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ABSTRACT

Coal crusher made by 3.5% Cr steel is an important piece of equipment in the
production of coal, but its abrasive wear remains a troublesome problem. A worn coal crusher
damaged by abrasive wear is usually repaired by hardfacing weld deposit to prolong its lifespan.
Currently, hardfacing using arc welding with and without added metal powder is gaining interest.
Therefore, this research aimed to study the hardfacing of 3.5% chromium steel. The welding
experiment was divided into 2 parts. The first part of welding experiment was the hardfacing by
shielded metal arc welding process, flux cored arc welding and submerged arc welding using the
martensitic steel wire electrode as a filler metal. The second part of welding experiment was the
hardfacing by submerged arc welding using a low carbon steel wire electrode with added metal
powder. Then, the welded samples were studied macroscopic and microscopic structure, percent
dilution, chemical composition, crystalline structures, and worn surface. Mechanical properties
were assessed by hardness and abrasive wear test.

The results of the first part of welding experiment showed that the cross-section
of welding samples was perfect. The deposited layers using lower heat input resulted in lower
welding dilution than those using higher heat input. Submerged arc welding using alternating
current polarity produced shallower dilution compared to using direct current positive polarity. Heat
affected zone microstructure of the single-layer hardfacing showed martensite structure, whereas a
tempered martensite structure was found on that of the three-layer hardfacing. The microstructure
of buffer layer was austenitic structure and delta ferrite at grain boundaries. The microstructure of
hardfacing layer was martensitic and austenitic structure. The first hardfacing layer was mixed with
austenite buffer layer resulting in high amount of austenite structure. Therefore, hardness and wear
resistance of the first hardfacing layer were less than those of the third hardfacing layer. The worn

surfaces of the hardfacing layer in this experimental part found that the dominant wear mechanisms
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are micro-cutting and micro-ploughing. In accordance with the first part of experimental welding
results, the flux cored arc weld deposit showed the best wear resistance in both single-layer and
three-layer hardfacing.

The results of the second part of welding experiment revealed that most of the
hardfacing layer with added powder contained cracks. Increasing the amount of added powder
increased the size and the thickness of hardfacing layer and decreased the percent dilution of
welding as well. The chemical composition of the first hardfacing layer obtained from both the
dilution by the buffer layers and the added metal powder resulted in a martensitic microstructure as
the main structure, which gave a good hardness and wear resistance. For the third hardfacing layer,
the microstructure of hardfacing layer depended primarily on the type of the added powder. The
results showed that the hardfacing with ferro chromium powder resulted in the martensite structure.
The hardfacing with ferro-carbon powder gave the pearlite and ferrite structure. The hardfacing
with ferro-carbon and chromium powder presented the martensite structure which had the highest
hardness. The hardfacing with added powder containing carbon, chromium, manganese and nickel
as the main compound revealed the martensite and austenite structure. The worn surfaces of the
hardfacing layer in this experimental part found that the prominent wear mechanisms are micro-
cutting and micro-fracture. The second part of experimental welding results proved that the three-
layer hardfacing using a submerged arc welding with added ferro-carbon and chromium powder

was the most superior wear resistance among other conditions.
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Welding Processes

l |
Solid-State Welding (SSM)

Oxyacetylene Welding (OAW)
Pressure Gas Welding (PGW)

|: Oxyfuel Gas Welding (OFW)

Forge Welding (FOG)
Cold Welding (CW)

[ Friction Welding (FRW)
Ultrasonic Welding (USW)
Explosion Welding (EXW)
Roll Welding (ROW)

Arc Welding (AW)

Shielded Metal Arc Welding (SMAW)
Gas Metal Arc Welding (GMAW)
Electrogas Welding (EGW)

Gas Tungsten Arc Welding (GTAW)
Flux Cored Arc Welding (FCAW)

Unique Processes

Resistance Welding (RW)

Thermite Welding (TW)

Submerged Arc Welding (SAW)
Plasma Arc Welding (PAW)
Stud Welding (SW)

Resistance Spot Welding (RSW)
Resistance Seam Welding (RSW)
Resistance Projection Welding (RPW)

Laser Beam Welding (LBW)
Electroslag Welding (ESW)

Flash Welding (FW)
Induction Welding (IW)
Electron Beam Welding (EBW)

~ ax A ax
31]7] 2.6 WHUMNWUTAINTINITNITIFDNITAN ) [29]

A A d Ay o
223 pssdsmsiienesnadasenduvidnd
A ¢ A v v o A A 0
mstreueIsnaraFeuiuddndlumsiFonnuurasyazale araFoni
Y A ad a a 2" A A 9y [ 4 Y
winmilusdnInsauazaraauusnaiie lanzirou arareududdndilsznoudie unu
Tang (Core) HuA10@15M0NHN (Coating) Tasuuian1u Tavesadaionaz ina1ud ur1
4 A A Yy 9 4 J A [ Qy ) A
guénanvonu Tane MsIFeNEUAUAIINITIND1INTEUINIATFONAUTUIL ANUSoUR
4 o 4 t:y ] 1 ¥
1aninmsersnzildaravounazFuniuvasuazaislulionaoy (Weld pool) Hon N

3 3 4
ﬁ”liW@ﬂﬁ/ﬁJﬂilgﬂa”lfJLﬂuﬁLmﬂ (Slag) ﬂﬂﬂqmmm%u
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y J 4 v { o o 1
msFenesnaaFeuiuland (UN 2.7) mmnzduaun i wu auads
9 2 ]
Usznou “IUAAAY tazIUFoN UENIINHEUNIZAUIUMATUIN (Site work) i THmTFoN
s A v A o A 2 oo A ' 4
p1snaaeNiuldndigfuOuFeNwe nuduTUiY 1o IndzaIn 110 aradeuiivials
1 < 4 4 4 o 4
dszanlidenldau ednlsnaumaieneisnarayeuuidndaunsoyon lagunse
9y ) A A o [ Y Yy A A I'4
Apudenauldsualavoutazimzauanoen dmiudoauazdoideveinisyonsiinaia

Wouruiand uaasluaisei 2.1 [22]

Electrode Power
holder Source
K ot

g\_!eldting Cable 1
irection Stick
< 4 clectrode

\ Cable 2
Workpiece
Core wire
Flux covering

Metal Gaseous shield

droplet
Flux Arc
droplet Slag

o
Weld
—y—é“'— metal

7
Base’me’ral Weld pool

Y A 4 s 4 v o
51]‘7] 2.7 ﬂﬁﬁll'J%ﬂ']il%@ﬂ@?ﬁﬂﬁ')ﬂl%@ﬂf:{ﬂwﬁﬂ‘ﬂf [30]

U

a Y A Y A A 7 A v o ¢
AN1919N 2.1 VOA-UDLFY ﬂ’]il“])”f]u@'liﬂajﬂl%ﬂilﬁmwaﬂcﬁ [22]

Y A Y
Vo valae

A = a Y A 9 A a dy A o
1. a'Jﬂl“]ff]llﬂﬂ’ia’]ﬂ%u@iﬂlaﬂﬂi%ﬁ’lu 1. ﬂ’]iﬁ]@iﬂ\iﬂinmluaiawgl"]f’ﬂllll']ﬂ N
Yy A ¥ A A
Glﬂc‘]@ﬁl“]f’f]i]ﬂa’lﬂ"]fu INDAANTILVDIIN
A A o 9 9 a A [ a a ,i’
2. LG]fEJmm‘I/]G]i‘]JGIfE)u”lﬂ 2. ﬂigﬁﬂﬁﬂ’lW/@ﬂi'lﬂ'ﬁW]llUﬁl'JmLHE)
A °
Tavigi¥oud
A k) A
3. wau"lwmsmu%u

4. nsoeuumaanld
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A A d A Y (v d
224 nssuIBMsveneIdnadaraNlavlandy

A s 4 A < Y A A Y
mMs¥eueIsnadaieu ldWand Taonaldazlivanmsiroumioununis
4 a { 4 o o { 4 s 4 A
WoutinuunilFarnsendu (Solid wire) taaaneg 2.8 n msreno1inadason ldwand

3 A A L N
Aumsisenuvvvasuazats adarenlsznoudlsaiumilulansuasinangnilusiamay
1 [ { 4 2 4 U
g lutNuNa19v09899 (Cored wire) HAAIAIZIN 2.8 4 MIFOUEUAURIBNTYABITNTZHIN
A4 o & y Ay w 4 o q¥ A = & a

arareunuFLaOIL aANudeun laninmserinildaradonnazusnaile lanziaunasw

{ 4 o { ) ad a { y @ { o
azane Tasharayeusihmihndusian Insauazaladuiioyon uaasaagili 2.9 Taenald
A s A Y (o da ) A A s Y (o I
msieuesnaarou Idvandenldmsieunuunszudass marouei1inadn ldudandgdl

Y A Y o a dy A ~ =~ A a a dy A ~ 1
doa lumusasimsauiioreungaazNauianie langIneusnanie lansiyoudniinis
A 4 Y v ¢ A v oA 1 A 1 A A 9 a Aa 9
iwouerinadaurand iesnnwansieglualarensiomuauianisdiuTans mena 1

[31]

(M (V)

51 2.8 wihdavesaaiion (n) adarendu (v) arayon Tdvdnd [31]

Regulator
Flow meter ({

e DS
ire \‘

Wire drive reel

& control
Wire
electrode

O
©@©

Power ] Shielding

Cable 1| Source gas
. Y cylinder

Welding
racti Gun
direction

Workpiece

Cable 2
Shieldi Wire electrode
1e gljg% Contact tube

Cable 1

¢ ie— Shielding gas
L nozzle

Arc

Metal droplet
Flux droplet

Shielding gas
(optionaﬂ g

Slag

Weld

© 4 metal

Base metal Weld pool

517 2.9 Marousnararou ldWand [30]

Y
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4 ¢ A Y (o o . < A

maFeuesnalaen ldWdndannsontseenilu 2 dszian Ao
4 s 4 o oA o o s s

1. mageuosnanaen IdWdndnlsunangu Tasldunamsvenlasenlea (o,

A 44 1 J o 4 J
WsounanausznINe snounumiveu laoen lad (Ar+ Co,)

4 s 4 v 2ay o

2. matveuesnadarou ldWanan luldunangu (Self-shielded flux cored wire)

4 v d % 1 1 {3 [

araon ldWangzlidnuazadiens Tasvzlidrunidulanefuogiiauen

= v d 1y ~ v d = 1 o dy Y a A Y A
uazumﬂaﬂ%amuiu TQEJ‘V]PN‘V\IQﬂ“lﬁ]%llﬂ’ﬂmmﬂ@]Nﬂu"‘IJu’E]EJﬂ']J%uWIJ’ENEI’Jm%’Em UUIMN

[ o A
YDININAN AO
1 [ va A dy A Y a 1 [} ~
1. oSl jsauiauinaniie TansFoua oM IANE 19U N1 19U LI ITduas
Fanou 1oaABNTU (Anti-oxidizing)
=~ a A 9 A a A A 2 o
2. 3Jmimu‘ﬁwmmsflumﬁﬁiwmmmwamaﬂﬂﬂmmnmumwammzmmm
A o 9 ' A Y o ] A o 9]
paziey Ingwuareuasn vonnudIreliansareyluniag 9 14
1 Y d A A a a A
3. eldiesniseunas lulinia Tangmeaaus nau ol
1 a a ds’ .d' 1 a a = a S o
4. ¥ro@usigranadluuTnaiie lavzson 151 Hnina Tasilion Tuauaiy uag

= ﬂ' 1 o v a v =) dy d’
LUINIUE L‘WE]“]f’)EJ‘]JTU“]J§\1’ﬁiJ‘]JGI“I/H\?IEIW%’J‘I/]EHLL@%?(?J‘]J@T]Nﬂﬁﬂ]EN’iJiL’Jﬂ!L‘L!?JIﬁ“H%!“H'OiJ

T A w a a & A A
5. ‘I)”JEJL‘WiJ’E)GIiTﬂWiLﬁMUiL?ﬂ!LH@I’dW%W@M (3‘1J°VI 2.10)

|
< 12 Flux cored wire
> 1.6 mm
g ° '
© /
c _ [ Solid wire
;g 6 ) 1.6 mm
8 e
o A
8 d
3
—
0 100 200 300 400 500 A

Welding current

d' [ a a dy A A < F) 4
3‘]]7] 2.10 ammﬁmmﬁnmmaia‘ﬁz!fmmlmmilﬁlf@umaﬂﬂmmiuau [31]

A 14 A 9 [ A o A o [ A <
fﬂil"]ff)l]’f]'liﬂﬁ'J@L“Iff]iJklﬁ‘i/\lﬁﬂch'uEJlIu'lllHﬂf’f]iJﬁﬂ’iﬁ"U\i'lH!“]fﬂiJW’f]ﬂllGlN

A A 9/3/ 2 o EZ . . o A . o Y
Hosnausaen 1anwuun9n Tuia (Semi-automatic) 1azen TUA (Automatic) 11119
| Y 1 1A < ' 4 s 4 ¥ v ¢ o o Y A Y =
l‘lf’ﬁ]llulﬂ’élﬁﬂﬂﬁ'f)!,u@\ilmgiﬁﬂLi')ﬂ'ﬂﬂ'li!"]ff)llf)'liﬂﬂ'J@L‘]f@iJ?jiJV\lﬁﬂcﬁ AIMIUVDALASUDLITY

A s A Y (v & A
GU’ENﬂTiL‘]f'E]ﬂJ’E]ﬁﬂﬁ?ﬂl%flhklﬁ‘l/\'aﬂclf Llﬁﬂ\‘]sluﬁﬁ'N‘ﬂ 2.2
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H 4 I'4 4 ]
19197 2.2 TodA-To1de MIrou1snadarou ldWanT [31]

Y A Y A
Yo Yolael

d' = a Y A 9 = =) g zﬂ' o
1. a’JﬂLG]SE)ﬁJﬁJﬂa']fJGBMQ1ﬁlﬁ@ﬂ1"]ﬁ11& 1. mmamwmmmahﬁzwaumn M
vy A d A A
Glmmwawmwu NDAANITIIDDI N
o A X A A A ' A ' A
2. ’é]ﬂi'lﬂﬁlﬂhlﬂﬂiﬁﬁ%t%@hgﬂ 2.mm%umwuﬂ"lummmwaummua
fsvz 'l
A A A
3. UTNUUUUFDNUAUNTN
A '
4. 1¥UY

5. ansadeunumaaunld

v

a 4 d
225  n3sdsmaena1snldvland

7 9

A Y (v oo A P4 P v o
Maweneinlavdanagiy Tuvaziyeunlalerinszgnilnagqualenandg
] 4 L { 1a @ I'4 a 1 Y I
Tagrdngursaiunegaanuilalrorsnezinanisnasnazalguazneauiuauaninagu
a d‘ [ d' [ g Y] a d‘
Vinauugen naanegl 2.11 dangyetdestunsnauunionainussernianieusn
1 @ s @ o [ 1 4 I'4 ] 4 4
daudngnmasvzgnaandutazihinauun s ina'la magenorsnldnandaunsoyonla
Y
MINTLA AT (Direct current polarity; DC) s nISad@al (Alternating current polarity; AC)
A S QY (v 9 Y Aa A ~ ° A A A 3
Mawonosnlanans InusnauuIFoNalIsny dinaue duanilnaguusnauIroun
Y A = [ 4 a A A @ 2},
ansavgaoen lade uazilosnnidandilnaguusnuuundonluvuzion Asiums
A a dald 12 1Y) (=} 4 a g a a
Wouyiatde luliatu Tifiuaannmsesn uaz luliuialane (Spatter) tMTAAVI MUY
o [32]
d’ 4 Y [ 4 o [ d‘ ] [
MstroueIsnlandnsmuizdmsvaudeuvinalvg sy Tugadimnssy
= . FU A I kY Y ] FUR A
@9I30 (Shipbuilding) MIFONHANNA1IATIATIYUIA WYY (Structural building) HALATIFON
[ [ d‘ 9/3 d‘ 1 d‘ 1 v A A A
F§9AUAY (Pressure vessel) A1 N TANIMTIFOUADULAZMTFOUADAINYI oW atan
dyw @ d‘ < % [ ] d‘ < < 9 9 a
UDNIAUTUNUIZAUNMTIFOUNONUUL AI08191FU MTFOUNONUTURANNAT 1S A TiuUU
< Y s A = A o Y |w o o o A <
MANNAIASTUDUINONUMTANHIB N151OUB1TN AN NHHUILFINTUNITIHFBUND NS
A 1 I A o wa o Y o o a . -
eI dUNINY UM IFB LUV Tuld 1119 UR18a9n13WAAgA (High productivity) tag
@ a a 24’ A . .. A J Y (v o
9n31N131ANYI U Taviziongs (High deposition rates) N1513010130 AN aANTa 11150
A v B A . ' . 9 o Y A Y
wou'lanams leainleusITuaT (Wire) LazadnuuuLHY (Strip) dmsudeauazdeideves

4 s v {
M3Fou1snlandnd [33] uaasluasiei 2.3
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Flux hopper
(‘%— Wire reel

-4———— Wire electrode

(oXo -—Wire drive & control
(oXo
-

Welding

direction Cables Power
-

Source

—e

Workpiece

Granular,
flux o

Wire electrode

Molten slag
Solidified slag

Weld metal

Metal pool

Y a 4 4 @
51 2.11 nssuAEmsiewesnldviand [31]

A19197 2.3 TodA-To1de MIrou1snldndnd [32]

