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Abstract

Recent research suggests that extraordinary combinations of strength and ductility can be achieved in the so-
called TRIP steels. With the development of these steels, welding with small weld nugget size and
acceptable strength are needed. For these reasons present study was carried out to investigate the effect of
heat input onweld size, microstructure and the hardness of the welded metal of 0.4%C- 4%Al 8-TRIP steel
after continues fiber-laser welding process. To achieve this goal a bead on plate welding with three different
values of heat input 28, 60 and 80 J/mm were used.The results of welding process revealed that by increasing
the heat input, cooling rate decreased and the volume percent of the d-ferrite in weld metal increased due to
the availability of sufficient time for partitioning of Al in high heat input which leads to the stable &-ferrite
and as a result the difference between the hardness of the weld metal in comparison to the base metal
decreased.

Keywords: 5-TRIP steel, Heat treatment, Fiber laser welding, Heat input, High Aluminum, Micro hardness.
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Weld Number 1 300 5 60

3 400 5 80
FY el Cawl 3 as b e laciis oSl Iyol s oS
ay = (A/2sin 0).y/h2 + k2 + [2 B s U ol a3 L 5L gl o SLald
g = A/2 sin 6 @ el s s glsenls 3l eslarwl Lol o G

Sl Aol da ¢ 3 43150 (Sl xdl se Ik A
Slles 5l 1 €505 gl il o a5 b1 5h ks Ll
Sl Dllas ) da 50 Olas sl 5 VT 0l Xe 501~
Sl 53 3y ge p S Sialyloial cows 4 VY Ll
53 5 ot slasmil (e ol 53 OF (ool el sliledl,
Syt mrse 5 edod fS S piile 4 s Jles! oK
Sl g1l (ol 3550 53358 o sl IS 5 plSouna
23 P SOl S Ao g oSl BT el
A Al g oy sdiy] (SLaylS e 1S s

ol adais £ Sle 5l ek 5y Sl s b &gel e
ol Sllas il e ool 6 el s 4 5, YYS
s il e e FalS sl rals 5 S0 YRV 4
S M Rl eilaBly T 56 s il
(o Slhes o 53 0T iy (6L a5 3 s
oalS mamen 5 (i o) A Sl ole S sl
Al Jleast oyl i

Ky — Y-

dosloen (B) ol 51 (25,55 Sl atwgn ) G o

L o ol s 4 ol 23Y Slowlome plnil 5 ¥ oo
[0 /4% Sldde 3l edile b ozl Aoy Sl Slkes ol
S-S [V R R B3] BN O3 | W G SN |
Ol Sl s alaslYAlolSas 5 pdllsles.coils
e BT L CTRIP Y55 silesdl ol do s e i
LS Sl T i L & Wy o pl 5 03,5 LSS 3
Sl (glaaaVy gl sdal s w0 sliel ol (SKas s 4
2 e o YL el 58 bl kil el &S 0L
o sde 2alS Ol a4 &5 LEL XRD s IS L oanslis

NGIUW [N S| ool
Slilas 5l day 5 I3 @ sed 30 Xe e gmal 53 o S bl
XRD sla S 5TV I(Y)aTslas 3l osliul Lo 5,1 >

AL az)ﬂ Cows o (¥ ‘}g-&)
ay = 0.3556 + 0.00453X¢ + 0.000095X, + 0.00056X,,  (2)

‘U"Js L;)“L:ﬂ j,ol...c cble s S MXAl jXMnXC QT BE S
AT G b 5 ol 53 55 e C}—:&ﬁ)ﬂ 5 =K
53 il &S eyl ay 5 (Lel Cows w EDS e

IS 4 4.\_-'L‘>=A (\c)j <Y’) Jsles )\ oalail L' Sl j.:ﬁ}.'l_' J:—b


http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2025-12-13 ]

V\" 9*—WW c\\"\b bl:"",‘u.})l'e c\ejL«: gr}b dl.w gb‘ﬁ‘ ‘53&5‘,:.- 6)}u}r"lﬁ 4'.1}":"' gb‘)&oﬁ}déﬁ.u'}wli

S s b Do L (2,0 5 Ges e
S o ag amal 038 sl o LS L s
salie 1B VL LS, L) ¥ IS o b g
sl

Ly Lds e b 50 0kle 3L« a¥5 ol 5o YL rwjﬂ Loy
S L e pae T 5 0S o el Jame glos B
aiein OAS oy Sl T W% VU palie 5 o5 oo b 51
Lo L OF sl 5 Fe-Al oLs s ol SUis s s oy b
((b) ¥ JK8) 558 00 Jaes

