgical reactions in the solid state
- annealing & recovery
» grain growth
- precipitation
- phase transformation

= These metallurgical phenomena control weld
strength and ductility
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Gas-Metal Reactions

» Reactive gases (especially N2, Oz, Hz) may be present in
the arc atmosphere due to surface contamination,
imperfect shielding, or purposeful additions.

= These gases dissociate in the arc and react rapidfy with
the high temperature, turbulent liquid metal in the weld
pool.

= Once dissolved in the metal, oxygen and nitrogen combine
with deoxidizers such as Si or Al. The resulting oxides or
nitrides remain as small inciusions in the weld metal.

= Excess dissolved gas is rejected during solidification and
may cause porosity (e.g. hydrogen in Al)

= Dissolved hydrogen can cause cracking in steels
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Slag-Metal Reactions

= Fluxes and slags interact with the molten weld metal

= The slags used in flux shielded processes are designed to
absorb deoxidation products and other contaminants

= The cleanliness and properties of the weld metal depend on
the oxidation potential of the arc atmosphere and on the
type of flux

= Highly basic fluxes reduce weld metal oxygen content and
give superior notch toughness. Acid fluxes tend to give
higher oxygen contents and poor notch toughness.

« Fluxes may also be used to modify weld metal composition
by transfer of alloying elements from the slag to the liquid
metal
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Dilution

M

= Dilution results from mixing of filler and base metals

— Dilution ratio is the mass of base metal melted divided by the total mass of
melted metai

= Weld pool mixing resuilts in a uniform fused zone, except when
large differences exist between filler and parent composition

= A sharp boundary lies between the fused zone and base metal
= Dilution is influenced by joint preparation, welding process and
procedure

Low dilution m
High dilution M///// 7
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Solidification

= Factors controlling the solidification modes
of metals are: o
- temperature gradient
- composition
- rate of solidification
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Constitutional Undercooling

The variation in composition, temperature, and freezing
temperature in front of a solid liquid interface can make a

plane interface unstable -
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Cellular growth
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A bulge in the solid projects into the more undercooled
liquid and so grows more. One effect is the cellular
structure shown
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Cellular Dendrite

Greater undercooling, e.g. due to reduced temperature
gradients, produces a cellular dendritic structure

—r

Growth
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Equiaxed dendritic growth

Continued increases in undercooling
" result in solidification of the melt by
dendrite formation and growth

Dendrite L A .
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Solidification Modes

Factors controlling crystal growth mode

Equi-axed dendritic

_b

+ G = Temperature
gradient in direction of
solidification

+ R = Rate of advance of
solidification front

Cellular dendritic

Nominal Solute Content

Solidification parameter G/GR — ™
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Epitaxial Growth

base metal  solidified weld metal grains
{ |

" » The crystals in solidifying
weld metal nucleate on
grains in the surrounding
” solid.
= Crystals whose orientations

@ () cellular  are favourable for growth
planar dominate.
= Termed "competitive
epitaxial growth."
W - Results in a directional
solidification structure.
(d) columnar (©) cellular _
dendritic dendritic J.F. Lancaster Metallurgy of Welding

George Allen & Unwin, 1980
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Weld Solidification Macrostructure
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(a) Axial (2.5 mm/s)

(b) Stray (3.3 mm/s) -

(c) Competitive columnar (d) Partially Equi-axed (8.3 mm/s)
(7.5 mm/s)
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(e) Centreline (16.7 mm/s)

J.F. Lancaster Metallurgy of Welding
George Allen & Unwin, 1580
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Reactions in the solid phase
—_—

* Annealing, recrystallization & grain growth
« Precipitation hardening
» Phase transformation
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Annealing and Recrystallization

= Welding has little effect on the properties of annealed
single phase alloys that are strengthened by solution

strengthening .
- e.g. hot rolled low carbon steels, austenitic stainless
steels, commercially pure aluminum, titanium and

zirconium.
= However, when such materials are strengthened by cold
work, the weld thermal cycle induces recrystallization and
grain growth
= The welding heat anneals the heat affected zone, reducing
its strength and increasing ductility

Lecture 9
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Stages in Recrystallisation

Top from left: cold worked grains, nucleation of new undeformed grains
Bottom: growth of new grains, completely recrystallized microstructure
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Effect of Cold Work and Annealing

Stress - .

Recovery Recrystallize Grain Srowth
pucti puciity
£ / \
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a Gtk Stress®
~
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10 20 30 40 5O 0 200 400 600 800 1000 1200
Cold Work % Temperature, F
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Precipitation Hardening

= Precipitation hardening alloys are strengthened-by fine
precipitates dispersed in the matrix T
- Al, Cu, stainless steel

= PH alloys are hardened by heating to a high temperature,
at which the solutes are taken into solution, and
quenching, followed by ageing at a lower temperature to
permit the development of fine precipitates.
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Weld & HAZ in PH alloys
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Effects of Welding on PH Alloys

= The weld thermal cycle disrupts the microstructure of alloys
welded in the hardened condition

= The weld metal and high-temperature HAZ are in effect - -
solution treated.

