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Modernage has the scarcity of high strength and sudibdrsdructural developmeritlitra-
high-strength steefacilitates to exploit the assertion of high strength and sustainable
structural developmen®A newtype of material made of ultfaigh-strength steel S1100 is
investigatedLoad carryingcapacity designed by fillet weld is taken into main consideration.
Along with the effect of heat input onontload carrying joint designed by fillet weld is
analyzed. For load carrying joint the focus on checking the validity of current design rules
defined by Eurocode 3. To verify the objective, experimental tesFRAd(finite element
analysi3 are done. Experimental test and conductamyance nonlinear analysis shaw
similar pattern othe outcomesmoreoverdescribethe design Eurocode 3 is adequate for
fillet welded load carrying joint and shoslow cooling rate due thigh heat input does not
affect the S1100 material strength. This observation mislides the butt weld joint.
Analysis of material behavior is carried out by drawing true stress and straindenives
from base material testing.
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1 INTRODUCTION

Whenstructuralsteel reaches a certain level of high strength then it is defingttabigh-
strength steel. There is no limitation of the strengthulof-high-strengthsteel as the
development ofechnologycauses the impvement of the steel thderives a newtype of
ultra-high-strength steel. (Maity & Kawalla 2011, p. 30BlQwevet the minimum threshold
value of yield strength is limitetb 780 MRa(Tamareli 2011, p. 7)

Fromthelast10 years, the improvement of the high strength steel carried out in two different
ways. Developed by the process, quenching and tempering or thermomechanical rolling
process. The first segment inclsdguenched steel S690Q, S890Q, S960Q, and S1100Q.
Thermomechanical steleds average strength bamoderatdevel of toughness that includes
S3%M, S460M andS500M.( | | i | et  a)linfigu® ddn2mproyementHits

structual steel is shown.

A
1200 S11000Q

- $960Q
P 1000 $890Q
=
~ 300 $690Q
T:’ | S500M
£ S460N | S460M —
S 400 $3551Is3s5N __ _ Is3ssm ]
~ TMCP ]
Zo2wo| L guenched and (EMPEred ...
- N normalised/normalised rolled |

1940 1950 1960 1970 1980 1990 2000 2010

Year
Figure 1. Structural steel developmentrihg the yearg | | i | et al. 2012,

1.1Designing ultrahigh-strength steel

Ultra-high-strength steel is eontinuous improving steel typ®esigning the alloy element

in steel through theontrolling of C, Si, Mn, Ni, Ti, NB/,B at adifferent level and by
introducing different process resultsultra-high-strengthsteel. Some possible proces®

gain ultra-high-strength steel can be solid solution strengthening, precipitation hardening,

improving the microstructural grain siztc.(Klein et al.2005, p.544.)
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A variety of way existto improve the mechanical properties of high strength steel. One of
the ways is tempering the steel that influesdde mechanical properties of the stefh
increase of tensile strength is possible by tempering the materiaindytrequire to
compensatether feature$or example decrease of impact touglmégZhang et ak017, p.
152.) An experiment on Aermet 100 habservel that a significant change happens to a
change in tempering temperature. The authorraksetioredthatthe presencef martensite
and dispersion of carbide leads to a strength of the high strength(Steedt al.2016, p.
184, 187.)lt is observed thah high amount of toughness can be achieved by formation o
reverted and steady austenigyer and Machmeierl993, p.1943). The presence of
austenite in lath martensjteetardant the growth of cra¢hi et al.2016, p.184). Another
approach is done bgirect quenching and tempering withe addition of Nb alloying
element to obtain lowarbonultra-high-strengthsteel(Xie et al.2018, p.200).

1.2 Static strength

Every day the applications of steels are increasiNmdern civilization largelyrelies on
source, supply & invention of steel materi@lesigning and developirjgints made ofiigh
strength steel is a challenging issue. Eurocode 3 deals with the design of the steel structure.
The part 18 describes the static capacitytbé weldedjoint of S235 to S460. For higher
yield strength, EN 1993-12 is used thatpecifesthe material having a yield strength more
than S460 up to S7TOBFSEN 19931-8 2005, p. 43; SFEN 19931-12 2007, p. 5.The
static capacity ofthe weldedjoint is investigaed in different approaches. Static strength of
conventional high strength steel on fillet weldednnectionhas analyzed and some
recommendation is prided to modify the Erocode 3(Kuhlmann, Gunther and Rasche
2008, p. 77). Lateon, developmenbf strength capacity calculation for fillet weld of a
material having yieldtsength of 960MPa has been don@jork, Toivonen and Nykanen
2012, p.71).