Y A Yy A
van volae
A’ (% A Y Y o w d‘ a d‘
1. W@MLL‘]JTJ’E)GIIUNG]]I@ 1. UBAINALTDIFUAAIALT DY
@ a = dy A ' A ' A A 4
2. @mmﬁmumnmmaiamwanqq 2. llﬂJﬁWiJﬁﬂL“]ﬁ]iJﬂHﬂu’f]ﬁ‘i‘H%Vlﬂ
' v '
3. Vb\lg]}f]\‘lﬂTi‘l/]ﬂ}Jgﬂﬁl%f]iJiﬂﬂ 3NN UBUINIUNUANNUHUINN
A A o ¥ Y 9
4, YTIULHUIBDNFIYNY dUUTUD 4, Gléliﬂﬂ]ﬁJi’éJulflﬂQ'\i
(=~ a a A A a dy A
5. "l,mJmﬂiammmnmumwan 5. mmaimmnmmaiawmﬁmum
2 [ v A dy A (a ua ! 3‘,
6. "lummmazmu 6. mqwaucluwumﬂ;]mﬂﬁmmu

7. dodldWdna lumsirou

a

2.2.6  wands
@ I v o w a 4 @ @
Wandnotluaudidglunssuiimaseueisnldvdnd Tastngiseasa

= o

9 [ 4 Y a a 4‘ ] Y v v @

yoamsldand Ao v ldnaduanidnaguusnauunyon bilddudanueina aruguuay
A a 2 A P P ~ ° Y a 4

MusIaRauUs e lanzi¥ou Aruaumigaeininiamaies ilduSnaie Tane
A = ° ¥ A v IA
Wwoulinnuatiudue nazalruqunis lvavesti lavevaswvarluvmzibon Wanil

o [ Y ~ d aa I = 4 =

aanlsznouvianldun Tnmdley'laesnlsd ansu'laesnlsd uaaiFouoon luq uaaidewy

Wgoolsa nuniidoueen lad 1Wudu Tasawisaumialdnd Idiiu 3 siia awnssuizmsnan
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] J A [ J A % Jd A
sznoudle NanFsiiavasy (Fused flux) WanS¥iaINT (Sintered flux) HazWanF¥ANID

[ Jd A 3 Y] o [ I { [ a
(Agglomerated flux) Tasvangyiavasumiuandnianvausiiuile@edny Aavnnsg

'
a =}

1 a [ Y 9 v A YA o k) k) Y KX o A
HADNUDIULITITYUAA N L"’lﬂﬂ')flﬂuﬂqmﬁﬂuq@tW@iﬁNaﬂBmﬁﬂa’]ﬂLlﬂﬁ AU UALIND

U

(% 2 v Jd a a J a 1 @ I 1 ES
AALINVUINDNATY 1/\]aﬂ%‘]fuﬂm%ﬂﬂ‘ﬂ'lﬂﬂWiLWH!ﬁ‘E'WJGBUQG]N 9 Glﬁ)ﬁaﬂymmﬂmmﬁ IMNUU

F
o [ [ v Jd a a 1 a 1 [
%\ﬂﬂllWUﬂLLagﬂﬂLLﬂﬂﬂIUWQ?Jﬂﬂ3\1 ﬁ')u‘l"laﬂ"]f‘]fu@ﬂTJLﬂﬂﬂWﬂﬂ'ﬁWﬁuﬂl@ﬂllﬁ‘ﬁWﬁ]%uﬂ@nﬂ q Ny

=

g F) [ g’/ 3 o Y 9 a = Y 3 o [ =
UMD waqmﬂuuﬂmﬂmmmqmwgu 800-900 DIAFALLYT FANIYNNINITAALINVUIA B
- ya o v 2 a d' wa v 7 a g < v Ay 1
szdvialndineanunanssiaviaoy laenauinvesnanssiaiaeniy Lﬂu‘vxlaﬂcm”lu@ﬂ

o Ady . o Y ' ) Y A dy
HUAINNFU (Non-hygroscopic) ‘wﬂwmmzmamimhlﬂalmmmﬂﬁmmmmmmmm%uqq
' v Jd a I v A % dy . =< 9 =~ @ dy
mu%laﬂm%mnmﬂuvxlawmjmmmwuqq (Hygroscopic) doalimstfoatunnuauain
Y a2 9 A v a ~
Meuen lagved-voidevesransunazyiauaadluaisiehn 2.4
v a ] wa I 1 YRS a
WaﬂmmawumzQﬂummmﬁmmmmgﬂuﬂm-ma"lmﬂu 4 ¥ila naaalu
{ v Jd a . 4 . o Y a { d
A1519% 2.5 Wansstansa (Acid) uazg”lm (Rutile) vz ldusnaie Tavzi¥eualo91y
= Y ~ wa [l ~ 12 a o < .
ammmzmﬁnmmqﬂammmw”lmmﬂﬂmﬂ@aaﬂ"lmﬂiugﬂmaqﬁggaﬂeuu1ﬂgaﬂ (Micro-
X o q ¥ 9 o Yo & a A 3 '
slag) FM 1HANUAIUMIUMTUANHNINUTINTEUNNAAAY NS IsWangyianNAulua1g
. . ] S ¥ [} Y] A a dy
943 (High basic) mmmmaaﬂﬂﬂujmmﬂaaﬂ"lcm"lmmzcmmhuﬂa;mumwﬂamnmma
4 Y
Tavizwould [31]

a9

d' 9 =S v J Aa 1
M1319N 2.4 VA- VDL TIVOINANT AN 9 [34]

a o Y 9y
¥iipuoaand 00 Ho1de
. Z . -
Naow (Fused) “ligaguanuiu -sIaWay 15U Insdion uay
v Jdo o o 1 a a ] a
AdndIudrnunu dnna liawnsodnld
-ANNHUIU U
(1.6 Nlansuavans)
. o dy ° ] a 4
1w (Sintered) -AATUANUFUA Slimnsodusiguauy’la

SANVAHUIUUA

(1.3 nlansunodansg)

Y
A7 (Agglomerated)  -BIWAN 19U TATINEN 1Az -AATUANNIUGY
a A a 9 v J "o o W v
Hnna mmiamu‘l@ —v\laﬂ%“lmumﬂuuuu

SANVHUIUUA

(1.3 nlansunodng)




d' wa < 1 o J
M99 2.5 auiinanuilunsa-arvueanlandg [31]
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auiavesnldnd anuiluang PANADUNAD YSuaeoniou
(Basicity) (DIFIAIF) (@runeduaIu)
130 (Acid) Hoon31 0.9 1,100-1,300 11NN 750
NA19 (Neutral) 0.9-1.1 1,300-1,500 550-750
A4 (Basic) 1.2-2.0 1NN 1,500 300-550
A14g (High basic) 11NN 2.0 11NN 1,500 Y98N 300

o 4
227 smilsmsiyew

% d’ 1 \ v a2 dy d‘ o
muﬂm’aumwa@aaﬂymzuazﬂmmwuinmmaiamwau Tagaausnig

A A Y a 1 A g’/ Y <3 A a g’/ A o
FFRUNABDINITTUINDUNTITLFDNINATI ﬂi%ﬂ@llﬂ’)ﬂ AIMULTUBDN FUAVINTCLELIBOY LITIAU

A A A A A ° ' A ¥ 9
BN NISUTIBDN YUIADIAILON TEYLIUUDIAIALYON A ULHUIDIALBON LALAINITDUIUI

Y
Tasiis1eazivennatl

3 A | 1 a dy A ~ =
1. ANNLTAFDN (Travel speed) m}mﬁamummnmmaiawzwaw (qﬁj‘]J‘Vl 2.12) GlUﬂﬁm

3 A a dy A 1 =KX A dy 9 = A A
AIMULIUTDUUIN mnmmaiamwammmu UANITHADNALYANNAUVUUDY UAITNLTYIN

a v q9 & ' Y v < A Yy A
%zmﬂmiﬂﬂ‘lmmwau Jngu miwaamzmﬂ"lwm WAy @1 NUE BN VTN

Ay A F) 1 = a tg =2 A ~ a 9 a
o Tanzi¥on e NINIUANITHADNAZA1UANNATUNIN VUFEINILNANMTUANS DULAZINANT

daaaveaauan [35]

d‘ @ a dy A A < A 1 @
E‘lh'l 2.12 aﬂHﬂ!$Uilﬁmlu@IﬁW%Lﬂf@Nﬂﬂﬂ’lNﬁ?!f]f@llﬁ’l\?ﬂu [34]

70 cm/min
50 cm/min
30 cm/min

a 3‘; d‘ . = ' = a dy d' d‘
2. FUAVINTSUNIBON (Polarity) Uranonsvasuaza1eanuInaile laviziyou (gﬂ‘ﬂ

9 9
2.13) Iﬂﬂﬁlﬂ%ﬂiguﬁ@iﬂﬂnﬂ?ﬂ (DC+) ﬂ"li‘lﬁia@ﬂﬁgﬁVJﬁﬂﬁ]Sq\iﬂ’ﬂﬂ'igllﬁ@ﬁ\iﬂ]’m‘ll (DC-)

' Y ] [
neaNnuMareu Iasldnizuaassiiaumiz S UM oA (HBINNANTII0
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a d" a Y =% a a dy A A 49! s I 4
9NUT NN lanziandeasions 1M sauUsIsile Tarzyounuay 30 1Wo51Fua

[35]

+ ~ -~
i 2.13 ShyazuSnaie TanziseuR I ianssuaidouaiu [34]

) 9 [ v

3. U599 UIHON (Voltage) nasovuiausnaniie Tanziyon (Ui 2.14) msldusedn
A o q Y a & A , = & o A~
Wwouun liusnaniis TanssunIauazn1snasNaza1saniio” FURUILAUIIUNL
1 1 a A o Y 1 a a d’l A =
¥o9119uTNULUIFo U M ldheaemaan TangwauadldluuSnariie TansiFou uail
Yy a A ~ ~ a [ 9 d‘ o [ d‘ d' [ d‘ z'a
VoIAEAD 1FIINILINANINA IALUNYDN FUANIAIZDDNIN TUTUMTIFOUNUTIAUAFO U

a A & 4 4
%zmmnmmaiamwawgu [35]

24V 28V 32V 38v 40V

3N 2.14 Shvazuinae Tanziseudldusssuiaesiaty [34]

i1 9 Y
4. AILUAADY (Current) HHANINITHADNAZANBAALAZOATINTIANUTNATID Tany
A ~ A ~ o Y a dy A = A A a dy
LYDU (qi‘lhfl 2.15) ﬂ‘im&ﬁ!%ﬂi\lﬂ’q\iﬂﬂ,ﬂ’Uil’)ﬂ!Luﬂia'ﬁzl"]f@llll@ﬁi'lﬂ1imiJ‘Vl’q<1 UILIULIUD
A F) =® 1A dy A (] > 1 a
I'ﬁ"ﬁ%lﬂ)’ﬂﬂﬂ'ﬂ\i HagNITviasuagsaganuIn menmmaiamwamzl’lm‘gu LN ONITINA

Y 9 A Y
ﬂ’liﬂﬂclﬁ!lujlt’]fall UAZMIUNNTDU [35]

200 300 400 500 600A

‘I.I‘ﬁ 2.15 ’dﬂ‘]&lﬂ!“"UiL’Jﬂ!l,ufli’dﬂ”L%@Nﬂi“ﬁﬂi“’uﬁl%ﬂﬂﬂNﬂu [34]

dl . . = 1 = a dy d‘
5. VUI9IALFON (Wire diameter) IrasemsnaoNaza1eanusaile lanziyou (gﬂ

A ) A Aa oy o 2 o9 Y a e A A =
N 2.16) ﬂTﬁﬁlG]fa'JﬂLBIfﬂll‘ﬂNlﬁuWTﬁuﬂﬂﬂTﬂmﬂﬂTiﬂ Uilflﬂ!!ui’)Ia‘Vm!“]ﬂ’]llllﬂTTHaﬂllaga']ﬂaﬂ
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= = A IS A 9 A A
g3 NITDITNUANNADYT LUDINNAIAVUIALANNANNWLVYNUDINTCLUTLTON G 611!"’1]'&13‘]/1%1’3@

A [l A 1 A ] A P2 1
wemumﬁlmymmsm%@ma%u‘nmzﬂzmwmumwauulmwmw [35]

4 3,25 3,0 2,5 2,0 mm
d‘ (% a tg 4‘ d' 9 d’ 1 (%
ETJ‘YI 2.16 aﬂ‘]elﬂ!$‘UiL’Jﬂ!Luf]IZWTZL‘F@N%i‘Hﬁ?ﬂL%@MﬂIUWﬂ@NﬂH [34]

6. 3282 HUVDIAIAYFDY (Wire extension) UNAADNITHABNAZAIHANUALONIINTIAL
a dy A A ~ A A 9 o 9 =
1J§L’Jmtu’ﬁﬂawzwﬁm (:.ji‘]Jch 2.17) ﬂ’lﬁ3J5$83ﬂum@ﬂa')ﬂl%@ilu@ﬂﬂflﬂﬂWiﬂﬁ’ﬁ]llﬁga'lﬂﬁﬂll'lﬂ
1Y A A A o q ¥ a ¥ = A =2 =
Llﬁﬂ'li\lﬁgﬂgfJ‘LlGU'ENﬁ')@ﬁ)’@llll’lﬂ‘ﬂWinﬂﬂﬂ')’liJ5@”1/]@'3@L“]593J3J1ﬂ NITHadUAZAIIANIN
Y A o a a dy A 49! A @ 9 A A
u’aﬂmlmn’ammﬁmuua&ammaiawzwequu mf.imfmlIﬂﬂﬂ’ghlﬂsl%izﬂ::ﬂmjmmm%em

1521191 25 D4 30 Haawasg [35]

NN

30mm 45mm 60mm 80mm

%

a o ~ & A4 dgyw A A o
3‘1.]7] 2.17 anHaLUTNUUD TarizFou 1952028 UUDIa AT NA 1NN [35]

1 9
7. AMHUIAIAFON (Wire position) HNanogiiauazmsnasuaza1eanusnmile
i) ] ] Y ]
Tavziyon (3UN 2.18) Tunsaidmmtisaraioniimi (Forechand) Ushianiio Tanziyonas
¥ & o 2 < A v 2 a & A g 0«
ne FeaunsndsulgeldTasmsmuanuis ureulduniu vsnanile Tanzounzanas

[35]
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Backhand Vertical Forehand

e

d' [ a g d‘ d‘ 9 4‘ 1 [
319 2.18 anvauzuInanie Tarziroun lsynadarouaA 1Y [34]

U

9 9 . A = [ 9 ~ Y o a dy
8. ANUTDULUT (Heat 1nput) o ﬂimm"umwmxﬂuﬂﬂlﬁau‘ﬂGlﬂﬂﬂﬂ‘ilﬂmluﬂiawz

'
v A

a ' 4 @ 9 9 ) <
memﬂam&nuum%au UAAIANITUNIT 2.1 ﬂammumnﬁﬂ’Jmﬁmﬂlmmummmﬂu

9

v o o & o A e A a Y a ¥ ) A
’meuﬂ’aﬁﬁmilﬁluﬁniﬁnmmﬁﬂawzL%aullaziﬁnmiﬂamﬁm AITUIDULIVIIINNIFLTDY

~ X A 14 9 o @ 9 Y
Lﬂ@]"l]ui]1ﬂﬂ1‘i!,“]5®llﬁ]ﬁﬂellﬁl\°ljﬁ°ﬂ$ 1@1Elﬂ’ﬂll‘iﬂugﬂﬁ'\mWﬂﬁﬂﬂﬁ’ﬂWﬂ’JHJ‘J’E]‘N (Heat source) hlﬂ

o a2 dy a
gausnaniie laviziauy [31]

E'T 60
H= x f, @.1)
1000-V

o H Ao Ao (Heat input; kl/cm)
A (% d'
E A9 4330101 (Voltage; V)
A A
I A NITUAIBON (Current; A)
A 3 A .
V A9 AN UFON (Travel speed; cm/min)
f Ao Use AN (Efficiency)*

A 14 A Y o A (%
*ﬂ75!T@il@’)iﬂﬁ’)ﬁ!“b’@ll?jllﬂﬁﬂ‘b’llﬂ7!7’”ﬂ1] 0.8
A o A Y o IA [ BE-%
MILYONDI1TNAIAYON 7@'7’\Iﬁﬂ‘b’1/ﬂ7l7’l7ﬂll 0.8

é; 14 Y o IA [
ma¥everinlananyinumay 1.0 [31]

=) a dw d‘
2.3 ﬂ1§!“l]ﬂ‘i]N‘iJi!’Jﬂ!li!ﬂiﬁﬁ%!‘liﬂﬂJ

ax A J o a
ﬂiiuﬁﬁl%ﬂmllﬂﬂﬂﬁ@hﬁ%ﬁWﬂ ﬂ’ﬂi]%@uiﬂﬂﬂWiﬂ?iﬂﬂ11ﬁlﬂﬂﬂ1§ﬂaﬁ)n
[ A A adg @ a dy a o Y va A dy
EW'LﬂEJi’JlIﬂuGU’EJ\‘iﬂ’JﬂL“I)'E]llWiﬂ@&ﬁﬂiﬂiﬂﬂﬂﬂimmluﬂIaﬂzmil mﬂwmmmnmmaiam
d‘ d‘ 1 1 = wva a wva
m@mﬂaauuﬂm"lﬂ I@EJWU’N?(’JUWZTN%%?L?HJ ﬁiJ“]J@]“I/HQIﬁ‘H%’J“V]Eﬂ gagayuaniana