= |[n parts of the HAZ that reach temperatures below the
solution temperature, the precipitates coarsen, causing loss
of strength. This over-ageing can be recovered only by full
heat treatment

= However, precipitation hardening allbys can be welded with
reasonable success in the solution-treated condition,
followed by an ageing treatment after welding
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Phase Transformations

#

= The properties of steels are influenced by the phase
transformations they undergo on heating and cooling

= [ron solidifies as a body-centred crystal structure named
delta-ferrite |

= On further cooling it transforms to a face-centred cubic
crystalline phase called gamma iron or austenite

= The austenite subsequently transforms back to a
body-centred cubic form known as alpha iron or ferrite

Lecture 9

p2c



Phase Transformations

= Austenite can dissolve up to 2% carbon, whereasfemte can
hold only 0.025% carbon in solution

« On transformation to from austenite to ferrite, carbon in
solution in austenite in excess of 0..025% forms carbide
precipitates.

= The austenite to ferrite transformation and the behaviour of
carbon are the most important determinants of the
properties of steels.

29
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Kinetic effects

= During rapid heating and cooling, non-equilibrium phase
structures develop.

= The iron-carbon phase diagram does not provide =~ _
information about:

— the transformation of austenite to non-equilibrium phase
structures,
- give details on the kinetics of transformation,

- show the relationship between transformation temperature
and products.

« The time-temperature transformation diagram (TTT
diagram) is useful for these purposes
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Transformation products in steel
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Continuous Cooling

Transformation gCCTl Diagram

Time (8)
JF. Lancaster Metallurgy of Welding
Gearge Allen & Unwin, 1980
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CCT diagram

inclusion formation

solidification of liquid to delta ferite
fully austenitic structure
nucleation of atletdiomoesphie-ferrite
growth of ferrite

Widmanstatten ferrite formation
acicular ferrite formation

G A0 Qa0 oTR

K. Mundra, T. DeBroy, S.5. Babu and S.A. David: Wekding
Journal Research Supplement April 1997, 163s-171s

88
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HAZ Structure in Steels
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HAZ Structure in Steels

« In the preceding figure, Regions 1 and 2 were heated above
A3 and were transformed fully into austenite and back on
cooling T

« Region 1 exceeded the temperature at which the carbide
particles that pin the austenite grain boundaries dissolve,

causing austenite grain growth

= Region 3 was heated between the A1 and A3 temperatures
and partially transformed to austenite _

= Region 4 did not exceed A1 and is termed the "sub-critical
HAZ." Some annealing or tempering may occur in this
region.

Lecture §

p33



v9 182 86pligwe) U

QE;wc_ mc__o_m; mﬁ.s

SNRHOIE T0HIN

/ Jaquinu Jas apIiS

STIILS
ISINVONYIN

-NOGHY) NI
SATIM 0
AHdVEDOTIVLIN




squnu

$I93})9] UONBIYTIUIPI 03 Aoy
S)IBYDTIBM ‘SODPI[S

Bugooo pidea 3s8a] 2%L0
Burjooo pidsx 1SOK -LIL0
SZVH ul seanjonJgisoxolw 1edldLL
. SZVH ul
S1UaN)ISUCD [BUn}onI}soIolw [edputad
ZVH [BoRLIoqng 91L0
ZVH TBoljldoa23u] STLO
ZVH 1821310
-Jadns peaureld aulg P1LO
ZVH 1ednlo
-zsdns paursad asIsoD £1L0
auoz pajosjle 189H ZTL0

S0U0Z pPOloaYe 1eBH

A 1140

sprem ssednmp 0TL0

juawjeas) 1eay 60L0

A 8040

splem ndur jeay y3iy LOLO
21ualsny

pue 93jIsualasw paureldy 90L0

O-V-W paudte yimm ojIasg €040 ‘$0LO
2)1138]