1.3Generalmicrostructure of ultrdigh-strength steel

High strength steel is typicalstructurakteel having higher yield strength and higher tensile
strengthcompare to conventional miléteel. Theeasorfor evolving the high strength steel
coming from the desire of increasing the payload of overall structure or making a light
structure or wantetb increase the safety scaidich results in saving energy as well as

decrease the production cost.
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A researchhas been done itrying to develop different types of high strength steel by
utilizing procesescalled normalizing, quenching, tempegiandthermomechanical rolling
(Schroter2011, p.7-8). In Figure 2 atypical type of high strengthsteel microstructure is

shown
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Figure 2. Classicalmicrostructure of high strength steel (Schroter, 20113, p.9

1.4Heat input and cooling time auitra-high-strength steel

Welding ultra-high-strength steel causeschangein HAZ (heat affect zore In case of

fusion weld high temperature is required to smelt the material however region exposes too
long time in high temperature can caws@roblem It is possible that due to the high
temperature, undesirable grain size and hesdican be obtain¢Bauch et al. 2012, p. 102)

Too low heat input causeslack of fusion and too high heat input cau$&sZ areato be
widered Heat input has a gatrelationwith cooling timets;s. Higher heat input meanke

lower cooling rate and these parameters affde mechanical properties of tHRAZ and

weldment(Kah et al.2013, p.359.

Cooling time from 800 C to 500 C for direct quenchedltra-high-strength steell0 s is
best to obtain a good strength which is explained in fi§&uikkanen and Komi 2014, p.
250).
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Figure 3. Effect of cooling time on material strengtBuikkanen and Kon014, p. 25D
Cooling timetgs, keeping as 5 is recommended for MA@elding for ultra high strength
steel(Leiviskd et al.2007, p.12). An experimenton untampered martensiticltra high
strength steedhows that welding in high strength steedsent enough softening a{&auch
et al. 2012p. 106).In figure 4 showing that minimutnardnessfor untempered martensitic
steelis obtained itheHAZ area

500 -

BM HAZL WM  HAZ BM
450
° W_‘\'*
2 400
") ¢
m Ve
350
1l If
£ 300
(=)
z s
>250
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Position [mm]

Figure 4. Softening happens ime HAZ area Rauch et al2012, p. 10k

1.5True stress, strajmndtoughness of the material
A typical example fothetensiletest is that a specimen faces tension in one side and other

side remain fixed. A material having a cross seciplength of the material ik, fixed in
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one end and facing axial force dowardF, illustrated in figure 5induces astressin the
materialas well agid. amountof changen length

mo=_

Figure 5. A typicalexample oftensiletest

So the stress will be according to the followetuation 1.

O
S =
(0]

1)
Due to the applietbad the material is displaced from its original length. Considering the

original gaige length of the material is and chage in length isDL, so strain willbe

according to equation 2.

(2)

0o
7
The defined stress and strain is based on the original cross sket@horiginal length.
and it is called engineering stress and straithé&taseof understanding the real scenario
of the material, true stress and true strain vahe®btained. Tre stress and true straeke
the change in every singitepof the crosssectionarea and length. So true stresshis
relationbetweerthe updatedcrosssectionof the specimed and applied loadTrue stress
is derived according to equation 3 whekeés true stress; is applied load and is acurrent

crosssectionof the material. Equationgresenstherelationbetween engineering stress and
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true stress. Equation 5 shows tieéationbetween engineering strain and true strain where
Uis atruestrain.Figure 6shows the way of calculating engineering and true stress and strain

S O
5 (3)
s sa
5 4)
e 11dp e 5)
H Mecking
0 starts
I
i I | I * Strain
= 1 a= P/ | . |
I [ I ]
:: i e=AL/L; i g |
|
[ : i=PA I =:
I 1 l
I E=in(1+e) ——>, I
:—-— g=0 —se— G=ci1+e) -l I
I | I
L - —sf————  E=In(AJA) ———»]
' | | I

Figure 6. Engineering and True Stress and sti@itulation equationfDowling 2013 p.
145).

Typically material exhibits ductile or brittle behavior. A combination of strength of the
material and the plasticity of the materiakdebe the toughness. It can atéescribeas a
situation that the capacity of absorbing the energy before breakagecdtiincontaining
material becomes more brittle and low contenbearbecomes ductile. In figureit7clears

that tough marial shows both ductile and brittle behavior.
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High Carbon Steel
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Medium Carbon Steel
Toughest

Low Carbon Steel
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Stress —=

Strain —»

Figure 7. Definition of toughnesgNde-ed.org2019)

1.6 Research problem

The rate ofteeldevelopment isiot proportional to the current design catbvelopment.