~ a ~ a A a dgl ' A ) dy A 2 g @
Lﬂaﬂuuﬂm"lﬂmﬂmn LTYANHANTINNINAUVUUIN ﬂTiLﬁ]EJ%N‘]JiL’JmLu@Iﬂ‘I’T%!ﬂff]i] %911 uA



21

uilsdn cU‘f,lJu ﬂﬁ'mmmumumﬁﬁﬂmamnmmaiaw W@N’dﬂﬁ\i [36] !ﬂ@imﬂu@]ﬂWiLﬁ]@

. . o k) (% 1 1 A A A = = A
91 (%Dilution) ﬂﬂ!')ullﬂ%WﬂﬂﬂiWﬁ’Jl‘lﬁ31’7’J'NWH‘VI‘I/]Lﬂﬂﬂ"lﬁﬁaﬂuaga"lﬂaﬂﬂﬁnﬂlluﬂiaﬁg

a a o X A3 ~ & A o = <
AUNGUAUNUNNIHUAUS UL Tanzirou [37, 38] Lllﬁﬂﬁﬂﬁqﬁjﬂﬂ 2.19 uagaun1In 2.2

Base metal

i 2.19 Moy nuie Tanziaou [39]

Area (B)
%Dilution = — x100 2.2)
Area (A + B)

[

3 d‘ 1 1 A a dy d‘ =) dy
ﬂi]i]EJ‘VI?NWaﬁ'E]ﬂ?iﬁ]’i]ﬁ]'l\?Uilﬁmluﬂia’ﬂgl%ﬁ]ﬂﬂ U
< A Y <3 A 9 a A a dy A
1. ANULIUYDY ﬂ'lﬂ'J'lllLi'ﬂuﬂ?ﬁl“]f@lluﬁ]ﬂﬂglﬂﬂﬂ'lﬁﬁ]@i]'l\‘ﬁ_lﬂ')il\l!,uﬂiﬁﬂgﬁfﬂllil'lﬂ
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2. ﬂ'NlI%J’EJUG])”IN'IHﬂEJUL%GM ’5}1?1am%}au%mmmm}xmﬂmiﬁ]‘aimmnmgﬁaiawz
A v ¥y v y 2 ' A 4
LBDUUIN ﬂ\TL!L!GI@\1Glfl’iﬂ'31Mi@u%uﬁ’luﬂ@ul%@ﬂﬂlﬁﬂ’maﬂ
A Y 9 A A a dy A < [} @
3. NTSUFLIYOU ﬂ?i%ﬂi%llﬁl“ﬁﬂhﬂ?ﬂ ﬂ'lilfl]f]Ft]'N'UiL'JmL‘Ll'EJIa'ﬂm%’ﬂﬂﬂﬂ3ﬂ1ﬂmﬁuﬂu
o ¥ A A o ¥ A X A P X A
4. MUIUYUBOY IUDITHIUFHIFDUNINUU ﬂ'liLﬂ@ﬂ?ﬂﬂil’)mluﬂiﬁﬂ&%@ﬂ\li]$ﬁﬂa\1
A A A A A A P &
5. 9T YUVDIAIAUTON NITINNISISYUUDIAIAUTDUFAINITDAANITLADINUILIULUD
4 Y
Taviziyou'la
ad A 1 A a dy A A 14
6. NITUIDTNITLBDU IﬂEJW‘U'J']ﬂ']i!fﬂ'(’)i]TQﬂﬁlﬁmLu@TﬁﬁglsﬁﬂNﬂl@QﬂTﬁHf@iJ'ﬂTiﬂﬁ')ﬂ
A 9 o da = -4 A s A Y (o I
L%@Nﬂﬂﬂﬁﬂ%ﬂﬂ?ﬂﬁZNﬁM 20 D9 45 Lﬂ@ﬁ!“ﬁu@] ﬂ15l°lff’)l|f’)15ﬂﬁ'3ﬂl“lfﬂllllﬁ1/\lﬁﬂ“])'iJﬂ'ﬁJigiJ']m

= P-4 A s Y (v I = -4
20 D3 45 L‘]J’EJ?L"]S‘L!G] Llﬂ$ﬂﬁnfﬂll’(’ﬂiﬂclﬁwaﬂ“]ﬁJﬂ"l‘]J'i%iﬂm 25 93 50 L‘]Jf’]il,“]ﬂm [30]

a A & ¥
2.4 TanzInenmsyermannan

241  USIMviaoNazale
A . A a a4 & A a
U3nuraosNazaw (Fusion zone; FZ) AoUsnaiiie lanzi¥eunanisviasy

Y <Y A o Y A a a dy 1 a A
azmsjummmﬂumm:m@u ‘1/lﬂwﬁu‘1m1nNia‘Hz’mEmJiL’Jmuu@ﬂmﬂmmﬁnmau g
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a 9 a ,i} a 9 a zg zﬂ' =
(mmmﬂﬁwmauuazmnmmaiammu) Tﬂﬁma'n%qamﬂmnml,uaiamwauu
[ v o 1 o < o % [ ] 4 o
ﬂ?ﬁJﬁiJ“WL!‘ﬁﬂ‘Uﬁ’JuWﬁMﬂN!ﬂﬁLlazaﬂ‘Hﬂ!%ﬂ?ill‘ll\iﬁ'] YNAIDYILBU ﬁ}WﬂWﬂEIﬂ)'fJiJﬁ@@]i']ﬂWﬁ

<3 v (% <] a dgf <3 1 Y a Y = a Lg A
LWUHAUTI ANHUSNITUUIAINISINAUVULIY ?Nwa1ﬁlﬂﬂiﬂi\1ﬁﬁ?\iazlﬂﬂﬂ‘ﬂ3L’Jﬂllu61aﬁzlaﬁﬂﬂ
< .. . A 4 4 1 I
Tagguuun1sudeda (Solidification mode) UStaniie TanziyouamnsouteIdiu 3 gauuy
A 2 2 o 2 % . A a 7
A9 WAT1U1T (Planar) t¥89a13 (Cellular) AoauUITIAY laTa (Columnar dendritic) LaZonILDNY
J . .. [ = 3 o 2 a 2 a 9
mu"lmﬁ (Equiaxed dendritic) Llﬁﬂﬂﬂ\‘lgﬂ% 2.20 TagMITUUIAILITUAATUIINVT DAY

4

1A o 1 Aa ' 3 o
raouazaly (Fusion line) mgﬁquinmwa@uazmﬂmuwmaummsﬂﬁﬁzwmwmgmﬂu

£ A

3 o J o a o
VKA (S/L interface) ﬂ’lﬁl!"lN@'JLL'UL]JWﬁ'Iu'ﬁlIﬂlf‘l]’f]cluIaWgﬂiqvl‘ﬁﬂﬁﬂ'ﬁﬂ?ﬂﬂuﬁ]ﬁﬁ'lﬂ'ﬁ
3 o Ay = o 3 o it A \ S o A
LUNAINTIUTN ) fl]QUbJW'Uﬂ']fl'LL"]NG]'JEL]JLLL]JL]JuGlU\ﬂuLGb'@ﬂJ ﬁaugﬂuuummmmau € ?HINTD
9 A o A2 T 1 = o 2 o a e
Wuulﬂsluﬁm!ﬂmm/n”lﬂ MU muagﬂua’mNﬁﬂmwmmmzammﬁLmNGl’miL’Jmmﬁ)Iawz

A 1 A a dy A = A o 3w
LU Tﬂﬂwummun’;mm@Tawzw’auu‘ﬁmWﬁnmmgazuammﬁtmmmﬂ cTlJL!le‘]J'ﬂ’li

2 o da Y A I ) o S A A a o o
mNGl3ﬂ3Ju‘u’ﬂu3Jngﬂmmu%aumimu%mmaamuaﬂmmuulm@ [30]

welding
Td|rect|on

welding direction

constitutional
supercoaoling |

X

a 2 o a & A Y s s 9 s s
‘51]7] 2.20 msmmmmnmmaia‘wmau ‘]JSZﬂi’J‘]J@nEJ NATUIT L%agms ﬂ'ﬂﬂllhﬂﬁmuulﬂﬁﬂ

Y

A A 4 4
Llﬁzﬂﬂﬁllﬂﬂmlﬂuqﬂiﬁ [30]

v
A

] Y
ﬂWiL%E)iJ‘VIMﬁ"JuNﬁllW1Qlﬂﬁllﬁﬂ§]1\‘lﬂuh1ﬂigﬁ’31ﬂIﬁ‘l’i%mhﬂﬂﬂﬁﬂm!ﬁﬂ

F ] Y
Tanziauinazinaus naile lani¥euaosusaisendn usnaie langneay (Composite
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2 zij 1 . [ A S z&‘
zone; CZ) tazvinatiio Tane luney (Unmixed zone; UMZ) ndnansgili 2.21 Tasusnaiile
A a [ [ a zg A & & a A a 1
TangmaunouInudu vy luuinaiie Tanziyey Fulluuinaunnaminduizringlany
a d‘ [ a tg a 1 a g [} a 49! Yo E))
@unvasuaza1es UL Naiie Tanzay aruusnanilie Tave linauazihavulndnudu
I a A a Y 3 o 1 a &’ a =
vaouazalw laaluusnaninanisiasuazalguavenl IMuvesusnasie lavzauuas
a = <] Y 1 a cg 1 o a tg
MIwauIn lanz@uiesuaniios Tusgniausnaniie Tang lunausuusnasiie Tavngnaw
a A a A J .. 2 g a A 1 =)
INVUTNUNMNANTIUAsUDY (Transition zone) FU UV NaRUS A IUNAUNIUAT VD
a dy a a dy 1 ] a dy A 1 Y
vsnauiie Tanz@auuazusnauiie Tavzuana 9oy USnauiie Tansoua1u1souda ke
1 =1 ] < a A a dy d' dy a
drungumanil lasuduilu 3 ¥ila Ao Usnanile lavzi¥euainiiie lanziay (Autogenous)
a dy A A J dy = [ a dy A ~ 1 dy
y3nauiie TanzweuniluiioReddu (Homogeneous) tazusnaiile Tanziwoun laiiluiile

R8N (Heterogeneous) [40]

Composite zone

S

[ True heat-affected zone
[T Partially melted zone
B Unmixed zone

[ Transition zone

] A )
310 2.21 WFnaee q Tun3nanile Tanzirew [40]

a dal A 49} a A = dy A A a
Usnanie lavziyeuviniie lavisiauae USaLle lanzi¥eununnusnm
Ay a I S R A A A 1q 9 a 1 A a A
e lavzian 100 1losisua CBQLﬂﬂ%WﬂﬂﬁL“I)’?J%JVI"bJGlGHIaﬁg!,Glll Y NITLYDUND NIILFOU
A 9 A vy ° adg 1 A A 49;
WAENT MSITFONATUNIY LAZMSIFOUAIALTIDANATOU FIUNTNMUANLST BN lane
A =3 A @ a dal a 1 A A 9 A Aa = YA
Foudunleunuusnaie lavzay diums¥euin 14 lavzaunlaiungunianil Indife
[ a dy a o Y a dy A S 1 ~ Y A [ a 49}
nuvuinaie lavzay i lvusnauie lavsweulaiunguniaal lndiResnuusnaile
a = a dy J = dy A A & dy = [ 1 a dy A A
Tammn LIENUINIUUIN uinmmaiamwanmﬂuguamﬂaﬂu mumnmmaiammnm
[~ ,i’ =) v A A A A 9 A Aa = 1 a dy
"l,mﬂuu,u@mmﬂuﬂa ﬂWi!f]f’E)ll‘Vl1]fﬂisl“b'Iﬁ‘ﬁ$m1]“I/]ll’d’)uNﬁiJ‘I/]NLﬂiJLLﬁﬂﬁNﬂ1ﬂ‘]JiL’)ﬂ!Luf]
a [ Y a A dy d’ 1 a ,i’ a
Tammnum ﬂﬂﬂﬁ”ﬂ!WﬁiJ“I/INl,ﬂll’1Ji!,’Zlﬂ!Lufliﬁﬂgl%@ull@]ﬂﬂNﬁﬂﬂﬂil’)ﬂ‘llufliﬁﬂgmnn1ﬂ

UAY [40]
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242 UINMHANAZAWUNAIY

USNUMaoNara19u19aIU (Partially melted zone; PMZ) AU MAANIS

A 1 1 a J J o a < J 3 J a
naguniesenITnaasNazals 100 osidud AUUINVYDILTI 100 WloTdua (U3
Y o ' A om o A A =
nsznviow) ulanewauina luwunluuSnaitiiminszaedrvessiguavuazdudeiui
] H 9
vsnaveunsu M ldSnauvewnsuiligugiivasumadd uaaagln 2.22 luniass

a X 4 a ¥ ) ¥ o q Y _Ju o Y o q9Y a
mavuanmInusnunsznuieu lasuanuieugaaumlias luaazare udnildusne

y{ a S o ' a 3 o [
ﬂJ@U!ﬂiuﬁqmﬁﬂMWﬁﬂﬁJlﬂa’JGHEN Lﬁ'ﬂ!ﬂﬂﬂ'ﬁl!ﬁlﬁ@l'} ﬂﬁﬂg’nmnmﬂjE)‘]Jmiummmﬁwaﬂ

G

o Yy 1 ' =2 Y Y yR I . .
1/11114”lu’mmia1/1u@mmmuazmmmu@ﬂma”lﬂ ﬁmﬂummmmmm@m (Liquation crack)

[40]

/ Fusion boundary

Temperature

Local melting
W temperature
S Shallow gradient

teep gradient

Distance

=Y
=
=h.

2.22 Qmﬁgﬁﬁaﬂhlﬂa’nﬁnmﬂlﬂﬂlﬂiuﬁﬂﬁ\i%1ﬂﬂWiﬂiZiﬂEJﬁ’NJ’ENﬁWJWﬁiJLLﬁ%

tQ' A a
FuveluusnuveunT U [40]
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Gl,uﬂiill’J%fﬂilﬁ’]ﬂf’é)mmﬂﬂaﬂhﬁgam"lJmeaﬂﬂaWﬂﬁ‘U’E)Llién GlNlIIﬂNﬁ‘iN

a 1

a s @ a
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U

1,600 DIAUFITHOA UTNUHANTZNUS0U (Heat affected zone; HAZ) H908AANUUT 1IN HADY
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= = 2 g aa Y 9 A
azawvziiguungi 1,100-1,500 esruvaiFod Fuiluguuginlilnseaiegaman)aou’ll

Y

< I J a 4
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v Y X
HUUNAHTN (Face-center cubic; FCC) NTvaniu 1o 1899101 ua1nuieuanmsiyonas
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1 [ <3 a dy o Y 9y Y A o 1 o dy "o
gﬂmﬂmamwamiﬂuu3nmu Vl']ﬁlﬁiﬂﬁﬂﬁﬁ'l\‘l’gﬁﬂ']ﬂq@“l/nﬂi]aﬂHﬂ!ZLL@]ﬂﬂTQﬂullﬂsllu@ﬂﬂU

u
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TTYTHNINUTIUNADUASANYLASDAIINITLIUAD VILIWUAN 9 ﬂl@ﬂﬂi!?ﬂ!ﬂﬁzﬂﬂ%}@u

U52ABUAIY UTNAUATUNEY (Coarse-grain zones; CGHAZ) U3 IaiNTHaziden (Fine-grain
zones; FGHAZ) U510152% 119911309 A (Intercritical zones; ICHAZ) nazusmnield
1 4

gUNNNINGA (Suberitical zones; SCHAZ) uaasasgii 2.23 i ldauanisnaluysnui
~ a ' <3 < =2 = Y ' Y
waguadldondy @ A Anuudassae Aol tazanumunIuaenisa

[41,42]

>-.° A g _
e [
= 2s
s
a @
E = !
B N e e o i
Y [N Csoudedweis — — — T~ .. § e
= e :.\ _________ 12910)
3 e i feer o e e fpcand et
o '\_
Solid-hiquid transition zone
o 1400 [—+ \ T
(2550) | Liquid +
I Grain-growth zone |
-grain zone
Il (Coarse-grai nej 1200 b— oS
(2190) | >
Il
N N " T T T T T T T - /|
I Recrystallized zone 1000 +
1 ! (Fine-grain zone) (18300 L
I b N s s e T+ FeyC
| Parnally transformed 800 H—+
Il | zone (1470} |
[ T
“ i Tempered zone |
| 600 —-
I 1 W Unatiected haca (1110)
Unatiected base |
| |+ FesC
g 400 ¢
1750) |
|
200 —¢
(390) 1
015 10 .
-s— Heat-attected zone — Fe Wtoo C

d' 2 dy A a2 ) a dy a A
517 2.23 USnabe Tanzion USNUNTTNUTOU LazUTNALLD larsANYaIN15iFou

U

a3 Y '3 o
IHANNAIAITUDUA [43]

s 7 s o {

Tasead1ausnulad (Martensite) taziuu lud (Bainite) taaansgli 2.24
< Y A~ < o a X o A < ¥
(n) uaz (v) uJuTmaaiN‘wnmmumqdu,az11ﬂmﬂmuﬂ‘umiwamwaﬂﬂmwﬁn (Alloy steel)
a 9 1 < A a :3 AA A 9 a ;| 9