Axepunoq uread pus £020

@j[aaa) JBMOIOV TQS

sprem ssed a1durg 1020

Jaqunu apis
s[e}sW plom Jo saanjondisodoiw [edroutsd
$|@38W PO

NOILONAOYLNI

L ZrLO0ESS O NESI




STy} §Y *AJIBPUNOQ UOISN] JY) WOLJ IDUBISIP
a3 pue indur jesy ay) uo juspuadsp AUy
ST ZVH 24} ul jutod Aus 38 o[2do [ewasy); ayg
‘2IMIONIISOIDOIW 9YJ Ul SIUSNIIISU0D Ssaupasy Jaydiy
Jo uopnewaroy sy ajowoad e M a3uea sanjsaadwe)
uonjswJIoIsuBl) 8Y) ydnoayjy ajex 3urooo ay) pus
arnjeaadwa) ywad e awn ‘aanjvradwe) ywad ey
‘jusiuod Aol ayj} ul wmmmwnos ‘paoustaadxe a[ohd
[BWIdY] a8y} pus AI)STWeyd [99)s ay) AqQ psuaaasod
ade S19918 UN-D Ul S2INIONIISOIOIW ZVH
"ZVH
JI0 2uoz Palosyie jeay ay) pajeudisep [elaw juarsd
pajBwun juads(pe syj uo 3urpiem Jo 30aj}d Iy}
UM S[eap 1as apls S[y} Jo ired puocoss ayL
(P-XI
uolsstwwo)) Jurpiay JO @3NSyl [BUOIIBUISIU]
ay} Aq pasodoad Apusaand 38y} SMOJ{O] IIBYD
STy} Inq ‘4A[qeaIapisucd AIBA UBD S2INJONJIISOIOW
[elow plom Burqirosap Ioj A3ojouwaa) ayJ
‘seoueaeadde [ewaou Jray)
2lBI1snI] sapI[s 8say} ‘sadA) jeanjona}sodol SNOLIBA
9y} ssrudooas 0} ajqe aq o3} jueirodwy s} I ‘s[LlOW
PIaM [2238 UW-O JO sanradoad ay) Burssasse uj
‘9040 9PIIS Ul umoys
ysy} jdaoxa ssjdwes ayj [ Jo uonysasdsad sy
ul pasn sem pus ‘(suolinedsxd Ajlayes paysiiqe)ss
Burambaa ‘[oyodre [Ayid up pro® JLIIU §Z) [BIU SI
jueyd}a [BWJIOU Y], ‘2dodSOJOIUW B JIPUN UOIIBUJUIBXD
&£q pamorioy ‘3uryols pue 3urysiiod ‘Juruonoss jo
anbiuyos) orydeido[isjaw pavpuels ayl} AQ peojessal
S 8JN}DNJISOJDIW BYJ ‘SuUCISN[OUl Of[[B}2W-UoU
Aug Jo Anjuenb pue adA) ayj pue Lxoysiy [sulIa)
‘uornyisodwod [eolWeYD SB Yons SJ0)08] U0 juspuadap
ST yoIym ‘sanjonaisoqdiw Aq Anaewpad paurwasisp
aas (ssauydno} pue yiBuaals se Yons) S[99}§ UW-H
ur syejow pram jo sanaadoad redsrusyosw By
‘PopIaM Ualjo aJe
pus ‘S[BLI3}BW [BUOTIONJISUOD [BOIWOUODd SB SUOT}
-gorjdde Ausw ur pasn axe (3$z-1) (up) essusdusw
PuB (%62°0-1°0) (D) uoqIed YNM pPaAole §1891§

NOTLONAOOHTNY



Ty

FERIIRA0 PINUILOT

ajefoxR3e op1qaeO/3)1149) © JO 2ljaead Iay}e Julald
‘uonisodwoosp P10109INe AQ WJIoJsusl} 0} AQUIOY

LT XIKPBW O13IJJ8J B UT s§piqasd paxemnbe dururejucd .
-Jas 9sld UBD JUSIUOCD UOQIED Y} A[[Bniusas pue

- g0BFAo}Ul UCIBWIOJSUBI} SuloUBADE aY} Aq UOQABD JO
MOI08leT 03 sped] ajaaa) [suodfjod jo uolBULIO) ‘d)BI
. Buglo0o MO[s B aABY Yotum ‘sprem jndur jeay yamy ug . i

: (3rL179vad
DNIGOTIONI) STLVOIUDODV JAIGYVO-HLIYYIL

‘spom Ui3Buaxys aamoj ur ideoxe ‘sseuydno} zood
UM posoosse Afjeleusd st D-V-W Paudim yim
ajaxasg - saIBpUNOg UIBISIUl 8Y} UO punoj sAem[e
. 2aB (SOPIQJED pU® 2)[UL)Sne ‘ajlsusiasw) saseyd
~ Jouyll alow JO aUQ ‘AJBPUNOQ UrBdd dljludisne

ue 8 polsa[onu A[ensn ale pue ‘onex }osdse W

10818 yonw B aawvy ‘Joylo yowe 0} [ariexed sl W

SYje] [BNPIAIPUl 83U} 9Sneoaq ‘9llIda] JB[NOID8 wWody h
paystn3upisp A[ISBa 9Q UBD 3INJONJIISOIDIW SIYL

Lo : (O-V-W) SHAIFYVO .

JEEINTISOV/ILISNALYVIN CINDITV HLIM FLIHYIA

m.,,.‘.huq@owcwnonmv soanjexedwe) ydiy Alaie} je pajeaonu

81 UBIBWIOISUBI} 18U} DIAII[3Q ST )] pus ‘suoidaa
JeueaSeaju; Ul pawaoy ade sYv| syl 'ssoUY3no)
JUS[[9OX® YlM pPIIBIOOSSB A[(BNSnN S] 3INJONIIS
-0J0[W SIYJ "eanjonaisototw Jurydoldalul us jo adus ,
-Jgadde ay} 2A18 aJgojaasy)} Yolym pue ‘sSUOIIBIUILIO
JOUPSIP [BI9ASS Ul INdO0 YOIYm ‘opjed 1oadse mol
Jo ‘911131 JO SY3IB[ [[BWS JO SISISUCD B)IJIB] JBMORY *1J3] 8y} uo AgBpunoq uoisnj ayl yim
ALIYHII UVINDIOV ; durnjae)s ‘eouoz pajoajys 188 o[oUM 3y} saysIisn(M
| Yorym ‘gIL0 °PHS Ul umoys ST SIYJ °SIINIONIIS
—axarm garwne Araaresarfard a3 ¢ peonbaa