To achieve ultréhigh-strength, it is critical to maintaimg steel formability, weldability,
fatigue strengthand other feature3 he research problemmto verify the current design rules
define by Eurocode, 3he effectof heatinput and cooling ratdue to weldingn material

performance and material behavior.
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2 MATERIAL PROPERTIES

TheSSAB developed structural stéas a yield strength of 1100Pa. The material is called
Strenx 1100 PlusStrenx 1100 Plus is quenched and tempered siéw. chemical
composition of the materiat shown in table 1. In table @nd table 3 present the weld

performanceandmechanical properties of ti&trenx 1100 Plus

Table 1Chemical compositio(SSAB, 2019).

C Si Mn P S Al
max [%] max [%] max [%] max [%] max [%] min [%]
0.20 0.50 1.80 0.020 0.005 0.015

Table 2 Typical weld performand&SAB, 2019)

ts/s Rpo.2 Rm As Fracture CVv27Jat
(s) (MPa) (MPa) (%) location -40°C
6-12 >1100 11701210 11-12 BM (6 s) WM OK
BM (12 s) FL+1 OK
FL+3 OK
FL+5 OK

Table 3. Mechanical propertidSSAB, 2019).

Thickness | Rpozmin [MPa] Rm As min [%] BendingminRi
[mm] [MPa] both directions
4.06.0 1100 11301350 10 3.5
6.1-8.0 1100 11301350 10 4.0

It is crucial to check the strength property of the welded joint. To observe this phenomena
welded connection of Strenx 118luswasexamined Currentinvestigation inaides fillet
weld and butt weld. bdematchingfiller material wasusedto do the welded joindue to

lack of matching filler materialThe chosen filler materiavas Union X96 which is



18

recommended by the steel manufactufée chemical and mechanigabpertiesof Union

X96 are given in table 4 and 5

Table4. Chemicalcomposition of filler materiafAlrugee.com, 2019)

Union X96
Typical composition of solid wire (WP6)
C Si Mn Cr Mo Ni
0.12 0.8 19 0.45 0.55 2.35

Table 5 Mechanical properties of filler materighlrugee.com, 2019).

Mechanicaproperties of allveld metal

Shielding Yield Tensile Elongation Impact values in J CVN
gas strength strength (Lo=5do)
0.2%
MPa MPa % At room -50° C
temperature
M21 930 980 14 80 47
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3 DESIGN PROCESS FOR RLLET WELD

For a welded conneoin, EN130013-1 describs a plain equation thaavoids the complex

parametric effect

g (6)

Whereadwrd is the design weld stredg,is the minimum value of thgield stress in whole
membersand aw is a factor that basically relatés the types of weld and othe(SFSEN
130013-1:2012+A2:2018 2008, p. 35The above formula came obtaied for an
understandin@f the typical weld behavior. But more descriptive understandiogtaired
by utilizing Eurocode 3.

The capacity of theveld depends on the weld types and direction of the [Dlagl.strength

of the fillet weld can be illustrated by defining stress elesgnthe critical plane of the

fillet weld throat thicknesthat showsn figure 8 (Bjork, Toivonen and Nyk&m 2012, p.

79). The strength of the welded joint is correlated to the strength of base material and weld

metal.

Figure 8. Acting Stress members the weldedjoint (Bjork, Toivonen and Nykane2012,
p.79).
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There are two ways to explain the design resistance of the fillet wel@rendirectional
method andsimplified method. Applied load in the welded connection, alters to stress
members. Typically among the induced stresses, the normal stress path#ebds of the
weldedareais out of calculations. Rest of the normal stress and shear stress are critical to
decidng the design resistance of the welthe strength of the weld is acceptable on the

following boundariesimitations

8 “Q
Sa Ots Iy b (7)

s~ is the normal stress perpendicular to the throat

1 t~ is the shear stress (in the plane of the throat) perpendicular to the axis of
the weld
t¢is the shear stress (in the plane of the throat) parallel to the axis of the weld
fu is the nominal ultimate tensile strength of the weaker part joined
bwis the appropriate correlation factor taken from table 4.1
(SFSEN 19931-8 2005, p. 43

The capacity of the Xoint is defined by the following figur®. The calculation is shown
bebw.