Jlsle s Sl sl LV ] OLa 5 G.SJung & o iy 53
s3ednly plnil SVl i ploot oS 5 L V5 Gl
adlaie )3 laee slos 5o W 2y 3 56 Y B eslis g
Spe pr a5 L Jes 0 Ol sdalie Ll 55 552 50 2o
o s reslie 8 s 5o e s YL gl
RGP P

Ul b S 53 35 pe Gls g B 5B e A

S0 G2308 Dol LS 5 el (g, Seslasllle

2) 27.9 b)60 ©) 80 J/MmMisss,5 ol = L s oy Jo plaie oY S5

Py

P
- _ ©)
Q 4

ey ol s &S

A/mm) 35,5 <l >~:Q

W LJs)olg:P

Ll (MM/S) (Ko Co s 1V

sl ool 3l ol gl psr b Cbl}.a CEMYJK.&
Ol wedsl O Sl ¥ dsds 53 aS o lises (6394
Ol o o 4555 53 53 SEM. 5l (i o o
e o301 53555 Sl el Ll sdalin B
Ao IS D)

23 s Ple ams g Gas 5 (S8 So $20s Dol S
S srbolan il e S Ol 3 e s
adbie G5 e 5 Gee $3005 Dol GRlB L cl =51

35,5 &) > R TS £


http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2025-12-13 ]

£4-VWamae Y40 0‘3—»-:‘33)‘& c\e)l.a.i" gr}: Ju ‘blﬁl 6)&53? d)ﬁu-}f,’l’ 4.;)..';'.1' gbb&mﬁ}dﬁaﬁﬂlﬂ \'A%

ARA0RD
a(110)
1600 - S
900 - ok
400
¥(111)
100 - I(200)
U IrTz0RD
S(110) &(200)
900 -
5211
400
ol ¥ (111) ¥(200)

3 PR T AT

Fe-Al .Uy Jsbs rl_/f\.i; D) 57 osles oo ke 53 UWs b s 36 (@)Y s

Jeds a0 Ul e ol &S b e Ll sel s 4 B>
5L e Jlax=l Jalidl 55 5 e b5 lade JialS
S s g s U sl b O s & 5 Al
Y sles 55 b Ol 0 5L W oy b LS5 &S il

e L AR RARRRR RS o
60 70 80 90 100

Position ["2Theta]
(HT40) Sl cldes 5l (HR40) S N LSl g5 L;ji.ﬂ—Y‘ Ji.w

[b] 1600 _— i
.. ¥
14001 “Liquid | i
__“:‘_.""'-\.x :
1200 ¥ B T 5
P A
T 1000 Pt ol -
] = i !
= - i
T 5004 aly -
A I
£ 00+ J -
= i
400 : =
]
2430 : =
]
]
0 T ™ T
i s i 15 20
Alwt %

3 ol s st sl els 0L ¥ s O
03 S B Ao e s eS (Gl S (g3, ol >
Cslp slds o lde Jallicad o sle b aslis
D GeE 5 P St 0 R e Ol S
D13 ges 31 aS shailea.das o OLES (Center Line) (g5S 0 Lt

“‘u“’" P o

uj,_a;l S L ;<



http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2025-12-13 ]

Vo 9«—\’\’4?‘5«0 AY40 bt—nd.\:j)l.e c\b)w cc}-\ JL-I cb‘ﬁ‘ 6)&.:5‘,?.- ‘5);&33(»‘,]& Aij':'s ‘b‘)&ﬁh}%ﬂ\ﬂ

Sl s 5l a5 8 el sl oS 5 ST ST i

(hkl)
y(111)  3(110)  y(200)  §(200)  y(220)  &(211)
IR HR40 -—- 100 0.3 47.0 0.4 20.6
s HT40 34 100 3.8 61.6 5.7 42.8
S sl S o Dl 5 s 55U s (g s Dl Y s
$2959 <)l o> S M e o
(j/mm) Ws o 3 by i
2 27.9 43 2.1
S o sladd 1 60 47 1.9
3 80 55 1.7
600 1800 - 1734
550 ._,..-"’X' """ X 1600 -
500 1360
;.L 450 | ~ 1400 -
%y £
400 3 E 100 1090 1
S 350 X, 3 N
S 00 | TN Wooorerd: Y\,,' ..... ' 4 1000 - g
250 & 800 | 700 ]
200
0 05 I 15 2 600 |
20 40 60 80
(0 ko) g2 3 30 I alold 6399 91> (J/mm)
e 279 60 80 ool Higr g Az g2y

Lhwj;- Q;>w Jil_éjﬁ—\’ )1.}}4.‘:

.J}.\i’

S 4 ¥

A s s e s Sl g, TRIP S > Sllas
e 3 e Sas b o R sl el i
:m@wﬁj@ujuw)ﬁa-mmﬂ,;

Sl domd s Ges 5 S8 S5 G258 Sl SRl SNl sel

S e B e 5 SR s pate ST 358 ol
Sl il Sl 5 W oy 3 lade 2l w53 5 0l (!