Tusnaunsznuiou manuuisgegainadulunsainusnunsznuiouiidsumInssai

J J I 3 J o Y A AA A
wismulad (1Hv,) 100 osidud ewisamiuiulaninaunisn 2.3 uazlunsainus
- % P ° 4
asgnudoulivinalassadrauulud v, 100 Wesidud armnsadiuiuldannaunisy
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Anuudiaga () ansmulad @) wulud [45]

=D.
20

517 2.24 Tassadragania

U

HV,, = 802C + 305 (2.3)

Si Mn Cu Cr Ni Mo V
)+101 (2.4)

HV =350 (C+—+—+—+—+—+—+—
118 9 5 17 6 3

< %’ Y]
Ta® C Si Mn Cu Cr Ni Mo ttaz V fie USmnasignay (ofidud lastivin)

9 y v A
2.5 m{lﬁmmseunauweu

4 { ¥ 4 o & o a
onan@eansuaniNvazFon Tagn15aadns IMIIUAILSNIUNANTZNL
9 = 4 ~ ' . I @ A
Fou USuuMSULWNILINT (Carbon equivalent; CE) 32T udIaaInuansalunsion
3 @ | )
(Weldability) #tazn210ua@ 10150 14154 UuI99937a9 (Hardenability) Taeiludiiinua
QUUQINOUIFOY (Preheat temperature) 11AZMUNUTLH 19140V (Interpass temperature) 911

o 1 4 1 ' o @ {
fﬂiﬂTViuﬂﬂ'Iﬂﬁ‘i.l’f]ul,ﬁﬂ‘]_ll,‘i/]ﬁ]'lﬂﬁ’luNﬁiJVINLﬂfI"UfJ\nﬁQ Lm’ﬂﬂﬂﬂﬁllﬂﬁﬁ 2.5 [46]

Mn Si Ni Cr Mo V
CE (%) =C+—+—+—+—+—+— (2.5)
6 24 40 5 4 14

. . ars 2 7l o LI
Tas C Si Mn Si Ni Cr Mo t1ag V A9 Ysunausiauan (losidud lagimiin)

v
A

< 9 ~ 1 4 =1 Voo =) A A 1
Mannan ﬂ"lﬂTiU@HWlfJ‘]JW]"I@]"I’ﬂgllﬂ')"lllﬁﬂJWiﬂil!ﬂTiL%ﬂiJTlﬂ LUBDA

4 =1 1 < 1 k) A 1 Aa é‘ = " Y
ATTUDUINYLINIVDIUHANUDYNIT 0.45 fﬂilmﬂi?’JiﬂﬂﬂTiL%’i’)ﬂJﬂgthLﬂﬂ"Uu i]\‘l%J@l?NﬂWi
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1 4 4 1 I'4 1 1 1 a [
anwudounowdon Wemmsveuioumeglugag 0.45 049 0.60 D10AATEELANT1INAINS
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Creq = %Cr + %Mo + 1.5(%Si) + 0.5(%Nb) (2.6)

Ni eq = %Ni + 30(%C) + 0.5(%Mn)
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M15199 3.13 AIUNAUMUATUING lane 3 (Lﬂ@ﬁl%uﬂiﬂﬂuTﬂuﬂ)

C Si Mn Cr Ni Fe
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ARTICLE INFO ABSTRACT

Keywords: Coal crusher is an important piece of equipment in the production of coal, but its abrasive wear remains a
Submerged arc welding troublesome problem. A worn coal crusher damaged by abrasive wear is usually repaired by hardfacing weld
H“]:'ldfac'ng deposit to prolong its lifespan. Currently, submerged arc welding with added metal powder is gaining interest as
Dilution

a hardfacing process. This study aimed to find alternative materials for hardfacing a coal crusher by submerged
arc welding, possibly with powder added into the weld pool. Five samples were welded with a single hardfacing
layer. Metal powders were added to some samples. The macroscopic structure and dilution of the deposited layer
were examined using a stereo camera, across the cases, The chemical composition of the weld metal was in-
vestigated using an optical emission spectrometer. The worn surface layers, as well as the metallurgical structure
of the hardfaced surfaces, were characterized optical microscopy, scanning electron microscopy, and energy
dispersive X-ray diffraction. Mechanical properties were assessed from microhardness testing and abrasive wear
testing. The results showed a variety of chemical compositions in the hardfaced deposit, depending on the type
of wire used, the dilution of the weld metal, and the type of metal powder added. There are advantages and
disadvantages to welding dilution of hardfaced metal, and the degree of dilution depends on the type of wire and
added powder used. Carbon, chromium, manganese and nickel contents in the dilution layer and in the added
powder with the welded metal lead to structures that are mixtures of martensite and austenite, and this com-
bination greatly improves hardness and wear resistance. The addition of ferro-carbon-chromium produced in-
tergranular carbides, which were a major cause of decreasing wear resistance of the martensite structure, The
worn surfaces of hardfacing layer showed micro cutting, micro ploughing, and micro fracture.

Added metal powder
Wear resistance

1. Introduction worn surface [1-3]. There are various methods of coating, such as

thermal spraying, heat treatment, and hardfacing: and the last one is an

Mae Moh Mine operated by Electricity Generating Authority of
Thailand (EGAT) has the mission to send lignite to Mae Moh power
plant for generating electricity. Reducing lignite ores into suitable sizes
for use in the incinerators requires the use of a coal crusher as shown in
Fig. 1. The coal crusher at Mae Mch Mine is a single roll machine made
with a low chromium alloy steel. Coal crushing efficiency decreases
with wear of the crusher teeth. The main problems encountered in coal
crusher surfaces are abrasive and impact wear from lignite coal parti-
cles. Therefore, the crusher parts must be reconditioned, and replace-
ment with a new part has a relatively high cost with lost operating time
due to the shutdown required. Extending the useful life of the coal
crusher by hardfacing the rolls is widely practiced as a reconditioning
method.

Surface coating technology plays an important role in extending the
life of worn parts by improving the surface properties of an original

*Corresponding author.

E-mail address: prapas.m su.ac.th (P. Muangjunburee).

://dol.org/10.1016/].wear.2019.02.027

attractive option because of its simplicity and economy [4-6]. Cur-
rently, shielded metal arc welding is used to hardface the coal crusher
at Mae Moh Mine. However, this process requires skilled welders and is
slow. Although there are different types of welding processes for
hardfacing, submerged arc welding is the most suitable type due to its
reliability and high deposition rate [7,8].

Selecting suitable materials for hardfaced welding on low alloy steel
can greatly reduce costs [9,10]. High hardness martensitic steel as
hardfacing layer over a buffer layer of high toughness austenitic
stainless steel has been widely used in reconditioning for applications
that require resistance to abrasive and impact wear, such as grinding
teeth of a coal crusher, soil excavator, agricultural machinery, etc.
[11-14]. However, it is often necessary to substitute cheaper materials
for martensitic steel to lower the costs. The literature review indicated
that hardfacing by submerged arc welding with added powdered alloys
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Fig. 1. Schematic of a single-roll coal crusher machine,

has been of recent interest [15]. The literature on welding with added
metal powders to make the properties of hardfacing layer similar to that
of martensitic welded steel is sparse, hence the objective of this study
was to find alternative materials and methods for repairing the coal
crusher at Mae Moh at a low cost.

This study compares the metallurgical properties and mechanical
properties of hardfaced deposits from submerged arc welding with and
without added powder, and with an austenitic stainless-steel type buffer
layer welded onto low chromium alloy steel. The materials and
methods used in this research might provide the necessary resistance to
abrasion and impact. Wear test results will be compared to those for
samples welded with martensitic steel wire.

2. Materials and methods
2.1. Welding procedures

Twin-wire submerged arc welding using 2.5mm diameter wire
electrodes was used to deposit both the buffer and the hardfacing
layers. Distance between two electrodes was 7 mm. Austenitic stainless-
steel wire type 307 (SUS) for the buffer layer, martensitic steel wire
(MA) for the standard hardfacing, and low carbon steel wire (FE) for
hardfacing with and without added metal powder were used. The three
types of metal powder added were ferro-chromium powder (PD1),
ferro-carbon powder (PD2) and ferro-carbon-chromium powder (PD3).
For welding, the twin-wire submerged arc welding was used with high
basic flux. The base metal was a low chromium alloy steel and its
chemical composition from OES test is given in Table 1. The base steel
coupon had 75 mm width, 250 mm length and 20mm thiclmess. Ac-
cording to carbon equivalent value of Eq. (1), the preheating tem-
perature was 350 °C [16]. Prior to application of the hardfacing layers,
the sample surface was covered with one buffer layer applied in 6
passes, and then a single hardfacing layer with 5 passes was laid over
the underlying buffer layer, and each bead was overlapped approxi-
mately 30%, see Fig. 2. In the experiments with added metal powder,
the powder was fed to the front of the welding head along the direction
of welding, as shown in Fiz. 3. During welding, these powders melted in
the weld pool and were mixed into the hardfacing layers. To become
martensitic hardfacing layer, the quantity of added powder was ad-
justed to obtain a final weld metal as similar composition as the MA
sample. The chemical compositions of the materials used and the flux
for submerged arc welding of this study are shown in Tables 2 and 3.

Table 1
Chemical compositions as given in the specifications by the manufacturer (%
wt).

C Si Ni Cr Mo Fe

0.38 0.40 0.17 342 0.30 Rest
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20 mm

Base Metal

| 75 mm |

Fig. 2. Schematic of the welding sequence, with one layer of buffer and hard-
facing each.

LRI
PSS 4= Weld Metal

Buffer Layer =

Fig. 3. Schematic representation of twin-wire submerged arc welding with flux
and added metal powder ahead of the welding arc.

Table 2
Materials chemical compositions as given in the specifications from the man-
ufacturer (% wt).

Material c Si Mn Ni Cr Fe
Austenitic stainless-steel wire type 307 004 0.66 6.00 9.47 1995 Rest
(SUS)

Martensitic steel wire (MA) 046 074 175 - 7.09 Rest
Low carbon steel wire (FE) 010 020 100 - - Rest
Ferro-chromium powder (PD1) 004 290 - 0.43 347 Rest
Ferro-carbon powder (PD2) 120 0.05 - - - Rest
Ferro-carbon-chromium powder (PD3) 068 097 - 0.14 11.57 Rest

Table 3
Chemical composition of high basic flux used for submerged arc welding (%
wt).

S$i0; + Ti0s Ca0 + MgO Al;03 + MnO CaF
18 35 23 22
Carbon equivalent (%) = c+m+ﬂ+ﬂ+2+ﬁ+l
6 24 40 5 4 14 1)

Five alternative cases were tested. In two cases no metal powder
was added. In the other three cases, samples were welded with metal
powder. The hardfaced deposits were welded using Direct Current
Electrode Positive (DCEP) polarity with 25.4mm wire extension and
using 350 °C of interpass temperature. These welding parameters were
chosen to be appropriate for the welding materials and in accordance
with the manufacturer’s recommendations, as shown in Table 4.

2.2. Chemical compositions and metallurgical investigation

The chemical composition of the hardfaced top surface was ana-
lyzed using an optical emission spectrometer (OES), Thermo ARL Model
3460.

Macro and microstructural analyses were performed across a cross-
section perpendicular to the weld direction. The samples were cut with
mechanical tools and ground and polished with 1 pm agglomerated
alumina suspension, and then etched with Viella's reagent. The mac-
rostructure was examined using an Olympus SZ2-ET sterec camera. The
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Table 4
Details of metal powder additions and welding parameters.
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Case Powder addition (g/em) Voltage (V) Current {A) Welding speed (cm/min) Heat input (kJ/em)
PD1 PD2 PD3
MA - - - 30 600 60 18
FE - - - 30 600 60 18
FE+PD1 0.6 - 30 600 60 18
FE+PD2 - 1.6 - 30 600 60 18
FE+PD3 - - 3.6 30 600 60 18
A == Hopper
PRSP NN
AN

fo e O )
e

Fig. 4. Schematic of welding dilution.

dilution in the hardfaced deposits was determined by measuring the
area of the filler metal added (A) and the area of the melted base metal
(B) on macrograph images as shown in Fig. 4. The percent dilution was
calculated using Eq. (2) [17]. Microscopic examination was performed
using a Carl Zeiss, Axio Scope.Al optical microscope (OM). The Quanta
400 FEI scanning electron microscope (SEM) equipped with Oxford
energy dispersive X-ray spectroscopy (EDX) was also used for in-
vestigating the microstructure under high magnification, and also to
determine line scanned composition in terms of chromium, manganese,
and nickel, and point scanned composition in term of crack and in-
clusion.

Area B

—_—x 100
Area A+ Area B

Percent dilution = X

(2)

The Philips X’Pert MPD X-ray diffraction (XRD) with Cu K-a ra-
diation in the 35-85 degrees range and X'Pert High Score Plus, v3.0e
phase analysis software were used to identify the crystal structure in the
hardfaced zones on the top surface of the welded sample. From the XRD
patterns, the volume fraction of austenite structure was estimated using
the peak comparison method to quantity phases.

2.3. Microhardness test

The Vickers’ microhardness data along cross sections of the samples
were obtained using the Matsuzawa MMT-X7B tester. The hardness
measurements were taken randomly but mainly inside the bead from
the buffer to the hardfacing layer by applying 200g (HVo2) loads for
10s at each measurement point, that was 0.25 mm apart.

2.4. Abrasive wear test

Wear test was done using a wear testing machine in accordance with
ASTM G65 procedure A, as shown in Fig. 5. The specimens were
25.4mm wide, 76.2mm long, and 12.7 mm thick. 3 specimens were
used for each condition. The specimen surface was prepared to be
smooth and flat and surface roughness was approximately 0.8 um. Prior
to the wear test, the specimen was weighed with a balance to 0.0001 g
accuracy. Abrasive sand used for wear test had 212-300 pm particles at
a flow rate of 300 g/min, with 130 N applied load and the rotational
speed of 200 rpm applied to 4309 m rotational distance. On completing
the test, the worn samples were re-weighed to determine the weight
loss from the initial weight, and the wear resistance was defined as
rotational distance divided by average mass loss.

248

B
—
‘Weights

Specimen

Rubber Lined Wheel

Fig. 5. Schematic of the wear testing machine following ASTM G65 standard.

3. Results and discussion
3.1. Macrostructure

The macroscopic structures of base metal, heat affected zone, buffer
layer and hardfacing layer in the cross-sections are shown in Fig. 6.
There are no cracks or any inclusions in the hardfaced deposits formed
without metal powders, whereas cracks and inclusions occurred when
metal powders were added. The welded metal contains contaminants
like unmelted powder and flux with the residual stresses from the rapid
solidification and it tends to cause cracks [18,19]. These contaminants
became inclusions and it can be proved by EDX point scan test. How-
ever, the microcracks formed were not harmful as they did not spread
into the buffer layer and into the base metal. The weld thickness of the
hardfacing layer with added powder was higher than without powder.
The thickness of the hardfacing layer was directly related to the amount
of metal powder added, because the metal powder became deposited.

Fig. 7 shows the percent dilution of hardfaced deposits. It is noted
that the dilution of the hardfaced deposit welded with martensitic steel
wire was 55.7%, and the low carbon steel without powder was 61.4%.
Metal powder additions have several effects. While welding with metal
powder tended to decrease the welding dilution, the quantity of hard-
faced metal increased. In addition, on welding with metal powders the
heat of the arc must melt the wire electrodes, and part of the buffer
layer must be subdivided into the molten weld pool with metal powder.
This possibly decreases the weld pool temperature and thus can reduce
weld dilution of the hardfacing layer with the buffer layer. The added
powder during welding increased the deposition rate of hardfacing
layer without increasing the heat input to the workpiece. Therefore, the
more powder in the weld pool added, the more deposition rate and size
of the weld bead were. However, the filler penetration was lower due to
decreasing of heat intensity and it led to decrease the dilution.

3.2. Chemical composition

The chemical compositions on the top surfaces of the hardfaced
metal are given in Table 5. The results show that the chemical com-
position varies by the type of welding wire used and by added metal
powder and is diluted with buffer layer. The chemical composition of
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Fig. 6. The macrostructure of welded samples: (a) MA; (b) FE; (¢) FE+PD1; (d) FE+PD2; and (e) FE+PD3.
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Fig. 7. Dilution results.
Table 5
The chemical compositions of hardfacing layers (% wt).
Case < Si Mn Ni r Mo v Fe
MA 031 096 315 342 1124 027 016  Rest
FE 0.13 0.64 278 3.52 8.30 007 0.02 Rest
FE+PD1 012 100 242 293 1158 006 0.02  Rest
FE+PD2 0.34 0.36 1.71 1.66 4.75 0.06 0.02 Rest
FE+PD3 047 076 083 014 782 003 002 Rest

weld without added metal powder was significantly different from the
original chemical composition, as the diluted weld deposit had in-
creased contents of chromium, manganese, and nickel. For the cases
with added metal powder, the amount of carbon and chromium was
expected to be affected by the dilution. The changes in carbon content
and chromium content of the hardfaced layer with added powder re-
sulted from both the added metal powders and the dilution. FE+PD3
had elevated carbon and chromium contents from the powder and
showed the least dilution (7.8%) because most metal powder was used
in this case.

Fig. 8 shows the distributions of chromium, manganese, and nickel
along the cross-section in the interlayer between buffer layer and

249

hardfacing layer. Fig. 8(a) shows the line scan results for the MA
sample. This sample reveals that the trends for chromium, manganese,
and nickel were similar in both regions. This means that there was high
dilution with the buffer layer. The cases FE, FE+PD1, FE+PD2, and FE
+PD3 are shown in Fig. 8(b)-(e). The trends of elements in the FE
+PD3 sample shown in Fig. 8(e) are clearly different because this case
had the least dilution.