F .
VT Fi2 Weld

b width

t thickness

Figure 9. X joint weld capacity calculation
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WhereFs load due to the normal stre$s.load due tdhe sheastressNow stress will be

O
S =
(0]

O s D

Wheresy is the normal stres$ is the width t is the thickness

Q @ SAJAD 1.3

Wherea is the throat thickness

SA 0 3D s D
s D O

Sa I - - - -
MW ¢ W

So using Von Mises equation

0
— 00—
¢ c¢UC o

According to Eurocod8 using the boundary condition from equation 7

o~ T Q2

OR

o )
o P52 5 om
N b

(8)
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WherekF is the load bearing capagityis the throat thicknesb,is the width of the material,
t is the thickness of the platie ultimatecapacity of the weld

The above equatiosatisfes the condition of weldails at 45° angle.For symmetryweld
equation 9 and 10 can be used for defining leg lengihand throat thicknesa. The
symmetry weldg = 45°, the failure plane will locate an angleof U= 27 according ¢
figure 10(Bjork, Ahola and Tuomine@018 p 988989).

Figure 10. Critical plane, leg length in a symmetry we¢Bjork, Ahola and TuomineA018
p 989.

. OBl .. . ———=—1 9 0
) Tf AllO 1 Qe wel T (9)
. g O
W P® ——
aQ (10

For nonload carrying jointthe load-bearingcapacitycan be defined bgquationll (Bjork,
Ahola and Tuomine2018 p 988.

) "Q 3w
O T TOT (11

In the caseof nontload carrying joint, it is important to calculate heat input and cooling rate.
The heat inpuis calculated according to equatid® (SFSEN 10121 2009, p. 1Q)
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. .._YJO
0 W (12

The moling rateis calculate by cooling timetg;s. For cooling time independetd material
thickness equation 1&nhd coolingime-dependento material thickess equation 14 used.
(SFSEN 10112 2001, p. 4)

0y o@xmmw Y O0pfumm’Y prymmn’Y O (13)

0 tonm®JIY pm 0T pfuommyY pF Y'Y

(14)
0

WhereQ is heat input in kJ/mmJ, preheat temperature in ;€3 is shapefactor for3D
case ], F2 is shapefactor for2D case {], kis the thermal efficiencyJ is the arc voltage

in V, | isthe welding current in Avis the travel speed in mm/s
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4 SPECIMEN DESIGN

To design the specime8olidworks 2015 model wassed. Theotal length of thespecimen
wasmaintainedaccording to the test machine specificatiBasically there werehree types
of weldedjoint utilized in this research. Specimen as a T ojokt depending orload
carryingor nonload carryingand butt weldvasselected. Figurelldepicts the joint types
Table 6summarizeshe test plan for this thesis work.

NLC-X _ LC-X BW
j IN j a I |
2 { P — / ! P
. NG . ; e——N S
I/
Figure 11. Joint types for the research
Table 6 Testplan
ID Joint | Proces| Post Dimensio Test loading | essential
type s treatmen ns temperatur capacity
t e parameters
SB4 | BW M a=2*0.5t RT Fa symmetrica
I
SB5 | BW M a=2*0.5t RT Fa symmetrica
| (K-joint)
ST10 | NLC M a=0.5t RT Fa symmetric
X
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Table 6 continueslest plan

ID Joint | Proces| Post Dimensio Test loading | essential
type s treatmen ns temperatur capacity
t e parameters
SX11 | NLC M HIiFIT a=05t RT Fa treatment
X
SX12 | NLC M TIG a=0.5t RT Fa treatment
X
ST13 | NLC M a=0.5t -40 C Fa temperature
X
SX14 | NLC M HIiFIT a=0.5t -40 C Fa temperature
X
SX15 | NLC M TIG a=05t -40 C Fa temperature
X
SX16 | LCX M a=05t RT Fa welds
SX17 | LCX M a=05t -40 C Fa welds
SX18 | LCX M a=05t RT Fa welds
SX19 | LCX M a=05t -40 C Fa welds
Total 12

4.1 Joining process

Gas metal & welding process is widely usenlthe welder as it is eagyto operate and the
desiral output is satisfactory. Thsummarizationntertion is to express a basic concet

gas metal arc welding. It cdre describé as a metal joining process where metal heated up
by the introductionof arc betweenworkpieceand filler material. Gas metal arc welding
process is divided by manual, seatomatic or fully automatic. Gas metal arc welding
process ensus& goodquality level weld andbleto welda high variety of material. The
processd not constrained to material thickness. The process is efficient and capable of

produce low heat input thahaures constanimaterial property(Lincolnelectric2014, p.2.)