By o G Bl s el
Shs SRl a5l har adlae o (e SO
Lt s s G s ekl e el e W oy
Lolle ol as cnlagly 56 212 Y Y ojled g

oSl VY lde 4 80J/ MM 4 (65,5 ooyl > Al


http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2025-12-13 ]

9‘\—\/\/425«0 ‘\\"‘\0 QMU;JL@. ‘\b)w cc}é JL» c;}‘ﬁ‘ ‘5)&:5‘,:.- 6)3&53{!315 Aij.:a' ‘Q‘)mﬁd’ﬁ'ﬂ‘i V?

intercritical annealed 0.4 C-1.5 Si-0.8 Mn steel.
Transactions of the Iron and Steel Institute of Japan,
1987. 27(7): p. 570-579.

7- De Cooman, B., Structure—properties relationship in
TRIP steels containing carbide-free bainite. Current
Opinion in Solid State and Materials Science, 2004. 8(3):
p- 285-303.

8- Jacques, P., Transformation-induced plasticity for
high strength formable steels. Current Opinion in Solid
State and Materials Science, 2004. 8(3): p. 259-265.

9- Ahmed, E., et al., On formability of tailor laser
welded blanks of DP/TRIP steel sheets. Science and
Technology of Welding & Joining, 2010. 15(5): p. 337-
342.

10- Yi, H., K. Lee, and H. Bhadeshia. Extraordinary
ductility in Al-bearing 3-TRIP steel. in Proceedings of
the Royal Society of London A: Mathematical, Physical
and Engineering Sciences. 2011. The Royal Society.

11- Jung, G., et al., Spot weldability of TRIP assisted
steels with high carbon and aluminium contents. Science
and Technology of Welding and Joining, 2012. 17(2): p.
92-98.

12- Grajcar, A., et al., Effect of heat input on
microstructure and hardness distribution of laser welded
Si-Al TRIP-type steel. Advances in Materials Science
and Engineering, 2014.

13- Lopez Cortéz, V.H., et al., Effects of the heat input
in the mechanical integrity of the welding joints welded
by GMAW and LBW process in transformation induced
plasticity steel (TRIP) used in the automotive industry.
Soldagem & Inspegdo, 2010. 15(3): p. 234-241.

[14- Xia, M., et al., Fusion zone microstructure evolution
of Al-alloyed TRIP steel in diode laser welding.
Materials transactions, 2008. 49(4): p. 746-753.

15- Han, T.-K., B.-G. Park, and C.-Y. Kang, Hardening
characteristics of CO2 laser welds in advanced high
strength steel. Metals and Materials International, 2012.
18(3): p. 473-479.

16- Mohrbacher, H. Laser welding of modern
automotive high strength steels. in Proceedings of the 5th
international conference on HSLA steels. 2005.

17- Xia, M., et al., Metallurgical and mechanical
properties of fusion zones of TRIP steels in laser
welding. ISIJ international, 2008. 48(4): p. 483-488.

18- Amirthalingam, M., M. Hermans, and I. Richardson,
Microstructural Development during Welding of Silicon-
and Aluminum-Based Transformation-Induced Plasticity
Steels—Inclusion and Elemental Partitioning Analysis.
Metallurgical and Materials Transactions A, 2009. 40(4):
p- 901-909.

19- Grajcar, A., et al., Microstructure characterization of
laser-welded Nb-microalloyed silicon-aluminum TRIP
steel. Journal of Materials Engineering and Performance,
2014. 23(9): p. 3400-3406.