3.3. Microstructure

X-ray diffraction patterns of the hardfaced deposits on the top sur-
faces are compared in Fig. 9. The microstructure was composed of
martensite (a'-Fe) and austenite (y-Fe). There were significant amounts
of austenite in the MA sample due to the dilution with the buffer layer.
From the XRD result, FE case shows only martensite. In the samples
welded with added powder, more martensite phase was expected be-
cause the powders contain sufficient alloying elements to counteract
dilution. The FE+ PD1 shows a martensite matrix and austenite due to
the powder, and some possible dilution with the buffer layer. FE +PD2
had lower austenite peak than FE+PD1 because the former had less
dilution. According to the results, lower dilution of the hardfaced de-
posit decreases the amount of austenitic structures. The lowest dilution
of the hardfacing occurred in the FE+PD3 case, and it had a micro-
structure of martensite.

Fig. 10 shows the volume fraction for the different hardfaced de-
posits, obtained by the XRD peak comparison method. MA case pre-
sented high fraction of austenite as 22.7%. This result can prove that
the sample contained higher alloying elements such as chromium,
manganese, and nickel formed austenite structure. FE+PDI1 revealed
the highest austenite fraction about 26.9%. It was expected that some
alloying elements such as chromium, manganese, and nickel received
from the dilution and added powder. Those resulted in higher percent
of austenite. In the other cases, there was no austenite, but the FE +PD2
case showed only 4%.

The microstructures of the hardfaced deposits are shown in Fig. 11.
The results were based on a Schaeffler diagram to clarify the relation-
ship between microstructure and chemical composition. The solidifi-
cation mode of all hardfaced samples was columnar dendritic solidifi-
cation due to rapid cooling rate and high alloying elements. Martensite
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Fig. 8. Line scans of the major alloying elements across the welded deposit interface: (a) MA; (b) FE; (c) FE+PD1; (d) FE+PD2; and (e) FE+PD3.

together with a large amount of austenite in the grain boundaries is metal also affected the microstructure of FE case, shown in Fig. 11(b).
shown in Fig. 11(a) for the MA case. Of course, the austenitic micro- Normally, pearlite and ferrite are found in a weld deposit from low
structure came from the dilution of buffer layer. Commonly, a mar- carbon steel wires [21]. However, the alloying elements from the buffer
tensitic steel wire gives a microstructure of martensite with a small layer gave a martensitic microstructure. Similarly, welding with added
amount of retained austenite in the deposit [20]. Dilution of the weld metal powder combined with the dilution of buffer layer to give a
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mixture of martensite and austenite, which diffused across the weld
metal of the hardfaced deposit, as shown in Fig. 11(c) and (d). In-
creasing the carbon and chromium contents gave more martensitic
structures, while the contents of manganese and nickel that produce
austenitic structures decreased. The FE+PD2 case showed a low dilu-
tion and promoted the formation of needle-shaped martensite, which
can be confirmed by the hardness test. The effect on the microstructure
of ferro-carbon-chromium powder addition in FE+PD3 case is pre-
sented in Fig. 11(e). Note that the structure of FE+PD3 case had a
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martensite matrix with carbides, likely chromium carbide, Carbides
formation was promoted by the combination of elements (carbon and
chromium) present in the added metal powder [22,23], Carbide formed
when carbon and chromium were trapped at the grain boundaries in the
cooling weld metal and settled into carbide crystals |24,25]. However,
the amount of carbide was minimal and its peaks in the XRD spectra
were not clear.

Fig. 12 shows the microstructures of hardfacing layer as imaged
with a scanning electron microscope. The hardfaced deposit obtained
using martensitic steel wires showed a mixture of martensite and aus-
tenite. The OM images of the hardfaced samples using low carbon steel
wire, with and without metal powder, showed a mixture of martensite
and austenite phases, and it was difficult to clearly identify them from
SEM images. However, the SEM images also showed microscopic cracks
of various sizes in samples welded with added metal powder. The size of
microcracks varied with the amount of metal powders used. This means
that the size of cracks will grow with more metal powder added into the
weld pool. The cracks occurred in the weak grain boundary regions.
The cause of cracks was previously discussed in the macrostructure
section.

The crack and inclusion of FE+PD3 hardfacing layer were char-
acterized by EDX point scan and the results can be seen in Fig. 13.
Spectrum 1 shows the chemical composition of the incomplete molten
powder. Spectrum 2 presents the area where flux or impurities did not
melt after welding. A large amount of aluminum can be seen in spec-
trum 3 because it is expected that aluminum element came from alu-
mina polishing powder embedded in the crack during the polishing
process.

3.4. Microhardness

The results of cross-sectional hardness testing across the buffer layer
and the hardfacing layer are shown in Fig. 14. The average hardness of
buffer layer in all cases was 280 HV because its microstructure had an
austenite matrix with comparatively low hardness. The MA hardfaced
layer showed an average hardness of 360 HV, which is below ex-
pectation due to dilution with the austenitic buffer layer changing the
microstructure and lowering hardness. FE hardfaced layer presented an
average hardness around 356 HV, which is considerably higher than
expected due to the dilution of the weld metal. Typically, low carbon
steel welding wire leads to a low hardness [26]. The cases with added
metal powders showed high hardnesses due to increased alloy addition
and decreased dilution. FE+PD1 had an average hardness of 417 HV
and FE + PD2 had an average hardness of 578 HV. FE + PD3 sample had
an average hardness of 543 HV that was an exception, as it had the most

Fig. 11. Microstructure on cross-section of (a) MA; (b) FE; (c) FE+PD1; (d) FE+PD2; and (e) FE+PD3 case.
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Fig. 12. SEM image of hardfacing layer for (a) MA; (b) FE; (c) FE+PD1; (d) FE+PD2; and (e) FE +PD3.

Spectrum 3

Spectrg

Spe CQUNES

Fig. 13. Point scans of crack and inclusion in the hardfacing layer of sample FE+PD3.
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carbon and chromium that produced carbide with hardness up to 680
HV.

3.5. Abrasive wear resistance

The hardness on the top surface of hardfacing layer and abrasive
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wear test results are shown in Fig. 15. Wear resistance had very good
correlation with microhardness. It is interesting to note that the hard-
facing layer obtained using martensitic steel wires gave the lowest wear
resistance, even though the martensite steel was designed for wear re-
sistance. The main reason is the dilution of welded metal between the
hardfacing layer and the buffer layer, resulting in a large amount of
austenite structures. This phase is softer and thus easily damaged by
abrasive particles. Therefore, the single layer hardfaced deposit using
martensitic steel wire applied on austenitic stainless-steel type buffer
layer is not suitable for the coal crusher. The buffer layer was laid be-
tween the base metal and the hardfacing layers to prevent spalling off
and crack propagation from the hardfacing layer. Therefore, welding
with martensitic wire must be hardfaced with at least 2-3 layers to
reduce the problems of dilution. Adding alloying elements in metal
powder to the weld pool during hardfacing and dilution of welded
deposit promoted the formation of high hardness martensitic structures,
and consequently improved resistance to abrasive wear. The case FE
+PD2 showed 52% higher wear resistance than MA with lowest wear
resistance case, due to the prominent needle-shaped martensitic strue-
tures of FE+PD2. The FE+PD3 case contained martensite, austenite
and carbide structures that exhibited lower wear resistance than the FE
+PD2 case. The martensite that formed in FE+PD3 was lower hard-
ness martensite because carbide formation decreased carbon and
chromium contents in the martensite, thus resulting in lower hardness
and wear resistance,

Fig. 16 shows appearance of the worn surface on the hardfacing
layer, which was welded with and without metal powder. Wear me-
chanisms seen on all the worn surfaces showed micro cutting, micro
ploughing, and micro fracture. Samples with lower wear resistance
showed similar features that were longer and deeper than in samples
with better wear resistance. Micro ploughing mechanism is initiated by
plastic deformation in low hardness and toughness areas. Samples
welded with added metal powder had reduced micro ploughing, but
some increased micro fractures due to low toughness and ductility
caused by the martensite structures and presence of carbide [27].

According to the results, the FE-PD2 provides the best results in
term of the high hardness and high wear resistance of the martensitic
structure. Comparing FE-PD2 to FE-PD3, the FE-PD3 revealed a tougher
matrix with large carbides structure, but its welded metal showed more
defects and cracks, and then its hardness and wear resistance were also
lower. Therefore, the FE-PD3 is not suitable for the applications of coal
carusher machine, which must withstand both the impact and wear.

L~ Microcuiting

“Micro fracture” <7

_~Micro fracture
15 | | |

[ F] )
Gl )
| ab— Micro c-ulth%g

|

Porosity a

loughi 1?1 g
|

i

—50|.|m—

Fig. 16. Morphologies seen on worn surfaces: (a) MA; (b) FE; (c) FE+PD1; (d) FE+PD2; and (e) FE+PD3 case.
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4. Conclusions

This study assessed the metallurgical and mechanical properties of
hardfaced deposits applied by submerged arc welding with martensitic
wire electrode and low carbon steel wire electrode, with and without
powder added to the weld metal zone. The results could be summarized
as follows.

o Hardfaced deposits did not exhibit cracking on the hardfacing layer
without added powder, but the hardfacing with added powders
exhibited cracking during cooling. Cracking may have been initiated
by inclusions of the unmelted metal powder particles and flux.

The single layer of hardfaced weld deposits from martensitic wires
had increased content of alloying elements, such as chromium,
nickel, and manganese in the hardfacing layer, but lowered wear
resistance. On the other hand, hardfacing effectively improved wear
resistance when welded with low carbon steel wire with and without
added powder.

Hardfacing with added powders gave better results than without
powder. The metal powders improved thickness of the hardfacing
layer, reduced dilution, and increased alloying element content,
which plays an important role in the formation of martensitic
structures that improved hardness and wear resistance.

A single hardfacing layer using low carbon steel wire with ferro-
carbon powder welded on austenitic stainless-steel buffer layer is
the most suitable for hardfacing of low chromium alloy steel in a
coal crusher, because it gave the highest hardness and wear re-
sistance, but the results were less than perfect as the worn surface
exhibited micro cutting, micro ploughing, and micro fracture.

.
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ABSTRACT

Hardfacing deposits with the additional metal powder become an intense
development in the wear resistant applications. Low carbon steel electrode with carhon and
chromium powder addition is used to improve the wear resistance of engineering components
due to its martensite microstructure. The objectives of this research are to investigate the effect
of ferro carbon, ferro chromium, and the mixture of ferro catbon and ferro chromium
powder addition to the low catbon steel electrode deposits and compated to the standard
martensitic steel type electrode without powder addition. Low alloy cast steel was hardfaced
by submetged atc welding (SAW) process. The chemical composition of the weld metal for
all conditions was studied using Optical Emission Spectrometer (OES) and Energy Dispersive
X-ray Spectroscopy (EDS). Optical Microscope (OM), Scanning Electron Microscope (SEM)
and X-Ray Diffraction (XRD) wete used to analyze the metallurgical properties of the samples.
Vickers hardness test and a dry sand rubber wheel abrasion test were also conducted.
The results showed that the martensite microstructure varied with the welding conditions,
The best abrasive wear resistance was obtained in the microstructure composed of a large
martensite with dendritic ferrite, while the higher abrasive mass loss was measured in the
microstructure of martensitc with retained austenite. The main weatr mechanisms observed at
the worn surfaces included micro-cutting and micro-ploughing of the soft matrix and brittle
fracture of the martensite structure.

Keywords: hardfacing, submerged arc welding, microstructure, hardness, Aabrasive wear

resistance

1. INTRODUCTION

Hardfaced coatings are the best way component where the components are easy
to improve the service life of machine to wear. The high alloy hardfacing materials
components under severe duty [1-2]. offer much better wear resistance than the
Hardfacing is applied to both new and old  original base material [3]. This material usually
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increases the service life of the components
up to two or more times compared with
components without hardfacing [4]. In the
hardfacing technologies, high carbon and
chromium alloys steel are widely used in
mining and processing industry because of a
latge fraction of catbides in microstructure
[5-6]. High carbon and chtomium hardfacing
showed the large area of brittle carbides,
which were easy to crack, Therefore, these
alloys have some limitation to use in the
weat-related operation, especially for the
impact wear [7].

The martensitic hardfacing electrode is
one of most useful hardfacing materials
submitted to severe wear conditions [8-9].
Fort the time being, mattensitic steel electrode
is very suitable materials for the hardfacing
ptocedute to repair the single roll coal
crusher in Electricity Generating Authority of
Thailand (EGAT), Mae Moh Mine because
it has enough hardness and toughness to
resist a combination of abrasion and impact
weat, The weld hardfacing with additional
metal powder is a new hardfacing technique
to reduce the high cost of the electrode.
Powder addition in the welding procedures
has been used in various branches of mining
industry [10-11].

Several welding processes such as
shielded metal arc welding (SMAW), Gas metal
arc welding (GMAW), flux core arc welding
(FCAW) and submerged arc welding (SAW)
are used to deposit the hardfacing, The most
significant factors to select welding process
are the welding efficiency and cost of
consumables. [12-13] The most desirable
process for hardfacing and fabtication in the
industry is submerged arc welding process
because it offers several advantages such as
being able to use multiple-electrodes at the
same time and powder addition, easier
automatic application, lower welder skill
requirement, high deposition rate and safe
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operation environment [14-15].

Most researchers discussed that the
martensite microstructure can increase
hardness and wear resistance of hardfacing
deposits, as well as a lot of papets, have been
published their results on wear resistance of
martensitic hardfacing obtained using a
variety of different hardfacing processes.
However, there are very few studies
concerning the wear behavior of ferrocatbon
and ferrochromium powder addition to
producing martensitic structure of hardfacing
using submerged arc welding process.
Therefore, in this study, the wear behavior
of metal powder addition to increasing
martensitic structure of hardfacing
was investigated and compared with
hardfacing using standard martensitic
steel electrode without powder addition.
Macto/microstructute, chemical composition,
spectra of X-ray diffraction analysis, and
mechanical properties consist of hardness

and abrasive wear resistance were investigated.

2. MATERIALS AND METHODS
2.1 Materials and Welding Procedures

In this research, the size of low
chromium alloy steel (3.5% Cr steel) plates
wete cut to 75 mm X 250 mm X 20 mm for
the base metal. The hardfaced deposit using
AC/DC invetter power source Esab Atisto
1000 AC/DC SAW with the universal
welding automat Esab A2 Multitrac A2TF
twin-wite submerged arc welding process,
The chemical composition of the base metal
shows in Table 1. Preheating tempetatutre of
3.5 % Cr steel were maintained at 350 °C and
it depended on carbon equivalent value
of 1,247 % according to equation (1) [16].
For the first step of welding procedures,
buffet layer electrode (EN 14700: T Fel0)
was directly deposited onto the 3.5 % Cr
steel plate. After depositing the single buffer
layer three hardfacing layers were applied
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over the single buffer layer, see in Figure 1.
Four samples were welded using different
hardfacing materials. These samples named
Ms, Fe-Cr, Fe-C, and Fe-C-Cr. Martensitic
steel electrode (EN 14700: T Fe 8) without
powder addition was used to weld for the
Ms sample. Low carbon steel electrode
(EN 756 S28i) with fetro chromium powder
addition was welded for the Fe-Cr sample.
The Fe-C sample was hardfaced using low
carbon steel electrode with ferto catbon
powder addition. The last sample, Fe-C-Cr
was deposited by low carbon electrode with
the combination of ferto catbon and ferro
chromium powder addition, To obtain the
considetrable hardfacing deposits, the powder
was placed on top of the welded layer along
the travel of welding head. The thickness
of the additional powder to deposit weld

Chiang Mai ]. Sci. 2018; 45(5)

metal are different, For the Fe-Cr sample is
1.5-2.0 mm, Fe-C sample is 3-4 mm and the
Fe-C-Cr sample 1s 5-6 mm. The flux for
submetged atc welding was employed high
basics flux. Chemical compositions of buffer
clectrode, martensitic clectrode, low catbon
steel electrode, additional powder and flux
from manufacturer data sheets are given in
Table 2 and 3. In this expetiment, the Ms
sample was represented as the targeted
conditions in terms of chemical composition.
Therefore, the amount of additional powder
is calculated by referring to the alloying
contents of Ms sample. The different welding
conditions and the detail of welding
patameters are provided in Table 4 and 5.

Catbon qui:ivalcntl(CE) =C +%Mn +% Si
1 . 1
+gg Ni+5 Cr + 4 Mo + 33 V(%) (1)

Table 1. Chemical composition of 3.5 % Cr steel for base metal (wt. %0).

C Si Mn Ni Cr Mo Fe
0.38 0.40 0.52 0.17 3.42 0.30 Balance
Third hardfacing Second hardfacing
layer layer
Buffer layer _]iirsl hardfacing

layer

Base metal

Figure 1. Schematic diagram of welding layers.

Table 2. Chemical composition of electrodes and additional powder (wt, %).

Matetials C Mn Si Cr Ni Ife
EN 14700: T Fel0 0.10 6.00 0.50 19.0 9.0 Balance
EN 14700: T Fe 8 0.50 1.50 2.50 8.50 - Balance
EN 756 S25i 0.10 1.00 0.20 - - Balance
Fetto chromium powdet 0.04 - 2.90 34.7 0.43 Balance
Ferro catbon powder 1.2 - 0.05 - - Balance
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Table 3. Chemical composition of agglomerated flux (wt. %).