The metalvasjoined bythewelding process. Robated MAG (Metal Active Gas)welding

wasused forthe specimesito maintain the heat input, throat thicknessdother factorsin
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everyspecimenthe welding sequence and welding directiegre marked down shown in

figure 12 In appendixll the welding parameterare given.

Figure 12. Welding sequence and welding direction
This sequence and directiovere maintaired to overcome the problem of metallurgical

change, heat input contr@ndother important factors.

4.2 Dimension criteria and anticipated critical area of the spatime

The test rig positiowonsideed asstationaryso some of the dimensistook as constant.
The length of half specimeeptaround 413 mm foall cases. The neck width kefp® mm
andthe fixing width of the specimen wak30 mm.In figure 13 only butt welded jointfor
singleV preparationis shown. The singi¥ preparation or doubl® preparation, air gap
for the butt weldvasdesigredacacording to ISO 9692SFSEN ISO 96921 2013, p. 13)

130

828

00

AN

1

Figure 13. Single V preparation butt weld joint

The testvasobtained to check the static capacity of the material. From the literature research
and experience of trexpertisethe failure can be assumed. In figd&the red circle shows
where the failure can happen. In figu4 and 15 represent the load cgiing andnon-load
carrying joins configuration.The anticipated failurareafor nornload carrying joint isthe
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sameas the buttvelded specimeand for the load carryingint, the failure carhappen in
the weld

Figure 14. Load carrying joint

L__\ i

P '

b -l

Figure 15. Non-load carrying joint

The extended wings in the specimeiesignedfor mantaining certain starting and ending
point for welding. The extended wings further useddting macro graphs and analyze
hardness.
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5 EXPERIMENTAL PROCEDU RE

The tende test is the introduction of pulling dhe material till to the breaking. This test is
done for different purposegDowling 2013 p. 123) In this researchthe purpose was to

analyze the materiand jointstrength in tensioMypically the crossection of the specimen

is eithercircular or rectangulatHere the specimen with rectangular cresstion was used.

Usually, the endoortion of the specimekeers large fa gripping advantagédowling 2013,

p. 123)

5.1Test setup for room temperature

The ensiletest wasperformed for different types of joints. The design and weldwege

done according to the ruleescribé previously. The testsetup is presented figure 16

Prior to testing, the specimen was colored in white and black dots for ARAMIS observation,
however the color is not visible in figure 1@he testrig can introduce 750N force to the

specimen.

Test rig

-~
-

-~

-~

-~
BNy

pe Extens{vveter P

Figure 16. Test setugor room temperature experiment
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Figure 17shows thathe speimen colored inthewhite andthe blackdot for visualization

in ARAMIS.

Figure 17. Prepared specimen before testing

For getting accurate displacemeexiensometer wassed Consequently, the length varies
from 79 mm to 80nm which had a deviation of maximum negative 1 rBuring the test
thestrainrate was changed on threteps. On average 0.02 mm/s from 0 to 9 mm, 0.03mm/s

from 9 to 14 mmand0.04mm/s from 14 to failure of the specimen.

5.2 Test setup ford0 °C temperature.

Some of theexperiment waslonein -40 C temperature. fie test setup is shovim figure
18.

ESRSSSCE Ga-cSS T |

o =4l s

o e—

~

Figure 18 Test setup for40 °C temperature.
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A coolingchamber waattached to maintain thd0 °C temperature. The test rig in this setup
canproduce 200 KN force. An extensometer wastached to get the precidesplacement
value.Likewise the othesetip, the extensometer maintained a length of 80 mm.
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6 FINITE ELEMENT ANALY SIS

For a complex structure under loading condition, it is diffitolanticipate the behavior of

the structureFE (Finite elementmethod is generally used to find the approximate solution

of the problem. Tie concept of the FEhethod relies on convertimgcomplexmodel toa

simple mo d e | t hat 6s why ytdiffieult ®xpeedict by ghes Imethod.o n n
Moreover details computation of the model can gasbetterresult. Typically the method
involves dividing the whole model into small pieces. This pieces named element and each
element is connected by no@@ao2011 p. 3. The element size, numbef elementstypes

of elements and so on depesmthe types of structure and types of analyzing

Thefinite element anlgisis wasdone byFEMAP 12.0software A simplified geometryvas
used inthe analysis In this thesisvork, two types ofweldedjoint wereutilized, butt weld
and fillet weld.The fillet weld is categorized by load carrying jointramload carrying

joint and n thisscopegonly X joint (load carrying or noioad carrying joint) was analyzed.