e wwr MR AT TRYS AL VTTAT . M



P * SalIBpuUNoOq
uor3edIIIpIos uo a1y '‘Atjensn saseyd paure}ayg
‘aInjona)s urezd orjlullsne aY] UBY) aIn}onx)s
JaUuly yonuw AJ8A B SMOUS pUB ‘s3yold Juryoss
-uoyedaadas aqqeins Aq pPa[eaAal 8q UBD 2INONJLS
uon}edIJIplIos oYy ‘(eanjondis ajludysne gopad)
9)laaaj 0} asodulodap 03 pPajasls Aay) usym suresd
?JIUSIENE 3YJ JO INIONIYS Y} IBYIBI NG ‘2IN}ONJIIS
uorieaIprios ayj juasexdes jou sa0p Yo3d [BIIU [BNSN
3y} £q pa[esasa aanjonals urerd ayJ] ‘pPlem oyl woay
MO[J J8a( WNWIXBW JO UON}oaJIP 8y} ui pajeduold
‘aanionais uredd Jeuumioo Apjueurwopagd e SIIQIYXd
[B}oWw pioM 8y} ‘sassacoad Buipiam uolsny (@ up

vREE MN AMASU| BUPIM a4L ) B 1020

PR A A

SAT3IM SSVd 3TONIS

*pawao} SI 9}IsuajIeW VYL
aanyesaadwa) B Yons }B waIojsued] Asw JO ‘I}jUdlsne
woJj wJaoJsuer) SABMIB jou op suordaa yons (prom
3yj) jo 1saa 8y} usyj) sjuswsld Sutiofe JO JUIIUOD
19y31y yonw v 8ABY UalJo AJIPIos 03 suoldaa }1se|
ayy ‘uoneoyipiios Burnp uopyeBoaBes jo esneoeyg
SISVHd HONIW

Y31y Axea
uiBuaays ayy pue ‘Jood AJaa Apexausd s1 ssauydnoy
sy -indur jeay mo] jo asn ayjl Lq pesjowoad st pue

‘(Burplom J93jBMaspun ur ‘a°'l) peousyua Af[eroyjiiae
s ajea Burooo ay) azaym suonipuod uy uaddey
uBd 3 ‘UMOUMUN }OU INQ ‘[BNSNUN S 3}[suadjasw 0}
[819W pIaM [9918 UW-D JO uonswiojsuwa) ajardwo)
ALISNALYVI

*gjonpoad

UOI}BWJIOJS UBX} 1330 uey} Yidualls Iemo[ Jo Ajesausd
st 31 ‘Apueoriudrs sepjradoad adusnpjur 03 Ajuenb
jusmoIIne uy jussald Jaaau sI 9yaaay rsuodAod
asenueadesur ySnoyyre ‘sreals yiduaays Jaydyy

ur Ajreroadse ‘ssauydno] Joj [BIOIJOULQ PIJIIPISUCD
A[saeusd jou aae 91aa9) 1euodAjod Axspunoq

uread jo sjunows adae] ‘splem ndup 1say Y3y

U] PaJnoAB] 2J0JaJay) SI UO[}BWAIO} S3I PuBs ‘saan}
-sradwe; Y31y 3e uoyjBwIojsuvI} jo jonpoxd ayl s|
31 'suorBax JsmueaSsijur ur pus ‘salrspunoq uyead
2J1U2ISNB JB Yj0q 23BA[ONU UBDO 3}IIId) [euodLiod

ajtaaeg asnusadsajul
2)jaded AIwpunog upean
JLIYY3d TV DATOd



o

* A1QBJ3PISUO0D

A1eA uBD 911la8) AJepunoq uredd jo junows

3y, ‘oI SY)el Ul YOIym Buo[e SUOIIBIUSIXO PBULIAp

Alaeefo Alare} auyl pus ‘onsd 10odse MOl S)1 ‘9NId]

Ienolos oy} Jo sousasadde Burydorxaiul ayy 3joN

* 49 21aa9] AJepunoq uleadd pue jJy ‘8}l1ds) Jendloe
moys a8ed i1xau 3yl uo pue 3A0Qe sydexBoaoiw ay]J

WHGS LGEL MM aimnsul Bupp UL O Bff 2020




ReLrie

R R T

Aayy Ing
uoiyoBaj @
oraord ¢g) [eaold ® Buisn pajeaa

pus ajuaisne) seseyd pa

wapg’

urB1ad,

‘posn aJe saydle
{B}TU [BUOTIUSAULOD JI }0918P 03 IMIJID USHO aae

p86L WM aIinsul Buiplom auL © BJf) 9040

‘1BrIUBISQNS aynb aq ued soseyd osayl jJo
wnoa a8yl "yo21@ (1oyodis 1Ayla ul pioe
al SI (9)isudidsw
jo aouesaad ay],

B . R v
s ! c. ¢ - . .
. ' e L
1 L} , e . -\ e - A IR +
v n - - s Al i I K}
: v LT
N
’ - . 0 N R i
‘. - T e IO . A i
. - e,
- . SO | .~ v
- ' - o) - ST .
-~ - - ST e - t
P [ ] N ) 1 v a
R . .- .
. - : . e i
- Lt e .l A
o P . DN des Y i .
- . Lo e Yy ..._.v N - s . ..
e F - LR r
T o P e
~. [ ) ” IR T . F IS
] —/-, . 1 o Pl oIz L .
. g ot . NI
., o T - h Lt *\ (- Ny
N v Lo v e L - rX 4
' S - .3 R I . - h ‘. -
o Ty - o . - bl
- LY TR o Ls
R b - L T e " TR v =
. P et ~ - At e
1. o . " - PP Wt 5. B
.o ey e N, - - .
. . - T T ’ - CRLNN , S
- » N N A - 4 = *
] . " . v . . , - 'S B
. “ "~ .. -4 -.\ . L
- e - ¢ s '.h .
" - - S w2 . -
P = 7 + ’ Y
~ y .
- *
4. . LA . 112
. ! ’ p .
i . - AR ' _—