SiO, + TiO,

CaO + MgO

ALO, + MnO CaF

18 35

23 22

Table 4. Welding conditions used during hardfacing,

Materials

Sample Martensitic  Low carbon Ferro chromium Ferro carbon

electrode electrode powder powder

(g/cm) (g/cm) (g/cm) (g/cm)

Ms 2.0 - - -
Fe-Cr - 2.0 0.6 -
Fe-C - 2.0 - 1.0
Fe-C-Cr - 2.0 2.4 1.2

Table 5. Twin-wire submerged arc welding
for hardfacing deposits.

Fixed patameter Value
Current (A) 600
Voltage (V) 30
Polatity DC+
Electrode diameter (mm) 24
Electrode extension (mm) 25
Welding speed (cm/min) 60
Heat input (k] /cm) 18.0

2.2 Characterization

Chemical analysis, macto/mictostructutal
characterization, hardness test and wear test
were conducted on the third hardfacing
layer. The only reason why the third layer is
selected to analyze is to avoid the dilution
effect with the buffer layer. The chemical
composition was determined by Thermo
ARL 3460 optical emission spectrometry
(OES) on the top sutface of the samples.
The mactro/microstructure of transverse
cross-section was characterized by Carl Zeiss
Axio Scope.A optical microscope (OM).
Oxford energy-dispersive x-ray spectroscopy
(EDX) was used to qualitatively describe
chemical vatiation in the microstructure. The
specimens for metallographic investigation

were polished and etched with Viella’s reagent
(5 ml HCl, 2 g pictic acid, 100 ml methyl
alcohol). Philips X* Pert MPD x-ray diffraction
(XRD) of hardfaced coating were carried
out on the grinded top surface layer.

2.3 Mechanical Testing

According to ASTM E 384-11e1 [17],
hatrdness values were measuted by Matsuzawa
MMT-X7B micro hardness testing under
1,000 gf and 200 g¢f loads of dwell tme for
10 seconds. Mictro hardness values of different
arca wetre measured actoss the cross-section
of welding sample from the base metal to
third hardfaced layer. Furthermore, micto
hardness values were randomly taken ten
points on the top surface of hardfacing layers.

A dry sand rubber wheel abrasive wear
test machine according to ASTM G 65-00e1
[18] was run to investigate wear resistance
of the hardfaced layers. The schematic
diagram of dry sand abrasion machine is
shown in Figure 2. Abrasion test samples
were cut to 25.4 mm X 75 mm X 12.7 mm
dimension and grinded the surface.
510, natural sands (212 and 300 wm) was used
as abrasive particles, which was baked at
150 °C inside the furnace for 1 hr and then
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cooled to room tempetature before running
the test. Parameters of wear test are given in
Table 6. Mass loss data was recotded by
Denver TB-214 instrument for all samples.
The abrasive weat resistance was calculated
as shown in equation (2) [19]. The wear
mechanisms and conditions of worn surfaces
were examined by FEI Quanta 400 scanning
electron microscope (SEM) equipped with
secondary electron detector.

e

Load

Rubber wheel = Nozzle

__ Sample

Figure 2. Schematic diagram of abrasion
testing machine according to ASTM G 65.

Wear distance (m)

Mass loss (mg)

Abrasive wear resistance =

2

Table 6. Wear testing parametets,

Parametet Value
Procedure A

Load (N) 130
Velocity (tpm) 200
Sand flow rate (g/min) 250
Wear distance (m) 4309

3. RESULTS AND DISCUSSION
3.1 Macrostructure

The macrostructure of each hardfacing
deposit consist of one buffer layer and three

Chiang Mai |. Sci. 2018; 45(5)

hardfacing layers welded with four different
hardfacing materials are shown in Figure 3.
The atea of heat affected zone and the buffer
layer in the macrographs showed no cark and
other welding defects. According to the
macrostructural results, the Ms sample has a
thickness of hardfaced layer approximately
2-3 mm, The thickness of the hardfaced
samples with powder addition are also
different. The TFe-Cr sample showed about
3-4 mm, Fe-C sample showed about 4-5 mm
and then Fe-C-Cr sample showed about
4-6 mm., The sample welded with only
matrtensitic (Ms) steel electrode showed
lower thickness of hardfaced deposits than
the samples welded with low catbon steel with
powder addition (Fe-Ct, Fe-C and Fe-C-Cr)
because the sample welded without powder
addition using same heat input as the powder
addition sample needed to melt only electrode
into weld pool, while the samples welded
with powder addition needed to melt both
clectrode and additional powder into weld
pool. Therefore, powder addition can increase
the deposition rate and decrease level of
dilution in the weld metal. The petcent dilution
of Ms sample 1s about 56% while the percent
dilution of the sample Fe-Cr, Fe-C and
Fe-C-Cr are about 43%, 33%, and 21%
respectively. Welding defects such as macro
cracks, porosities, and clusters of particles
can be seen in Figure 3 (c) and (d). The
particle clusters in hardfaced deposits
occurred due to undissolved powder and
the cracks were growing through these
clustets because of the residual stresses [20].
The formation of porosities in welded metal
was also desctibed that it was the entrapped
bubbles inside the powdet.

182



Chiang Mai |. Sci. 2018; 45(5)

Parosities

Figure 3. Macrostructure of the cross-
sectional welding samples (a) Ms sample (b)
Fe-Cr sample (¢) Fe-C sample (d) Fe-C-Cr

sample.

3.2 Chemical Composition

The chemical composition of each
hardfacing deposit shows in Table 7 and it
presents considerable variation among
the deposits. The chemical composition of
sample welded with martensitic steel electrode
showed the highest content of chromium,
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manganese, and nickel, but carbon content is
approximately similar to the sample welded
using the combination of ferto catbon and
ferro chromium powder addition, This
composition produced the microstructure of
mattensite with retained austenite and resisted
the abrasive wear. The additional metal
powder increased the specific elements in the
chemical composition. When the Fe-Crsample
was welded, low carbon steel electrode and
additional ferro chromium powder were
melted into the weld pool. This sample
showed high chromium content in the weld
metal, The other metal powder addition
sample also increased the chemical elements
in the welded samples. Carbon content
increased in the Fe-C sample and carbon and
chromium content increased in the Fe-C-Cr
sample. The chemical composition of Ms
sample was noticed as the standard. Therefore,
the additional metal powder in the hardfacing
layers was applied in order to get sufficient
amount of carbon and chromium in the weld
sample metal like the Ms sample using the
standard martensitic steel electrode. Carbon
and chromium played the major elements to
appear mattensitic structure.

Table 7. Chemical composition of the third hardfacing layer by optical emission spectroscopy

(wt, %),
Sample C Si Mn Ni Cr Mo Vv
Ms 0.44 1.12 2.24 1.02 9.09 0.42 0.30
Fe-Cr 0.12 1.08 1.21 0.76 8.75 0.03 0.02
Fe-C 0.34 0.27 0.94 0.25 0.82 0.02 0.01
Fe-C-Cr  0.47 0.76 0.66 0.14 7.60 0.02 0.02

3.3 Microstructure

Figure 4 and 5 show the microstructure
and energy dispersive X-ray spectra obtained
from the cross-section of third hardfacing for
four different conditions. The microstructure
of the sample welded with martensitic steel
is shown in Figure 4 (a). This figure presents

a mixture of needle-shaped martensite (dark
region) and retained austenite (white region)
in the grain boundaties with a refined pattern
of dendritic segregation [21]. EDX spectrum
for the Ms sample is depicted in Figure 5 (a),
This result gave the high amount of catbon

and chromium content. The retained austenite
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phase was formed when austenite could not
completely transform to martensite upon
the immediate cooling from very high
temperature and then the alloying elements
of manganese and nickel in the chemical
composition of Ms sample are austenite
former [22]. Figure 4 (b) shows the
microstructure of Fe-Cr deposit. In the
microstructure of Fe-Crsample, white region
represents ferrite microstructure and dark
region represents martensite microstructure.
Increasing chromium content leads to the
formation of martensite in this hardfaced
layer, the basic reason is that the chromium
contentin the matrix increases the hardenability
of the mattix. High chromium peak in EDX
spectrum of the Fe-Cr sample can be seen in
Figure 5 (b). The mixtute of fertite and bainite
microstructure and EDX spectrum of the
Fe-C sample are shown in Figure 4 (c) and
Figure 5 (c). In this image, white region
represents ferrite phase and dark region
represents bainite phase. Ferrite normally
shows the welded microstructute of
conventional low catbon steel, while bainite
structure observed in the weld metal
depended on the chemical composition and
cooling rate. Catbon prefers to produce bainite
in the multi-pass welded microstructure of

Chiang Mai J. Sci. 2018; 45(5)

low carbon steel because these welded
deposits experienced a full austenization
induced by heat input of welding process,
and then these deposits reheated to high
temperature when the adjacent layer was
welded. It can provide slow cooling rate.
The first-step full austenization creates bainite
or martensite microstructure. During the
second-step techeating temperature reversed
austenite preferentially nucleates at the prior
austenite grain boundary and transforms
to bainite during the cooling process [23].
The formation of bainite strongly resembles
that of peatlite, but bainite is formed finer
with the cementite stringers more numerous
and more continuous. Figure 4 (d) shows
the microstructure of the Fe-C-Cr sample,
which contains fully martensite structure
with dendritic ferrite matrix. Carbon and
chromium were the main alloying element
for this sample to produce and enlarge
martensite structure. The martensite structure
of this welding condition expected as a mixed
lath and plate martensite. Figure 5 (d) shows
the EDX spectra of Fe-C-Cr sample resulted
in fertite and martensite, which is an
evident to identify high carbon and chromium
of this microstructure.

(b)

Figure 4. Microstructure of the cross-sectional deposit layer (a) Ms sample (b) Fe-Cr sample

(c) Fe-C sample (d) Fe-C-Ct sample.
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Figure 5. EDX point scan analysis on third hardfacing (a) Martensitic steel (b) low catbon
steel with ferro chromium powder (c) low catbon steel with ferro catbon powder (d) low
catbon steel with ferro chromium and ferro carbon powder.

Figure 6 illustrates XRD analysis results
of hardfacing deposit layers with the different
composition. The microstructure of the
deposits using martensitic steel electrode
without powder addition (Ms) showed
martensite and retained austenite [21].
XRD spectra of the Fe-C sample showed
strongly consisted of only ferrite peak. [24].
While the peak of fetrrite and martensite
which were located at the coincident [25]

were detected in that of the Fe-Cr sample.
The Fe-C-Cr sample used high content of
carbon and chromium powder addition
showed an over lab of ferrite and mattensite
peak as well. The austenite microstructure
can only be seen in the microstructure of the
Ms sample because the alloying element of
additional powder contained the lower
amount of austenite formet elements, such
as nickel and manganese.
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Figure 6. XRD results of samples, Ms: martensite and austenite, Fe-C: Ferrite, Fe-Cr: martensite

and ferrite, Fe-C-Ct: martensite and ferrite.

3.4 Hardness

Micto hardness distributions across
the base metal (BM), heat affected zone
(HAZ), first hardfacing layer (HF 1), second
hardfacing layer (HF 2) and third harfacing
layer (HF 3) of all welded samples are
displayed in Figure 7. Table 8§ shows the
average hardness values of each zone of
cross-sectional welding sample. The average
hardness of the base metal showed 190.2 HV.
The hardness distribution across heat affected
zone were different. The highest hardness in
heat affected zone revealed the sample welded
without powder addition, whereas the sample
welded with the highest content of powder
addition presented lowest hardness. Heat
input for the welding process had less effect
on the heat affected zone when the metal
powdet was added. It is duc to the fact that
some heat input is distributed to fusion of
the additional metal. The average hardness of
buffer layer showed 262.3 HV in accordance
with austenitic stainless-steel property.
Hardness distribution through hardfaced
deposits of the Ms sample is shown in
Figure 7(a). For the Ms sample, lower hardness
value about 439.3 HV was observed in the
first hardfacing layer due to the dilution
with the austenitic buffer layer. The average
hardness value of the second hardfacing and

third hardfacing were nearly identical and
these values were about 551.1 HV. Thete was
no dilution with the austenitic buffer layer
in these layers. Figure 7(b) presents hardness
profiles of Fe-Cr sample. The hardness
values about 408.9 HV showed the first to
the third hardfacing layer of the Fe-Cr sample.
The microstructure of the Fe-Cr sample
showed a large area of ferrite matrix mixed
with small amount of martensite. Thus, the
hardness values of this sample were low.
Chromium gives higher hardness because it
can combine with other element to form
the hatd phase like catbide ot martensite.
Dissolving chromium in ferrite has no limit
and it can mainly affect the mechanical
properties through solid solution hardening,
[26]. Hardness profile of the Fe-C sample
can be scen in Figure 7 (c), it presents a high
range of the hardness variation in harfacing,
In the third hardfacing of Fe-C sample,
ferrite and bainite microstructure gave the
lowest hardness of 264.9 HV. Figure 8 (d)
presents hardness distribution of Fe-C-Cr
hardfacing deposits. The highest hardness
values of hatdfacing layet resulted in about
603.2 HV and correlated with martensite
microstructutre. The hardness values of the
third hardfacing for both the Ms sample and
Fe-C-Cr sample were similar,
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Figure 7. Hardness profiles across the cross-section of samples (a) sample of Ms (b) sample
of Fe-Cr (c) sample of Fe-C (d) sample of Fe-C-Cr.

Table 8. Average hardness values of each zone of cross-sectional welding sample.

Sample Average hardness (HV )

BM HAZ BF HF 1 HF 2 HF 3

Ms 189.1 416.6 260.2 439.3 556.4 541.7

Fe-Cr 189.4 408.9 243.0 430.5 418.6 401.9

Fe-C 192.7 362.0 285.9 576.6 3235 264.9

Fe-C-Cr 189.4 330.2 260.0 540.5 537.8 570.2
700 different hardfacing materials changed
600 the hardness values of the welded metal
;_SDD : significantly. The higher the additional
Z 400 catbon and chromium elements led to the
g 00 higher the hardness value of hardfacing,
% 0 | The hardfacing deposit of Fe-C-Cr sample
100 showed the highest hardness value, whereas
the lowest hardness value was obtained from
0 Ms Fe-C Fe-Cr Fe-C-Cr the Fe-C hardfacing, which contained high

Figure 8. Hardness results from the top
surface layer of third hardfacing deposits.

The average micro hardness results taken
on the top surface of hardfacing deposit is
shown in Figure 8. It can be clear that the

catbon content in the weld metal. Fe-Cr
hardfacing revealed higher hardness than
Fe-C hardfacing because of increasing
chromium content of the weld metal, that
formed martensite microstructure in the
deposit.
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3.5 Abrasive Wear Resistance and Worn
Surface

The abrasive wear resistance for
all conditions i1s shown in Figure 9. The
hardfacing deposits of Ms sample showed
lower abrasive weat resistance than that of
the sample welded using low catbon steel
electrode with metal powder addition. The
austenite phase i easy to cut and remove by
abrasive particles due to its ductile properties.
Therefore, the sample using martensitic
steel electrode contained mattensite with
retained austenite microstructure showed
the lower abrasive wear resistance, which
was the same result as the previous work

Abrasive wear resistance
(m/mg)
n

Ms

Fe-C

Chiang Mai . Sci. 2018; 45(5)

[27]. Tor the powder addition samples, the
greatet weat resistance was obtained because
of their unique combination of different
microstructures. Carbon and chromium
played a crucial role in the abrasive wear
resistance of hardfacing because these
clements gave a large amount of martensite
with dendritic ferrite microstructure, which
served as a barrier against the abrasive
particles cutting on the surface. The hardness
values on the top sutface of all powder
addition samples showed a direct correlation
with the abrasive wear resistance. The higher
hardness gave the superior wear resistance
for all powder addition samples.

Fe-Cr Fe-C-Cr

Figure 9. Abrasive wear resistance index for all conditions.

The SEM images of the worn surface
are shown in Figure 10. Figure 10 (a) shows
the worn sutface of the Ms sample. The main
mechanism of the worn surface in the
Ms sample was micro-cutting and some
area of the worn surface showed the deep
micro-ploughing grooves. These mechanisms
resulted in the lowest wear resistance.
Figure 10 (b) and (c) show the worn surface
of the Fe-Cr sample and the Fe-C sample,
Both samples were worn by micro-cutting
and brittle fracture. The Fe-C sample
presented the lowest abrasive wear resistance
compated to other powder addition sample

because its worn sutface showed a large
area of the brttle fracture. In Figure 10 (d),
the worn sutface of the Fe-C-Cr samples
showed the abrasive mechanism included
micro-cutting, micro-ploughing, and brittle
fracture. A large hotizontal crack can be
seen in the SEM image of the Fe-C-Cr
sample. This crack was not because of
the abrasive wear operation, but because of
the welding defect. In addition, the shallow
micro-ploughing grooves were observed
in this sample. The highest abrasive wear
resistance was studied in the Fe-C-Cr
sample.
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Figure 10. Typical aspect of worn surfaces (a) Ms sample (b) Fe-Cr ample (c) Fe-Cr sample

(d) Fe-C-Cr sample.

4. CONCLUSIONS

Hardfacing deposits were produced
using submetged arc welding, The influence
of metal powder addition on the metallurgical
properties and mechanical properties of
hardfacing can be summarized as follow:

(1) Hardfacing with powder addition
presented higher abrasive wear resistance
than hardfacing by the standard martensitic
clectrode.