6.1 Advancenonlinear analysis

Thefinite element analysis waslvance nonlinear static analysis. A function for weld a
base material nonlinearity wdsfined.In FE mode| material nonlinear typeasplastic and
hardening rulewas isotropic. For materig| stress vsstrain function wagefined. In the
function the total elongation for weld was 24 and for the base material total elongation
was 10%. In thisanalysistheloadwas applied asfarcedisplacemenalong with aunction
and the function is time dependent. The models wesiggned byolid element. In models

the Youn@® Modulus,E was200,000MPa and Po,nwvas®eh déds ratio

6.1.1 Finite element analysis for load carrying joint

To designthe loadcarrying joint, hafl of the model was drawn in FEMAP softwar€he
interested area of the model wasld. So comparative refinmeshwasmaintained irwveld
and coarseneshkeptnear the weld area in the direction of loading. In figuéhe meshing

of the loadcarrying joint is shown
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No of element in wled is 15

Through thickness

f el
No of elements 20 element

Figure 19. Load carrying joint meshing
15 elements were used in the welthrough thickness which is globaldirection 20
elements weréept. Coarseelemens were used away fronthe critical area which is in

negativeglobalx-directionaccording to figure &

A symmetryconstraim wasused as th model wadalf of the wholespecimenX symmetry
constraint waspplied on the symmetry plana the model. In figure 2Qhe constraits are
seenln loadcarrying joint constrairs wereapgied in the node. The loading wapplied in

the negativeglobalx-directionas the model needed face tensile loading

e

Loading direction

X symmetry constraint

Figure 20. Applied constraint and loading in load carrying joint
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Figure 21shows the initiatiorof stress concentration at the weld toe and evat at that
moment the applied load on the model is 163 ki peak stresatroducel at weld toeand
weld rootbutthefailure mightnot happenn weldtoe or weld root becausenstran effect
hindered the growthof stress distributiomnd finally failed atweld. Figure 22shows the
stress concentratiofigure 23presents thaigh stresses induced before rupture start

B 8 8 &8 8 B 3 B 8 B 8 ¢

Figure 22 Stress concentration at weld toe and weld mo&E model
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1200,

1125,
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375,
300,
225,
150,

75,

Figure 23. Final situation of the modddefore rupturestart

6.1.2 Finite element analysis for ndoad carrying joint

The nonload carryingoint wasdesigned by utilizing haléf the specimenThe loading and
constraims were as like asthe load carrying jointFor nonload carrying joint, the base
material wasnterestedso refinemesh wasnaintained in the anticipated basetenal area.
Coarseelements were paway from the interesetl area for simplicity. Figure 2ghows the
mesh in the model. 15 elements wdaept in the weld andhtough thickness 20 elements

were maintained. 60 elements w&spt in the interested area of the specimen
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No of elements
T Weld 15 elements =
T

Output Set: Case 20 Time 1 i Through thickness 20 elements
Freebady: 1 ““|“

Figure 24. Nonload carrying joint meshing

Figure25represergthe constrainioadingand stress distributioof themodel. X symmetry
constraint wasapplied in he plane of symmetry and load wagplied inthe global x-
direction Figure 26 shows thhigh streses induced area before rupture start

X symmetry
constaint
in plane

it ”‘"‘“‘!&4.&

"N

Applied
load

300,

225,

50,
direction

75,

Output Set: Case 20 Time 1.

0,
Elemental Contour: Nonlinear Solid Von Mises Stress

Figure 25. Load constraintand stresslistribution in nortload carrying joint
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Output Set: Case 20 Time 1.

Elemental Contour: Nonlinear Solid Von Mises Stress
Freebody: 1

Figure 26. Final situation of the no#ioad carrying jointoefore rupturestart

6.1.3 Finite element analysis for butt weldspecimen

A full model wasused taanalyze the butt weld. So a fixedonstrain wasapplied in oneend
of the model and loading wagpdied in another end. The weld wessigned according to
the macroscopic figure dimensions.obble V groove weld wasdesigned and analyzed.

Figure 27shows the dimensions of the weld measuredh the macro view of the weld

5.88 mm

6.46 mm

151 mm

Figure 27. Butt weld dimension
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Figure 28showsthemeshin the modelRefine mesh was used in the weld and neawtid
area. For simpliciticoarsemesh was usedway from the critical aredn the model 20
elements werenaintainedthrough the thickness-igure 29 shows the loadingpnstraint

and stress distributioapplied in the model.

No of elements \

No of element through thickness 20 No of element
80 20

I 1200,
1125,

Loading direction 1050.