LN TRy ey 31

~
Y

FLuYN QINIV LY

niog a4l @ U Jfj S0.0

L

o o

. _ P ,._.. . ?.‘rl.’%( B
) 21X R VRPN LA

— .
..».I... .n.h .rh " - N 2 — [\
S ..u\v (LT Y Lraler NG A

‘sajdwexa om) asat) Ul umoys

se Ayenusjsqns L1ea ued aseyd siyi jo aousasadde
syl *9V D-V-W paudile yim 2j1aa) jo sajdwexa
[eo1d£1 moys moleq pue aaoqe sydsadoaoiw ayy,

wrgs
¥
\ #
<54
")
F i)

hat ] 1. %”.% &
6k &&. 3
g Aw.x \)

}

O-V-W QINDITV HLIM = ' 1dd3d



11

. cindur j3eay JIIMO|

18 opBWl aI8M UOYM ‘solIas SYY} Ul sJI9yjo ul uey)}
sjdwexe SIY} Ul I9SIBOD YINW S} SIS J8[NO108
ay} 18y} 9JON "SUIS] 93] [ENPIAIPUL W3 uaamiaq
pawaoy Buraq 231jaead Jo $3TUOOD [[BWS Ul Bupynsaa
fyopBULIOjSUBI} BUpINp PAIINDDO SBY uojjoalaa
opIqaBd J938add ‘838l BUI00D JIMOIS dY} JO

asneodg ‘9)1Id9) JB[NOIOE JO XAIBW B Ul Jd IS
reuold £1od jo suoydal palvIosl SMOUS ‘Diam Jersoaioele
‘ mduy ey ysry e woay urede ‘ydesdoxow SIY,

Bupiop, oul ) Bff 8040

01

-usas aq osre uso ayasad usBy) J93Y3I|
yos1e yorym 94 saledoud8e aprqred 3LIId] I2UI0
‘suordaa Jsmusadeaiur ul D-V-I pauldie Yitm 211aI3j
pue 931449] JBINOE Yjog pug ‘salIBpunoq uread
aj1ua1sne Uo ¢ d[aead pus 49 91L1I8) AlBpuUnoq
uread jo juawdojorap smoys ‘prom JeIsou}oare

indur jeey Y31y B WOJ dINIONJIISOIDIW dACQE YT

TAgor Y86 WN swnsul bupiem 2uL G Bff 2020

A S I

Y it

$A713M LNdNI LVIH HOIH




PR

£1

-sprem ndur 8y ydry ut

ayaead jo uorjesipiorayds pue ‘°9}2 S3pIQIBD JO
uoryeyrdioaad ‘gassyd pourejal Jo uoljBWIOISUBIY 0l
pBa] Uso }] ‘3aInjondisordw auy ut a1qrsiA Aqpeal jou
s1 jusw)ead) 189U AQ JOIIad SSallS +aey80a8 A1qeqoad
g1 uoryedaades (uluUl aI3UM SD[OM ndur ey ydiy
ur A[gesofjou adouw ‘ssnIBPUNO] uoflesIplios 8y}
Y}Im pPa3}eBIO0SS® Aeaous8 aae suoldal ayaead ayy
aanjond)s 4 oyaead 4 911da3] [gordA) 8 smoys ‘ayeyd
uor}nas oIyl B8 Wodj ¢3anjondisodotw syl ‘I83uol
yonuw s a{oAo jrwaayl ayj se «Burplam juenbasqns
£q SursieWwIoU S8 2IN}ONIISOIONW UL} B yons

aA1d jou sa0p dursipswaou piem-1sod [BUO[URAUCD

——

wngoL

r,

Y

,

IN3WLV3HL LV3H



-gsouydno} pood Axsa UM p918100SSE
" AjBWJIOU S] 2IN3ONIISOIIW B yong ‘9aanjonais
uoI}BWJIOIS B} dNIddR) UL} Aloa v ul Supinsal

“gtoko tewaayy pides ®
‘£q foy aAoqe pPalwIYD

sey ssud plem juanbasqns ®
I ugeq S8y YoTYMm [8laWl DM

1A

*§90UB}SIP 1d0YS
JoA0 Ajqesapisuco AJeA UuBD suotBaa paisayal Ul
saanjonajsodoiw oyl ‘daais age sossed 2A1s8S2000S 0}
anp sjudpead [BWJAY} Y] SV -Saplqaed pue 3113}
paxsmba Ajuo durureuod "3°! +3JN10ONJ}S posijeulIou
g 0} Je[iwis A[{I}UISSd ST YOIyM adn1onadys paurjad
§ Ul SIMSad YoYm ‘anodo M sjfuaisne 0} uon
—pwaojsuedy a12]dwod usUl ‘Do5L8 jo uor8al ay3 ut
(Soy) en[eA [8d[1LID B dA0GE gasia aanjsradwal 3yl
paayp -sossed jusnbasqus woaj 1e2y 2U} Aq paasie
K1oyerdwod 8q usd sund £jaea a8y} JO 2INIONJAISOJIN
ay) ‘und suo usy}l axow uf paprem st jutol 8 2I9UM