(2) Additional ferro carbon and
chromium powdetr produced martensitic
and ferritic microstructure with high hardness,
resulting in higher wear resistance, while
the sample welded using martensitic steel
type wire resulted in a high hardness with
the martensite and retained austenite
microstructure, but its wear resistance was
lowet.

(3) The Fe-C-Cr sample is the best
condition of the present research because this
sample shows martensitic and ferritic structure
that is highest hardness and wear resistance.
The main abrasive wear mechanisms of

Fe-C-Cr sample, such as micro-cutting,
micro-ploughing and brittle fracture were
found on the worn surfaces.

(4) All samples welded with powder
addition showed the cortelation between the
top sutface hardness and wear resistance of
hardfacing deposit. However, the hardfacing
of Ms sample only showed higher top surface
hardness with lowet wear resistance.

(5) The most important factor for
the wear resistance of hardfacing is the
microstructure of deposits.
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Abstract

Hardfacing with the martensitic electrode is the interesting way for prolonged life of severe wear in machine parts and very
useful in industries because it is easier and lower cost than changing the new one. Powder addition in welding procedure has been
a new technique to improve welding alloy properties. This work was carried out to evaluate the effect of chemical composition,
macrostructure, microstructure, welding dilution and hardness of iron-based hardfacing with chromium powder addition on to
low carbon steel. Using Submerged Arc Welding (SAW) process, the single hardfacing layer was deposited on low carbon steel
plate. Commercial low carbon electrode and various amounts of chromium powder addition were used for the hardfacing layer.
The hardfacing with powder addition was compared with the hardfaced layer using martensitic type electrode. Optical emission
spectrometer (OES) and Optical microscape (OM) were used to analyze the chemical composition and macro/microstructure of
hardfacing. Micro-hardness of the cross-sectional hardfacing was also studied. The results of these research revealed that
microstructure of hardfacing layer without powder consist of ferrite and pearlite. The microstructure of hardfacing with powder
addition showed martensite phase and ferrite. Increasing amount of powder mixture showed lower welding dilution and higher
hardness values of the hardfacing layer, on the other hand, microstructure and hardness values of hardfacing welded with the
martensitic type electrode are different to that of hardfacing welded with powder addition.

© 2018 Elsevier Ltd All rights resetved.

Selection andior Peer-review under the responsibility of The 10th Thailand Intemational Metallurgy Conference.

Keywords: Submerged are welding: Hardfacing: Powder addition; Welding dilntion

1. Introduction

Currently, a hardfacing technique is one choice of the most productive and economical way to recover the
seriously worn surface. The weld of hardfacing is being widely employed in farming machines, soil preparation,
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mining components and others to improve hardness and decrease the worn surfaces of the mechanical component.
[1,2] In the manufacturing of hardfacing using arc welding process, several parameters of the process can control the
weld metal shape and size. The weld bead geometry is greatly significant factor for defining the metallurgical
properties of welds [3]

Hardfacing using iron-based materials are generally applied because of its comparatively low cost and simplified
employment. [4] The high chromium alloys powder and iron-based alloys are the most common hardfacing types
being applied in industrial components because chromium is a powerful alloying element in steel, presenting small
amount in certain structural steels. It is primarily used to increase hardenability of steel, hardness, abrasive wear
resistance, the corrosion resistance and the yield strength of the steel material as well [5]. Due to cheap cost and
satisfactory performance, hardfacing of iron-chromium are being largely preferred over the martensitic type of
hardfacing.

Dilution of a weld is one of the significant hardfacing parameters. Dilution can be determined by heat input and
welding process. To get the appropriate the metallurgical and mechanical properties for the intended service life, the
welding dilution is important to manage. For example, in hardfacing applications, the dilution should be minimized
in order to keep the high alloy level and attendant wear or corrosion resistance of the hardfacing. [6,7]

Several welding techniques can use for hardfacing processes. The most important differences among these
processes depend on the welding performance, the percentage of welding dilution and the manufacturing cost of
wires or electrodes. [8] Submerged arc welding is widely used due to its simple applicability, high heat input,
improve welding environment and its capability to deposit a large amount of weld metal using more than one wire at
the same time, especially in service of the severely worn surface, which is the most importance to a manufacturer.
[9,10]

The aim of this research is to study the effect of weld metal which welded with a varied amount of metal powder
addition, in terms of their chemical composition, macro/microstructure, welding dilution, and hardness.

2. Experiment
2.1. Materials and welding procedures

In this study, hardfacing was deposited on low carbon steel plates (SS400 steel), with dimension 50.8 mm x
203.2 mm % 9.5 mm. The chemical composition of base metal can be seen in table 1. Low carbon steel electrode of
2.4 mm in diameter and high basics flux were used for hardfacing onto base metal with four different amounts of
chromium powder addition and one condition without powder addition, moreover, hardfacing of low carbon steel
wire with various amounts of chromium powder addition was compared with that of commercial martensitic wire
without powder addition. The objective of this research is to increase chromium elements in the hardfacing welded
with low carbon steel. Chemical compositions of massive wires, chromium powder and high basics flux show in
table 2 and table 3. The chromium powder was placed and equalized on top of the base metal surface along the
travel of welding head. Each sample was welded single weld bead under different conditions, a varying amount of
powder addition as shown in Fig. 1(a). Hardfacing layers were deposited by using twin wire submerged arc welding
process. All of the samples were welded under same welding parameters such as welding current, voltage, the
extension of the wire electrode, welding speed and heat input according to manufacturer’s directions. These
parameters are shown in table 4. After welding, the samples were cooled in air and the hardfacing deposits were cut
for macro/microstructure and hardness test

Table 1. Chemical composition of base metal (wt.%).

C Si Mn P/S Fe

0.13 0.15 0.50 0.05 Rest

2.2. Microstructure and hardness of hardfacing

Transverse cross section and the top surface of each sample were examined macrostructure, microstruciure,
welding dilution and hardness testing. The samples were perpendicularly cut through the welded metal along the
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direction of welding and milled 1 mm from the top surface. After cutting, the samples were then grinded by silicon
carbide grinding paper, polished by aluminum oxide powder and etched by 2% Nital for samples welded with low
carbon steel wire without powder addition and martensitic wire without powder addition. Viella's reagent (5 ml
hydrochloric acid, 2 g picric acid, 100 ml methyl alcohol) was used for etching the samples welded with chromium
powder addition and then macro/microstructural characterization was done by an optical microscope. An image
analysis software was also used to measure the amount of filler metal added (A) and base metal melted (B) in a
typical fusion weld from the cross-sectional area of the weld bead metal as shown in Fig. 1(b). The dilution was
determined by using percent dilution equation as shown in equation (1). The chemical composition of the weld
metal was analyzed by optical emission spectrometer on the grinded top surface of welded layer.

Table 2. Chemical composition of massive wires and chromium powder (wt.%).

Materials C Si Mn Cr Ni Mo Nb Fe
Low carbon steel wire 0.10 0.20 1.00 - - - - Rest
Martensitic type wire 0.50 0.80 1.30 7 - 1.30 150 Rest
Chromium powder 0.04 2.90 - 347 0.43 - - Rest

Table 3. Chemical composition of flux for submerged arc welding (wt. %).

Si0; + Ti0, CaO + MgO AlLO; + MnO CaF,

18 35 23 22

Micro-hardness measurements were carried out by Vickers hardness tester under 0.2 kgf load, 10 seconds dwell
time. During the hardness testing, the distance between each value was 0.25 mm for cross-section and 0.5 mm for
the top surface. Hardness values were taken across the polished cross-section of weld samples, including base metal,
heat affected zone and hardfacing layer. The polished top surface was checked 10 points of hardness on longitudinal
hardfacing. Micro-hardness values of different phase were obtained under 0.1 kgf load, which taken on the polished
and etched surface.

Base metal

Fig. 1. (a) submerged arc welding procedures with powder addition; (b) schematic of dilution showing area of filler metal added (A) and area of
base metal melted (B).

AreaB
% Dilution=———<22___ 2100 (1)
Area A+ AreaB
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Table 4. Welding parameters.

Sample Powder Current (4) WVoltage (1) Wire Welding Wire feed Heat input
identifications addition extension speed rate (g/icm) (kJ/min)
\g/enn (mm) (cm/min)

Low C - 600 30 254 60 2 18
Low C + 0.6 Powder 0.6 600 30 254 60 2 18
Low C + 1.2 Powder 12 600 30 254 60 2 18
Low C+ 1.8 Powder 1.8 600 30 254 60 2 18
Low C + 2.4 Powder 2.4 600 30 254 60 2 18
Martensitic wire - 600 30 254 60 2 18

3. Results and discussion
3.1. Macrostructure and welding dilution

The macrostructure of cross section single weld bead for all conditions shows in Fig. 2. These macrographs
obviously indicate that the weld bead have a smooth surface, good bonding with parent metal and there is no crack
or macro defects at the base metal (BM), heat affected zone (HAZ) and weld metal (WM). It means that the suitable
welding procedure was employed. As the results, Fig. 2(a) and Fig. 2(f) are macrostructure of samples welded
without powder only low carbon steel wire and martensitic wire. Both Low C steel and martensitic wire electrode
without powder, show thinner weld bead and deeper weld penetration than the samples were welded with low
carbon steel wire and powder addition because the samples welded without powder need to melt only wire electrode
into weld pool, and consequently, although the same heat input was applied, lower current density needs to
distribute for melting only electrode metal. The macrostructure of the weld metal with various amount of powder
addition, which result in the different size and shape of the weld bead, are shown in Fig. 2(b) to Fig. 2(e). In
addition, the macrostructural results show that the higher amount of powder addition can increase the dimension of
the weld bead. The sample welded with the highest amount of powder addition (Low C + 2.4 Powder) results in the
peak weld bead and lowest penetration. Therefore, powder addition is the most significant variable factor for weld
bead dimension and it can increase deposition rate with shallow penetration because the arc energy for melting
electrode and base metal fusion must distribute to the melting of additional powder, in order to reduce amount of
base metal melted [11].

Fig. 2. Macrostructure of welding samples; (a) Low C; (b) Low C + 0.6.Powder; (¢) Low C + 1.2 Powder; (d) Low C + 1.8 Powder; (¢) Low C +
2.4 Powder; (f) Martensitic wire.

Fig. 3. shows the calculated percent dilution comparing to all conditions. The percent dilution using low carbon
steel wire and martensitic wire without powder addition are about 61% and 56%; while the percent dilution using
low carbon steel wire with powder addition are about 43%, 32%, 27% and 21% respectively. The results clearly
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indicate that the conditions without powder addition of low carbon steel wire and martensitic wire are higher percent
dilution than conditions with powder addition. The powder addition samples show low percent dilution, in addition,
increasing amounts of powder mixture can reduce percent dilution because the varying powder quantities can affect
weld bead volume.

3.2. Chemical composition and microstructure

There was a much effect of powder addition and base metal dilution on the chemical composition. Variation of
chemical composition for each weld metal was found due to powder addition and base metal dilution shows in table
5. When the amount of powder addition was increased in the weld metal, there was a higher chromium content in
the weld metal. The chemical composition of alloying element in the weld deposit also changed because of dilution
effect between the base metal and filler metal in fusion zone, amount of base metal mixed with filler metal and some
elements of the base metal mixed with the weld metal.

40
30
20

]

Low C LowC+06 LowC+12 LowC+ 18 LowC+24 Martensitic
Powder Powder Powder Powder wire

Dilution (%)

Samples

Fig. 3. Comparison of dilution determined from geometric measurements.

Table 5. Chemical composition of weld metal (wt.%).

Samples C Si Mn Cr Ni Mo Nb Fe

Low C 012 0.17 0.69 - - - - Rest
Low C + 0.6 Powder 0.11 0.53 0.65 4.54 0.06 - - Rest
Low C + 1.2 Powder 0.09 0.88 0.59 8.89 0.11 - - Rest
Low C + 1.8 Powder 0.09 1.12 0.52 11.98 0.15 - - Rest
Low C + 2.4 Powder 0.08 1.35 0.46 14.95 0.19 - - Rest
Martensitic wire 0.29 0.44 0.85 3.08 - 0.57 0.22 Rest

The cross section and top surface microstructure of all specimens can be seen in Fig 4. and Fig. 5. respectively. In
Fig. 4(a) and Fig. 5(a), microstructure of the sample welded with Low C without powder addition show ferrite
(white area) and pearlite (dark area), that the microstructure derived from electrode wire mixed with parent metal
which well known these materials are low carbon steel (0.10% C) having a ferrite-pearlite (o + pearlite) structure
before welding, the pearlite phase, which are carbon content in eutectoid position, transform from austenite by
heating and to ferrite-peatlite by cooling according to Fe-C phase diagram in Fig. 6(a) [12, 13].

Fig. 5(b-c) and Fig. 5(b-c) show microstructure of weld metal with varied amounts of powder addition. The
micrographs were observed the nearly same microstructure for all conditions, which present ferrite structure () in
the white area and lath martensite structure (') in the dark area as shown in Fe-Cr phase diagram in Fig 6 (b) [13,
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14]. In some cases for Low C + 1.8 Powder and Low C + 2.4 Powder appear in top surface structure difference each
other, that present clearly separate lath martensite phase and ferrite phase, having 556.7 HV,, and 200.4 HV,,
respectively. Melting of low carbon steel revealed ferrite-pearlite structure primarily and lath martensite was
transformed after adding powder, and then, it can be seen in high Fe-Cr steel as well. [15]. Chromium powder
addition is a much effect in weld metal solidification and famously used for hardfacing. There are two functions in
iron-based alloys. Firstly, it was necessary for precipitation strengthening as it is the distinctive carbide former and
most of the carbides are chromium-rich. Secondly, it was also the most important alloying element in the matrix,
where it provides good strength as a solute and resistance to corrosion and oxidation [5]. Welding samples with
powder addition have microstructural development and improved micro-hardness results.

a b

Fig. 4. Microstructure of cross section; (a) Low C; (b) Low C + 0.6.Powder; (c) Low C + 1.2 Powder; (d) Low C + 1.8 Powder; (¢) Low C + 2.4
Powder; (f) Martensitic wire.

Fig. 5. Microstructure of top surface; (a) Low C; (b) Low C + 0.6.Powder; (¢) Low C + 1.2 Powder; (d) Low C + 1.8 Powder; (¢) Low C + 2.4
Powder; (f) Martensitic wire.

The microstructure of samples welded with martensitic type wire (Fig. 4(f) and Fig. 5(f)) exhibits large matrix of
martensitic segregations (dark region) with retained austenite microstructure (white region) in grain boundary [16].
The martensite is a hard phase that can be difficult to damage by indenter tool while the retained austenite is a soft
phase that can easily be pressed by indenter tool. The chemical composition of martensitic wires contains sufficient
amount of carbon and alloying elements such as chromium, molybdenum, and niobium so that the deposited metal
transform to martensitic microstructure. Comparison between martensite-ferrite structure and martensitic structure
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are different in term of microstructure and hardness value. The main reason why these two phases are dissimilar is
chemical composition of weld metal. In spite of increasing amount chromium rich powder addition, only lath
martensite-ferrite structure shows instead of the martensitic microstructure. Thus, this result proves that only
chromium addition cannot reveal martensitic microstructure. In order to get martensitic microstructure, the suitable
amount of carbon, chromium, molybdenum, and niobium are needed to add.
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Fig. 6. Phase diagram [13]; (a) iron-carbon (Fe-C) phase diagram; (b) iron-chromium (Fe-Cr) phase diagram.
3.3. Hardness results

Micro-hardness profiles of cross section and top surface samples illustrate in Fig. 7 and Figure. 8 respectively.
Hardness values of base metal and heat affected zone for all conditions are similar because of the same chemical
composition of base metal and welding heat input used. The sample welded with low carbon steel wire without
powder addition indicates the lowest hardness values due to its soft microstucture. The highest hardness values for
both cross-section and top surface were obtained in the sample welded with martensitic type wire. As can be clearly
seen in Fig. 7, the satisfied hardness results of the samples welded with powder addition present higher hardness
than that of the sample welded without powder mixture, although the highest hardness values were obtained in the
sample welded with martensitic type wire without powder. Hardness values of weld metal with powder addition
show as the group of high hardness, which does not exhibit the noticeable hardness differences each other, but there
is a wide gap between the hardness values of the lowest amount of powder and that of the highest amount of powder
about 100 HV,. According to the hardness results, powder addition process is the most prominent factor to enrich
metallurgical and mechanical properties of weld metals.
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Fig. 7. Hardness profiles were taken on the cross section.



4. Conclusions

Hardness (HV ;)

Buntoeng Srikarun and Prapas Muangjunburee/ Materials Today: Proceedings 5 (2018) 9272-9280

7000

600.0

_/'.\._-.
/rﬁ' N N e et—e

—#—LowC

w
=3
=3
=3

—&— Low C+ 0.6 Powder

/”\ —&— Low C + 1.2 Powder
300.0
\‘_/ u % v —¢— Low C+ 1.8 Powder

&
=3
=
-

2000 —#— Low C+ 2.4 Powder
‘WW
100.0 —8— Martensitic wire
0.0
1] 1 2 3 4 5 [ 7 &

Distance of distribution (mm)

Fig. 8. Hardness from the top surface of welding samples.