Output Set: Case 20 Time 1.
Elemental Contour: Nonlinear Solid Von Mises Stress

Figure 29. Load,constraintand stress distributioin butt weldedspecimen
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Figure 30depicts thenigh stressreabefore the moddhilure stared The model shows the

failure will happenin the base material.

Figure 30. Final situationof the butt welded moddlefore rupturestart.

6.1.4 Finite element analysis fahe basematerial

To analyze the marial behavior base material was analyzed. A full modelwtisiged as

the butt weld. lgure 31shows the meshing of the base material model

No of elements 40

Through thickness
20 elements
X

Figure 31 Meshing inthe basematerial model
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As thefull model waautilized, the model wasonstrained at one end as fixed and other end

facedload which shows in figure 32

I_ -

181,

Fixed constraint

e
Axial loading

(s

Output Set: Case 20 Time 1.
Elemental Contour: Nonlinear Solid Von Mises Stress

Figure 32 Load,constraintand stress distributioin the basematerial model
Figure 33shows the maximum stress induced area of the base material model.

Output Set: Case 20 Time 1.
Elemental Contour: Nonlinear Solid Von Mises Stress.

Figure 33 Finalsituation of the base material model.
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7 EXPERIMENTAL RESULTS

Welded joint made of Strenx 1100 Plus, along with base material were {Estedtimate,
and yield strength of the respective materiahsasuredy the experimentThe hadness
measurement for each condition vedsoconductedThere werd T joint (norload carrying
joint), 8 X joint (nonrload carrying joint), 4 X joint (loadarrying joint), 2 butt weld joint

and 1 base material tested.

The yield stresssweremeasured according to figure.3emainings p e ¢ | grephs aré

shown inappendixl

1600
1400
1200

1000

800 ST11. T9
——ST11_T9 YIELL

Stress

600
400
200

0
0 0.01 0.02 girain 0.03 0.04 0.05

Figure 34. ST11 T9, yield stress at 0.2%

7.1Hardness measurement

The hardnessf the specimen waseasured according to figuss.
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Butt weld specimen

Non-load carrying joint

Load carrying joint

Figure 35. Hardness measurement

7.1.1 Non-load carrying joint hainess valug

The macro viewof nontload carryingjoint is presented in the following Figures 36 and 37.
Here, the green rectangular box represents the maximum hardness value. -leE@dnon
carrying joint the specimen is measured in 6 different lines. The hardness measurement starts
with the written numbeor alphabet shown in thebove mentionefigures (figure 36 and

37). In this respect, the starting designation is W21, W22, W23, W24, W25, and W26. In

addition, the hardness value is summarizethéntabler.
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Figure 36. Non-load carrying pecimen left sidef thefront view

Figure 37. Non-load carrying specimenight side of the front view

Figure 3840 show the detail hardness distribution for tl@tload carrying joint. These
figures exhibit the portion of the model information. Besilehe remaining figures are
enlisted inappendix,1
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Figure 40. W25 through thicknedsft sideof thefront view
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Table 7 Hardnessvalue of noAoad carrying joint

Position| W21 w22 w23 W24 | Position| W25 | Position| W26
0 369 401 369 390 0 439 0 436
0.5 363 409 360 412 -0.5 439 -0.5 442
1 365 415 362 412 -1 374 -1 377
15 367 248 370 421 -1.5 377 -1.5 395
2 387 395 367 409 -2 387 -2 377
2.5 375 392 377 401 -2.5 379 -2.5 392
3 469 404 449 423 -3 367 -3 374
3.5 426 424 420 424 -3.5 379 -3.5 377
424 432 412 426 -4 381 -4 375
4.5 415 367 424 406 -4.5 379 -4.5 393
5 412 369 415 377 -5 390 -5 374
5.5 409 360 429 382 -5.5 372 -5.5 377
6 409 372 400 367 -6 365 -6 353
6.5 409 367 406 367 -6.5 445
7 414 367 404 370

7.1.2 Load carrying joint hainess valug

For load carrying joint, the starting designatioswre 3B, 3E, 4ja 3C, 4A, 4D. Themacro
view of the load carryingoint specimenis illustrated inthe Figure4l, where the green
rectangular box depicts the maximunrdi@ess value. Table 8 summarizese hardness

value at different positions
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Figure 41 Load carryingoint front view

Figure 4244 show the detail hardness distribution for the load carrying joint. These figures
exhibit the portion of the model information. Besides, the remaining figures are enlisted in

appendix,3

Figure 43. 3Ethrough the weld
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Figure 44. 4ja 3C through the thickness
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Table 8 Hardnessvalue ofload carrying joint