—omor b6 MN owmsul Buiplas Sul O UL o010




L1 91

*1j91 2y} ue AJepunoq uolsnj ayl yym -suedal oy} ydnosyy aysa Julood pue aanjedadwal yead
~ SunJaeis ‘auoz paldajje 183y IO0UM ay) sajedIsnill : oy} ‘soseaJoul douBIsIp siUl SV +Axepunog uoisny aul
YoIyM ‘dAOQB UMOUS SI STUL * §2JN10NAISOIOTW 121JOS ' uod) souBlISIp aUl pue jndui 189y 2y} uo juapuadap

K1ealssaadoad 3uiald ‘peonpad aJae a8uwea uolleWIO] . Au8ly st ZVH au) ul jutod Aue je 21040 [BWIBY) UL
i

v861 MN 8 LY/ /IKAZAY

[ —— . .
wd oL 9LL0 . £1LL0 opus 29s
. ; N : — — s T uonesjiuiow
‘ Sl ; : 1ayfiy e

e

. . o .,) . s Ei2 L K ~
wn_ _ : ; jeoizuoladns |[eonaoiadns
. . ‘ B pauleib—-aut4 pauieib-asieo)d

Pt
.= -.m.l..l.!..lpﬂ

paloajje
: Agisia
10U
|elaw
usied

Alepunoq :o_m:u;

3INOZ Q3.10344Y LV3H
i

e



~7 o

81
SRR 'ymoad uread ejluslsne pidea sonpoad o} . © 500001 2A0QE
_JUaNSU NG ‘ FOY SAOQE 2aNJBIACU B O3 poEey AqeordAy ‘yamoas uread ejuelsne prded jusd
tg]L@ SDNS UBUY I WOy IUIIE] N ‘ Azepunoq uolsTy 0y jueroyns aanjexedwa; @ 03 Pajeay ‘AIEpUNOq
oY) spasmo} ‘gIL0 PIIS Ul umoys auoz Pa3d933® uorShy S} 483U ‘ZTL0 SPUS Ul UMOYS 2UOZ P33ddYIE
* jeay auy jo jaed jo vonyeayyrudew JouSiy 18 MIIA Y O 3o yasd 30 uonBOIUBEW I2USIY 38 MIIA ¥

pgEL Mn oimnsul Bupiap suL O Ll ‘€120
.l\ v By = -T’.r‘t t ‘.
. 3

| . 3 .... e ; .m1. ﬁ' y h w %I\U‘\
o L ' : LN EN \&.‘yp—..‘q ot =

S JF § ks ) H.%\. :




12

-posiproaayds aq Asw
ayaead ''ovy usl} SS9 aanjeradwa) wnwixsw ‘jejaw
yusasd ay} Jeau ‘gL 9DIS Ul UMOYS auoz pajoajje
183y 3y} jo jaed jo uonieoyjuSew Joy3Iy I8 MOlA V

——WAgg P86l ®N Amisul Buimom 2uL O Lf 9420

?

! ZVH 1v2111408nS

02

*$INOO0 jUDWAUIISL [BIIUBISNG ‘d3IUISNE
0} uonjewdaojsusa) [erasd Afuo ur Sunnsax ‘toy
pue 1oy ueam}aq aanjsaadwa) B 0} pIjeady *aanyord
IXau 8y} uBy} }{ Woa} Jayjaey inq ‘[ejawl juaxed
2y} SPJABMO} ‘ZTL0 °PIS Ul UMOUS 3u0z pa3jod}e
18ay 2y} Jo iaed jo uonjedyiudsw JBUBIY 18 MIA Y

~ £ ) A .

o . ey . . k : : -
4 A 9 N . b %4 yig o a

N. . E 5 Y ANt s

TR

ZVH IVIILLIHOY3LNI



€3

JURNEND PENURLOD

oo -aanjsaedwa)
L geryisodwodsp 8)IUdISNE Y)Y JBIMO] Yorym sjusuwaid
- Buypkore Aq pessaaddns s uonsuwaoy S| rindur j89Y
- yBy ym Aqreroadse ‘satiepunoq upead 9jullsne
Jorad uo pawroy usyo sl dd Juan3IIsuod SIYL,

_ FLIYYII AI0LOTLNF-0OUd

syndur 189y YS1Y UM PIIBIOOSSE gajed 3uypo0d

... Jamo[s 9y} Aq PIINOAEB] St pue ‘seanjetadwa) uon

: ~BWJaojsuwll Y3y 18 suw.Ioj 9111J9] US}IBISUBWDPIM
- . JegnusaBeaju] ‘jelow plam ul punoj Auoumwod 931118
IB[NoIo8 SI[qWAsSII 3] “aanjonais jo adA) aasem