200

9279

Welding hardfacing were produced using submerged arc welding. The amount of powder addition and type of

wite do influence the microstructure, welding dilution and hardness values can be summarized as follow:

e The welding sample produced by low carbon steel wire without powder addition presented ferrite and pearlite
microstructure highest welding dilution and lowest hardness.
e Increasing amount of powder addition can result in lower welding dilution and higher hardness values of the weld
metal and show only lath martensite and ferrite mixtures.
e Only Cr element cannot change the microstructure of weld metal from ferrite-pearlite phase to martensite phase
with retained austenite and C, Mn, Mo, and Nb elements are necessary to add alloying elements.
e The microstructure of welding layer welded with martensitic wire presented dendritic segregation of martensitic

with retained austenite microstructure which high welding dilution and revealed highest of hardness values,
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Abstract—The hardfucing using submerged arc welding with
additional metal powder has been a new way to extend the service
life of the machine parts related to several wear mechanisms.
Therefore, this research aims to compare the welding parameters of
submerged arc welding which welded with martensitic steel wire
without additional powder and low carbon steel wire with and
without additional powders added to the weld metal. Then the
macre and microstructure, chemical composition, welding dilution
and the hardness of the weld metal were studied. The results
presented that the weld metal of martensitic steel wire without
additional  powder  showed  martensitic  and  austenitic
microstructure. Using low carbon steel wire without additional
powder showed ferrite and pearlite microstructure. While the
welding with additional powders, the microstructure depends on the
type of metal powder used. These microstructures consist of ferrite
with dense pearlite and ferrite mixed with martensite. In addition, it
was found that the addition of metal powder to the weld metal
reduced the dilution and increased weld metal hardness. However,
both the microstructure and the hardness of the weld metal with
powder addition are different from those of the weld metal welded
with martensitic steel wire without powder addition.

Keywords—submerged arc welding, weld metal, additional
powder, welding dilution, hardness

L

Currently, hardfacing by welding process is an interesting
way to repair worn parts in industries because it is more
effective and economical than replacing with the new ones.
Hardfacing is often used to increase the ability to resist wear
mechanisms, for example, the agricultural machinery. Soil
preparation machine and mining machinery [1,2]. In the
welding process, it is necessary to consider the type of a
suitable welding wire and welding process depending on the
application of the component. The study of weld metal
properties in varied environments is essential [3.4].

INTRODUCTION

Hardfacing using martensitic type steel wire is a
commonly used method. This is a fast and easy way.
Martensitic steel type is low alloy steel containing carbon,
chromium, manganese, and molybdenum, which are sufficient
to form the martensite structure. In particularly carbon and
chromium are the main elements that strongly influence to
produce martensite structure with high hardness in steel [5,6].
Carbon and chromium can increase hardness, wear resistance
and hardenability and corrosion resistance of steel [7].
However, martensitic type steels are a high-cost material.
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Therefore, steel with carbon and chromium content equivalent
to martensitic type steel is an interesting choice.

Welding dilution is one of the important factors in the
welding process. If the percentage of welding dilution which
will change the properties of the weld metal is high, the weld
metal will mix with the base metal. Dilution of welding is the
result of two main reasons: the amount of heat input and the
type of welding process. In general, hardfacing requires a
lower percentage of welding dilution, it means that the weld
bead metal should be thick and not change metallurgical
properties mechanical properties [8-10].

Submerged arc welding is a widely used welding process
because it is a simple and automatic process. High heat input
can weld a very thick workpiece. This process also does not
affect the environment because it has no smoke and flashlight
during welding. It can be welded with higher deposition rate
than other welding processes, as it can employ more than one
welding wire at the same time. It is very useful to increase the
deposition rate and improve properties of the weld metal [11-
131,

This research aims to study macro and microstructure,
chemical composition, welding dilution and hardness of the
weld metal deposited by submerged arc welding process using
low carbon steel wire with the addition of different metal
powders. Then, compared with the welding of martensitic
steel type without metal powder.

II. EXPERIMENT

A. Materials and Welding Process

This study investigated the bead on the plate onto low
carbon steel plate (SS400 steel) for base metal (BM) which is
50.8 mm wide, 203.2 mm long and 9.5 mm thick. The
chemical composition of the base metal is shown in Table I.
The welding using AC/DC inverter power source Esab Aristo
1000 AC/DC SAW with the universal welding automat Esab
A2 Multitrac A2TF  twin-wire submerged arc welding
machine. The welding using two types of wire electrode
consists of martensitic steel wire and low carbon steel wire
with a diameter of 2.4 mm. During welding, high basics flux
was used to cover the arc. The welding condition using
martensitic steel type wire without additional powder was
named MA. The welding using low carbon steel wire without
powder was named FE, while the welding of low carbon steel
added ferrocarbon powder was named FE-C. The welding
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filled ferrochromium additional powder was named FE-CR
and the welding was filled both the ferrocarbon and
ferrochromium  additional powder was named FE-C-CR.
Tables II and III show the chemical compositions of the
welding wires, additional powders, and flux.

TABLE L CHEMICAL COMPOSITIONS OF BASE METAL (WT. %)
C% Si % Mn % PIS % Fe %
0.13 0.15 0.50 0.05 Bal.

For welding process in all welding conditions, only single
pass deposit was welded in flat position. In the case of
welding with powder addition, metal powder was placed on
the base metal surface. Then the equalized metal powders
were uniformly distributed throughout the welding line, and
the welding was performed as shown in Fig. 1. In the welding,
the molten wire, metal powder, and base metal turned into
solidified and became a weld metal (WM). The different types
and quantities of additional powder are shown Table IV. Then,
the metallurgical and mechanical properties of different weld
metal were studied. Welding parameters in all conditions used
in accordance with the manufacturer’s instructions. The fixed
welding parameters are shown in Table V. After welding, the
specimens were allowed to cool down in the air.

i

Puwer suorc

L

Fig. 1. Submerged arc welding process.

B. Investigation of Metwallurgical Properties

Macro and microstructure were investigated at the cross-
section at the center of the welding sample, perpendicular to
the weld metal line. The specimens were cut by mechanical
cutting and cast with resin. After that, these were grinded and
polished with 5 micrometers of alumina powder and then
etched with 2% Nital. Finally, macrostructure and
microstructure were examined using a stereo camera and an
optical microscope (OM).

The dilution of the weld metal was analyzed by the
macroscopic analysis, as shown in Fig. 2, by measuring the
area of the filler metal added (A) and the area of the melted
base metal (B) with Image T software. After that, calculate the
percentage of metal dilution in accordance with (1). The
dilution equation shows that the dilution is easily a method of
the base metal that is mixed with the fusion zone. In many
utilizations, it is significant to control the percent dilution to
give the suitable microstructure and properties for the
proposed application.
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Fig.2. Schematic of the dilntion in fusion welding [8].
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C. Chemical Composition

The analysis of chemical compositions of weld metal was
studied by an optical emission spectrometer (OES) at the top
welded surface of the welding specimen. The specific area to
be tested should be flat and smooth.

D. Hardness Testing

Hardness values of the specimen were used to analyze at
the cross-sectional area of the specimen by a micro Vickers
hardness tester. Hardness testing was done across the sample
from the base metal region to the heat affected zone (HAZ)
and the weld metal region with applied forces of 200 g (HVy2)
for a dwell time of 10 seconds, the distance between each
point is 0.25 mm.

1. RESULTS AND DISCUSSION

A. Macrostructure and Dilution

The macroscopic structures of all samples are shown in
Fig. 3. It was found that the weld was completely melted and
there were no crack or defect in the base metal, heat affected
zone and weld metal. Fig. 3 (a) and 3 (b) show the
macrostructures of the sample were welded with martensitic
steel wire without powder addition and low carbon steel wire
without powder addition. While Fig. 3 (c) to 3 (e) show the
macrostructure  of low carbon steel welded with metal
powders. It was found that the welded metal without powder
addition had a thin thickness but the base metal was melted
deeply, while welding with powder addition gave a thicker
weld metal and the shallow melted base metal. The samples
without powder additions showed the deeply melted base
metal due to the melting of only the steel wire and the base
metal. As a result, the heat input is more intense, so the base
metal area was more melted.

According to the macrostructural results, the height of low
carbon steel weld metal with powder addition increased when
the amount of metal powders was increased. The sample FE-
C-CR welded with a mixture of ferrocarbon and
ferrochromium powder showed that the weld metal was the
highest thickness and the smallest base metal fusion. Because
of the additional powder, the heat from the arc was distributed
to melt the powder, thereby reducing the melting of the base
metal. As a result, the amount of the melted base metal
decreased [14].
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TABLE IL CHEMIC AL COMPOSITIONS OF WELDING WIRES AND ADDITIONAL POWDERS (WT. %)
Materials %C Si % Mn %Cr % Ni %Mo %Nb %Fe
Martensitic steel wire 0.50 0.80 130 7 - 130 1.50 Bal.
Low carbon steel wire 0.10 0.20 1.00 - - - - Bal.
Ferro catbon powder 12 0.05 - - - - - Bal.
Ferro chromium powder 0.04 2.90 - 347 043 - - Bal.
TABLE IIL CHEMICAL COMPOSITION OF HIGH BASICS FLUX (WT. %)
Flux % Si0; + TiO, % CaO+MgO % ALO; + MnO % CaF,
High basics flux 18 35 23 22
TABLE IV.  WELDING CONDITIONS USED DURING WELDING.
Materials
Sample Martensitic steel wire Low carban steel wire Ferrocarbon powder Ferrochromium powder
(g'em) (g'em) (giem) (g/cm)
MA 2.0 - - -
FE - 2.0 - -
FE-C 2.0 - 0.6
FE-CR - 20 1.6 -
FE-C-CR - 2.0 2.4 1.2
area receives heat from welding and rapid cooling caused a
TABLE V.  WELDING PARAMETERS change in the shape of the microstructure. Fig. 6 shows the
- microstructure of the weld metal of all welding samples. Fig. 6
Parameter Value .
(a) shows the microstructure of the weld metal of the MA
Polarity DC+ sample as shown martensitic microstructure (dark area) and
Current (A) 600 retained austenitic microstructure (white area) revealed [15-
17].
Voltage (V) 30
Travel speed (cm/min) 60
Heat input (kJ/em) 18

Fig. 4 shows the percent dilution of the weld metal of all
samples. It was found that the dilution of the weld metal of the
MA sample was 55.35 % and the FE sample was 62.02 %. The
dilution of the sample welded with powder addition consisted
of FE-C sample, FE-CR sample and FE-C-CR sample have
resulted in 31.56 %, 43.02 %, and 7.79 %, respectively. It can
be seen that the welded samples without powder addition were
more diluted than the welded samples with powder addition.
This means that the addition of metal powder to the weld
metal is to increase the deposition rate of the weld metal.

B. Microstructure

The microstructure of low carbon steel plate SS400
consisted of ferrite and pearlite microstructure are shown in
Fig. 5 (a) which well-known these materials are low carbon
steel having a ferrite-pearlite (o + pearlite) structure. The heat
affected zone shows ferrite and pearlite microstructure that are
large and rough grains as shown in Fig. 5 (b). The
microstructure of heat affected zone transformed because this

Fig. 3. The macrostructure of the cross-sectional welding samples (a) MA
sample (b) FE sample (c¢) FE-C sample (d) FE-CR sample (e) FE-C-CR

sample.
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Fig. 4. Percentage of welding dilution.

The microstructure of the FE sample is shown in Fig. 6 (b).
It consists of a ferrite structure (white area) and a pearlite
(black area) with a dendritic appearance [18]. The
microstructure of the FE-C sample consisting of ferrite and
pearlite with dendritic structures is shown in Fig. 6 (c). The
amount pearlite in the FE-C sample showed more than that of
the FE sample due to the increased carbon content, resulting in
more pearlite structures. Fig. 6 (d) shows the microstructure of
the FE-CR sample. The ferrite structure (white area) and the
martensite (dark area) were found. The martensite
microstructure was formed as a result of the additional
chromium content. The FE-C-CR sample has a microstructure
in the weld metal consists of ferrite structure (white area) and
martensite (dark area) as shown in Fig. 6 (e). The results
showed that FE-C-CR had the highest amount of martensite
[19-21].

In general, the microstructure of low carbon steel consists
of ferrite and pearlite structures. However, the additional
ferrocarbon and ferrochromium powder transformed to the
martensite. Comparing the microstructure of weld metal,
martensitic steel without powder addition and low carbon steel
with powder addition appeared to be significantly different.
There are different alloying compositions, although the
amount of carbon and chromium is similar. In order to
produce martensite with retained austenite microstructure in
sample welded using low carbon steel wire with additional
powder, it is necessary to add other elements such as
manganese, nickel, and molybdenum [22-23].

C. Chemical Compositions

Chemical compositions of deposits are shown in Table VI.
The type of wire, the type of additional powder and the
percent dilution affected the chemical composition of the weld
metal. In addition, the chemical compositions of the weld
metal were different from the original chemical composition
of the welding wire (Table II) because this weld metal is a
mixture of wire metal and the base metal. In the case of low
carbon steel welding with metal powder addition, it was found
that when carbon steel is added, the content of carbon in the
weld metal was increased. In the FE-C sample, the carbon
content was 0.44 wt. %. The result is similar to the addition of
chromium powder. Chromium content of FE-CR sample was
4.56 wt. %. The carbon and chromium content of the FE-C-
CR sample were 0.45 wt. % and 0.6 wt. %. This means that
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the carbon and chromium were melted into the weld metal.
However, the carbon and chromium contents were lower than
expected as a result of the dilution of with the base metal that
reduced the content of carbon and chromium.

Fig. 6. Microstructure of the cross-sectional deposit layer (a) MA sample (b)
FE sample (c) FE-C sample (d) FE-CR sample (¢) FE-C-CR sample.

D. Hardness

Fig. 7 shows the hardness values of the welded samples in
each area consisting of base metal, heat affected zone and
weld metal. The hardness values of the base metal and heat
affected zone were similar to 179.2 HV because low alloy
steel was difficult to harden, although the heat affected zone
had a high cooling rate and changed microstructure. The
welded sample of martensitic steel without powder addition
showed high hardness (511.2 HV) because of its martensitic
microstructure, while the low carbon steel welding without
powder addition resulted in low hardness (163.7 HV) due to
its low hardness of ferrite-pearlite microstructure. For welding
using low carbon steel wire with metal powder, the hardness
values of all weld metal were higher than the sample was
welded with low carbon steel wire without powder addition.
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TABLEVL  CHEMICAL COMPOSITIONS OF WELD METAL (WT. %)
Sample %C %S %Mn %Cr %Ni %Mo %Nb %Fe
MA 030 0.4 0.86 313 - 0.58 0.22 Bal.
FE 0.12 0.17 0.70 - - - - Bal.
FE-C 044 0.14 0.54 - - - - Bal.
FE-CR 0.11 0.53 0.65 4.56 0.06 - - Bal.
FE-C-CR 045 0.65 037 6.86 0.08 - - Bal.
Because of the chemical composition in the powdered 700 d
metal, especially catbon and chromium, it can increase the iKY J
hardness of the weld metal. The FE-C sample has a hardness 500 |
of 249.8 HV, the FE-CR sample has a hardness of 379.5 HV Z 0k
and the FE-C-Cr sample had the highest hardness of 641.2 £ /"’\N"\“M
HV. The results are satisfying. In addition, when the £ 300 1
additional powder increased, the hardness of the weld metal F 200 e, e n L
also increased, which corresponded to the percentage of the 1+ BM | HAZ WM
welding dilution and the microstricture. The experiments o , \ , , ,
show that ferrocarbon and ferrochromium powder are 0 2 4 6 8 10 12
important to increase the hardness of the welding metal. Distance (mm)
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Fig. 7. Hardness profiles actoss the cross-section of samples (a) MA sample
(b) FE sample (c¢) FE-C sample (d) FE-CR sample (e) FE-C-CR sample.

TV. CONCLUSIONS

The results show that the additional powder added to the
weld metal influences the metallurgical properties and
mechanical properties of the welding metal. This can be
summarized as follows:

1) The sample welded with martensitic steel wire without
powder addition has martensitic and retained austenitic
structure with high hardness and the high percentage of
welding dilution as well.

2) The sample of low carbon steel wire without powder
addition has ferritic and pearlitic structure and shows the
highest welding dilution.

3) The sample welded wusing ferrocarbon and
ferrochromium powder made the highest hardness of
martensitic and ferritic microstructure and the lowest welding
dilution.

4) Adding ferrocarbon and ferrochromium powder to weld
metal can improve the microstructure of the weld metal,
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resulting in the martensitic and ferritic microstructure and also
reduce the percentage of welding dilution and increased the
hardness of the weld metal.

5) Ferrocarbon and ferrochrome powder can be used as
alternative materials to improve the properties of the weld
metal obtaining high hardness.
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ABSTRACT

Hardfacing with chromium addition has been a new technique and widely employed to extend the
service life of machine parts related to wear mechanisms. In this work, the effect of chromium from
high chromium martensitic stainless steel type 401 in hardfacing deposit was studied. Low carbon steel
electrode and martensitic steel electrode were used to deposit using submerged arc welding process. The
results revealed that the microstructure of low carbon steel deposit without chromium addition consists
of ferrite and pearlite. The microstructure of weld metal with chromium addition showed ferrite and
martensite. It can be seen that the increasing amount of additional chromium showed lower welding
dilution and higher hardness values of the weld layer. The microstructure and hardness values of welding
layer welded with chromium addition are different to those of welding layer welded with martensitic
steel type electrode without addition.
Keywords: Submerged Arc Welding, Hardfacing, Chromium Addition, Welding Dilution
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