20- Amirthalingam, M., et al., Quantitative analysis of
microstructural constituents in welded transformation-
induced-plasticity steels. Metallurgical and Materials

AY}JW‘TRIP ué)dwf‘)\ﬁ@u.q&ﬁ‘)é -
S e e 5 oliledl cunal Aoy 5wl 2alS
o=l ool el el pl a8 b e a5l O 55 5 5

:l_'>uw\j6.k_su LS”)‘) L;Lﬁjj.zj;\): J‘\):&) nJ_j:)'U
L Sz s plSouul ool 4 b e 53 e S

22 SO ol e b slambeslio s s
A dal gt &l el gla S

o5 S adlie (50 5 Ges (93505 Sl JalplL -
SalS ol e 5 b e Ll W oy b 5l
b o

Die il b el s g e ailie e OVl -
L Sliie ol aS ol asly 6 o Y/ Y oyled oy

ol ol VY Slade 4 80)/mm 4 (635,55 ol > Al 3

.3}.\.«:
O i sles dolre 1 S 035 Ll v_'cﬁ.l.cS-TRIP N -

s Ly os b S (e ke js oSk

Sl olis s sl s e b

@L’m
1-Zackay, V.F., et al., The enhancement of ductility in
high-strength steels. ASM Trans Quart, 1967. 60(2): p.
252-259.

2- Nayak, S., et al., Microstructure—hardness relationship
in the fusion zone of TRIP steel welds. Materials Science
and Engineering: A, 2012. 551: p. 73-81.

3- Suh, D.-W., et al.,, Influence of Al on the
microstructural evolution and mechanical behavior of
low-carbon, manganese transformation-induced-
plasticity steel. Metallurgical and Materials Transactions
A, 2010. 41(2): p. 397-408.

4- Yi, H., K. Lee, and H. Bhadeshia, Stabilisation of
ferrite in hot rolled 5-TRIP steel. Materials Science and
Technology, 2011. 27(2): p. 525-529.

5- Chatterjee, S., M. Murugananth, and H. Bhadeshia,
TRIP steel. Materials Science and Technology,
2007.23.(7)p. 819-827.

6- Matsumura, O., Y. Sakuma, and H. Takechi,
Enhancement of elongation by retained austenite in


http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2025-12-13 ]

'A% 9Q—VVW AY40 O\:-va.l:;)l.e c\b)u cc}é ‘JL—I c;}‘ﬁ‘ QSJK"Z"’: ‘5)}&5}(‘,15 Aij'x c&‘)&aﬁjﬁﬂtﬂ

p. 263-268.

27- Dyson, D.J. and B. Holmes, Effect of alloying
additions on thelattice parameter of austenite. J Iron
Steel Inst, 1970. 208(5): p. 469-474.

28- ASTM, E., 384. Standard Test Method for
Microindentation Hardness of Materials. 2005, ASTM
International West Conshohocken (PA).

29- Emadoddin, E., A. Akbarzadeh, and G. Daneshi,
Effect of intercritical annealing on retained austenite
characterization in textured TRIP-assisted steel sheet.
Materials characterization, 2006. 57(4): p. 408-413.

30- M. De Meyer, D.V., K. De Blauwe, B.C.D. Cooman.
in 41st MWSP Conference Proceedings. 1999. ISS.

31- Van Dijk, N., et al., Thermal stability of retained
austenite in TRIP steels studied by synchrotron X-ray
diffraction during cooling. Acta Materialia, 2005.
53(20): p. 5439-5447.

32- Xu, H.F., et al., Tempering Effects on the Stabilityof
Retained Austenite and Mechanical Properties in a
Medium Manganese Steel. ISIJ international, 2012.
52(5): p. 868-873.

33- Ghaini, F.M., et al., Weld metal microstructural
characteristics in pulsed Nd: YAG laser welding. Scripta
Materialia, 2007. 56(1)p. 955-958.

Transactions A, 2010. 41(2): p. 431-439.

21- Kim, C.-H., et al., A study on the CO2 laser welding
characteristics of high strength steel up to 1500 MPa for
automotive application. Journal of Achievements in
Materials and Manufacturing Engineering, 2010. 39(1):
p. 79-86.

22- Parkes, D., et al., Tensile properties of fiber laser
welded joints of high strength low alloy and dual-phase
steels at warm and low temperatures. Materials &
Design, 2014. 56: p. 193-199.

23- Quintino, L., et al., Welding with high power fiber
lasers—a preliminary study. Materials & Design, 2007.
28(4): p. 1231-1237.

24- Xu, W, et al., Tensile and fatigue properties of fiber
laser welded high strength low alloyand DP980 dual-
phase steel joints. Materials & Design, 2013. 43: p. 373-
383.

25- Farabi, N., D. Chen, and Y. Zhou, Tensile properties
and work hardening behavior of laser-welded dual-phase
steel joints. Journal of materials engineering and
performance, 221 (2).012:p. 222-230.

26- Lepera, F.S., Improved etching technique for the
determination of percent martensite in high-strength
dual-phase steels.Metallography, 1979. 12(3):


http://iutjournals.iut.ac.ir/jwsti/article-1-77-en.html
http://www.tcpdf.org