19ys8q O[}S19}08BABYD dY] pue ‘gy}e] 9NIId] 3y} jo

oryea joadse [[eWs oy} £q D-V-I UilM dI8] WO}
peysnBupsip oq ued 3 ‘indur J8oY USTY UM paulIo]

aq ABl 4\ 9ILLI9) USIIBISUBWPIM JenuexdsIiul
FIIYEId NILIVISNVNAIM YVIANVEDVHLNI

+108339 Buruonoes B Ke3aey Ajqeqoad

g1 uolIBIIBA SIY) INng ssousreadde N4 paudje-uou
0 7y pouldie ue dABY UBD O-V-W YIM 2311133
}8Yy) Moys suopeaisniii UL rgyndur 1gey Jo adusa
SpIM B I9A0 BUILINDDO °S[993€ UN-o Ul JuUanIIsuod
18d1110NI)802DTW jusutwopaxd ay3 Ajeaausd st SWUL

(D-V-W) SEAIFGEVO
JALINTLSNV/FLISNILEVIA HLIM FLIY¥3d

*prdea

AgaA st 3urood UdYM SINDID0 Auo pus ‘s[aels UN-O
jo SZVH oy} ut [ensnun sl ajisuslaBW 0} uoljsW
-Jo3suea} 23a(dwod -8uryosao uaBoapAy ZVH 01 ISU
aAL3 usd pus ‘gsouydno} Jood jo A[rensn ‘pauy Sl
3 indul yedy mo 38 paplaMm §[@9}s UN-D UOWWOd
uy punoj 2q Os[e Usd ¢juajuod AO[[B PAsealoul

Aq pejowoad sy W IUSNIRSUOCD sy} ydnoully
ALISNILUVI

co




o

e

Rorph A Ty (U LCE L ATE SRR B Sl SR S R

!
§
m
i
m
;
!

o TR e e L

114

indur jeay saydy — Burooo prdsa 3sesTT

23L0
1220
0220
6120
8140
LTL0

indur 389y mo] — Burooo pidea isop

‘prdex jsow ay) ym Burireis ‘ayea 3uyocod

Jo J1apao uj pedueade SaanlONIISOIdW ZVH JO
a8uBl opwmM B BIISNIIT ‘ZZLO-LTL0 SoDPYS ‘sydead
-ojoyd x18 3uMolo] a2yl :sajea 3ujjood Jo alduea
Pl 8 YlM ZYH 92UO MOUS 9TL0-ZTL0 S9PNS

Sanoz
05 3447 1VIH NESTFHN ) DNHISOEDIW TwDl4L |

¥e

*2)14J9] Ul S3pIqaed
jo uorsaadsip ® se saeadde 3} ‘suorjeoyyiudsuw

ydiy Agea 3y cuopjosax uonpsodwodap projosIna
ay} Jo j}Insat syj) S| pue ‘saplepunoq IRjuaisne
Jorad woxy Aeme suopBas ur sasadde 4 eseyd syl
SHLVOHYDODYV JAI9dVO-ALId¥dd

*9)1118] plrojoaina-oxd yitm uolsioosse up A[Uo0 punoj
Aneasuad sy 3] ‘eanjeasdwa) uonisodwodsp arusisne
au) ssaxdep yopym sjuswara Sujhoqe Aq passaxddns
st pus ‘3urpram Be[soxjosle uj se yons ‘Indut jvay
ydiy Aaaa UM PIIBIOOSSEB SI ¢4 juan”  uod SyJ



L2 oz

yuasaad os[e St W 2lIsuslael o s .S.mw:w_:oo Ajreniaia
-sauepunoq utedd ajjusisne Joad 18 Argsuad [ 9}isudliewl 0} uopBWIOIsUBL} ‘sdwexs SIUY U]

pojealonu st ‘ 9y ‘O-V-IW paudle Yim 81xsy syl




62 m
|
| '
N4 Doudie -posseaddns sI 21149 AJepunog
yu pus gy Paudle ‘sepow yioq ul juesead ures8 ‘ejdwexe STy u] ‘S3pow N Paudie-uou
_ pue gy pauldie Jupmoys ‘O-V-IW UMM 9)j1a9) euld

YuM 93[da9)] J98I80D

ure0 °pNs up ueul O-v-W




1¢

* 44 231a9] plojoena-oxd jo
uonpdodoad yBiy B YiIm DPIIBIOOSSE Aleaauad sas Ay}
:pjom Sersoqyoe(e ndur jsey ySiy 8 ur ‘aday umoys
aze 94 sojsdord3e sPIQUEBO-3I[IId] PUB d 33II8d

s 6L N syl buipiom 341 O B 22L0
: vh - 4N

alh

0t

-jussodd OS[B ad8 JM 911II3] UD}IBISUBWPIM
ze[nuedlSBliul PUB 44 91aId] ProidaIna-oxd "0zL0
apIjs Ul S® ‘sapow N4 paudije-uou pue Jv pausie
yjoq ur juesaad st D-V-W UM 2311d3] 3SIBOD

LY

- h- n-rl .f.— .p 3
X W’?h...\w‘fa 65 I.,.P—

e MY 3!
PRSI OF N A

e
NS

L .M.w. &

A‘lm p :

MY
', .ﬂ-.ff.;.._:
.. R ?tu

e a/ﬂf




08 ‘€t
0T‘y

ol
ol

0£'€2 eI IT 0T'F
£1

A A

uo 971°1

81

87°0T°9°Y

91

61

1€°92°0T°¢

0£°62°82°02°€2°8'¢E

¢1
1808 ‘b2 €2
1T°01°%'¢
11
pe‘ez e
01°'9°%

¥l
11°01°9°¢
€1

ve'

mn

WY e 2

1ot

81
1t
£1
A
¥e

o3 o e

13

211d0] UD}}BISUBWDIM -
9)1aaad} -

~Jgmusidediu]
aanionJaisodoiw 3upyooiaeiul
serIBpUNOq YlejIaiuj
suorfea Jenuexdzaiu]

: ZVH [80n1adJa8ju]
BuIpremM JO 2INJNISUI [eUOHBUISIUI
) Bumniosad uaBoapiH
sprem ndup j8oy UBIH
juowleal} I8OH

indur 189H

auoz po1oale 18OH

yimoad ugesd

ajlaxa] Arspunoq ufedd
Azspunoq uoisng

7VH peouread auld
sojedoaddv op1Qa80-d1lada]
D-V-IN yum -
uol}BWIOJSUBI) -
piojyoeinaoad -

reuc8Atod -

syjel| -

agnueadeajul -

Aaepunoq ujead -
paxsinbe -

IB[no08 -

I OREE |

uoljisodwoddp Pp1ojoaIng
foyoote 1AUIH

Sumys3
Suryees-uopedasdss -
sayold

pexseinbg
piem 3e[soaioeld

2IN1ONJ}S JBUWNIOD
7VH paursad 98I8oD
uofvafaa -

uoreirdioaad -

pexemnbae -

uorszadsip -
§2p1qJIed

1
€2
61'8T
01
A 14
02'PT°G°¢
- £2°9°¢
0£°62°82°¢
0Z'61°CT 1
12102
0T‘9‘e
aded uo
umoys
0¢ £2
11 b
¢
‘gT'01 2483
L%°92 €7
01
‘8°L‘9 b
0¢ £2
1€
‘67 82 £7
1€
‘0801 vZ'e
A
11
‘0T°L'9 £
0£°62
- TARR AL £3°¢

28ed uo a3wd uo
umoyg possnosid

23

uoqJIe)
2aANIONJI}S DABOM }9YSed
yimox8 upesd -

Lrepunoq uread -
sanjsaadwe) uorjjsodwodsp -
ajjualsny

oljed 109dsy

O-V-W paudny

mo<

Tov

3}11a9) J8INDIOY

juaniIsuod
XEANI
9}1443] US3}BISUBWPIM
Jginusadeaiul AM
ayaga] (suodLiod ad
ajjIead d
2}ISUBIIBN N
AJepunoq uteldd an
21laIa] pPloyvaINe-odd dd
O-V¥-W paudrje-uou
yum a31aa9d Nd
so1eB8aa33%
apIqI8O-331A13] od
EISSET: | 4
9}l1a8] JBNOY v
J-V-W
poudiis yim 9jiaxad ov
$19319]

ULMINSUCD  yopeoynyusp]

AdA



0¢ ‘€2

. b
9z°02°ST'V1
£2°CT°T

£T

A
9T‘GT‘e1"1
61°8T

17

g1

1

1Z°¢T

£1'¢

g

£1

1

€1

6

6

€1'6'G

02

A
1¢°0€°vT €T
L2°€2°'S
T1°p‘e

1

6

6

1z°'¢1
Ie‘p2 €1 TT'01°¢
£1

08 °‘62°82

1

6'6‘T

¥T

¥
12'92°€2'p’e

9}1119] US1BISUBWPIM
Burprem JI8jemMIBpUN)
UOT]BWIOISUBL ],
sgauydno]
uorjooes WOyl
jualpead [swasy]
a[oko pewasyr
ZVH Teonizogadng
ZVH 1edljoqng
jolled S$S2J431§
yiduaalg
uonyesiprozaydg
$a1I8pUNOQ UONIBOIIIPIOS
sprom ssed o13ulg
uoryedaadag
3uruoroag
uoypIoISuUBI} -
9yIsuUal}IBUW -
ajiuaisne -
sasgyd peurslay
juswaUlIay
suordax pajleayay
9112393 PIo109IND-0ad
2jIUd}ISNE J0WXd
911419} T8uU03A10d
8urystiod
pIoe olIold
1eaold
uorjesiproxayds -
ojitead
BursipwaoN
D-V-W pausie-uoN
prog OLIIN
183N
spiem sseBdlNN
sassyd JOUIW
3SUIIBN

P LT




	Metallurgical Effects of the Weld Thermal Cycle
	Lecture Scope
	Weld and Heat Affected Zone
	Metallurgical Phenomena
	Gas-Metal Reactions
	Slag-Metal Reactions
	Dilution
	Solidification
	Constitutional Undercooling
	Cellular Growth
	Cellular Dendrite
	Equiaxed Dendritic Growth
	Solidification Modes
	Epitaxial Growth
	Weld Solidifcation Macrostructure
	Reactions in the Solid Phase
	Annealing and Recrystallization
	Stages in Recrystallisation
	Effect of Cold Work and Annealing
	Precipitation Hardening
	Weld & HAZ in PH Alloys
	Effects of Welding on PH Alloys
	Phase Transformations
	cont'd
	Fe-C Phase Diagram
	Kinetic Effects
	TTT Diagram
	Transformation Products in Steel
	Continuous Cooling Transformation (CCT) Diagram
	CCT Diagram
	Effect of Transformation Temp
	HAZ Structure in Steels
	cont'd

	Metallography of Welds in Carbon-Manganese Steels
	Introduction