Paosition | 3B | Position | 3E | Position| 4ja3 C | Position | 4A | Position| 4D
0 4110 406 | O 414 0 406 |0 414
0.5 406 | 0.5 412 | -0.5 451 0.5 400 |-1 409
1 397| 15 406 | -1 372 1 426 | -2 420
1.5 412 2.5 414 | -1.5 379 15 406 |-2.5 406
2 4143 414 | -2 382 2 423 | -3 403
2.5 448\ 3.5 414 | -2.5 379 2.5 451 | -3.5 465
3 3874 432 | -3 360 3 365 | -4 382
3.5 382|4.5 379 |-35 364 3.5 360 |-4.5 375
4 3715 367 | -4 360 4 360 |-5 370
4.5 374|5.5 372 |-45 370 4.5 353

-5 367

-5.5 369

-6 370

-6.5 377

-7 461

-7.5 423
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7.1.3 Hardnessvalues of butt welded specimen

Figure 45shows the macro view of butt welded specimen. Thedhassmeasurement
starting designatieareHP1,HP2, HP3, HP4, HP5, HP6. Tabls@mmarizeshe hardness

value.

Figure 45 Butt welded specimen front view
Figure 4648 show the detail hardness distribution for th&t welded specimerirhese
figures exhibit the portion of the model information. Besides, the remaining figures are

enlisted in appendik?2.

Figure 46. HP1 from base metal to the weld



Figure 47. HP2 from weld to the base metal

Figure 48 HP5 through thickness

Table 9 Hardnessvalue ofbutt welded specimen

Position | HP1 HP2 HP3 HP4 Position | HP5 HP6
0 365 415 365 372 0 414 409
0.5 365 415 369 380 -0.5 415 427
1 369 419 371 402 -1 432 424
1.5 382 406 375 401 -1.5 424 430
2 380 429 390 372 -2 360 350
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Table 9contintes Hardnessvalue ofbutt welded specimen

Position | HP1 HP2 HP3 HP4 Position | HP5 HP6
2.5 395 403 387 387 -2.5 362 380
3 420 405 389 386 -3 379 370
3.5 411 417 377 395 -3.5 374 377
4 381 418 387 406 -4 358 372
4.5 412 395 366 372 -4.5 379 376
5 400 378 387 377 -5 390 390
5.5 417 382 370 372 -5.5 395 387
6 395 381 379 360 -6 392 386
6.5 411 380 385 365

7 406 384 382 369

7.20utcomes of base material test

The base material was tensile teste@nalyzehe Strenx 1100 Plus material behavior. The
experimental resultslefine the engineering stress and strain curve and utilizing this
information a true stress and strain curve for this base material can be obtagued.6-i
explains the calculation method fengineering and true stress and strame stress; and

true strin g was calculated according to equations 15 and 16.

S sO e
P 15

)
e |
0

16

From theexperimentthe maximum stress value of the base mateasidl112 MPaFigure

49 shows the engineerirgiressstrainand true stresstrain forthe basematerial.
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Figure 49. Engineering and trugtress straigurves
The failure in the given experimental test is shown in figurérae.failure took placen the

middle of the plateand e failuremodewasductile.

Figure 50. Base material failure

7.30utcomes of an-load carrying joint butt welded specimen and base material

The purpose of the neload carrying joint is to checkhé heat input and cooling rabe
critical failure place and capacity of the specim&he heat input and cooling rates were
calculated acaaling to eqation 12 aneé:quation 13espectivelyTable 10gives information
about the heat input and cooling rate oftberload carrying joints The average heat input
is 0.6kJmm and cooling time is 8. The butt weld which specimedéntifies by ST11 B5

hasthecoolingrate of 13s.
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Table 10Heat input and cooling time

ID Weld ID Heatinput (kJ/mm) Cooling time (s)
According to equation 12 Using equation 13
ST11 T9 1 0.60 8.8
2 0.60 8.7
ST11 X10 1 0.60 8.7
2 0.61 8.9
3 0.60 8.7
4 0.60 8.6
ST11 X11 1 0.61 8.8
2 0.61 8.9
3 0.61 8.9
4 0.60 8.7
ST11 X12 1 0.60 8.6
2 1.1 33.8
3 0.60 8.7
4 1.1 33.1
ST11 T13 1 0.60 8.6
2 0.60 8.6
3 0.60 8.7
4 0.60 8.6
ST11 X14 1 0.60 8.6
2 0.60 8.7
3 0.60 8.7
4 0.60 8.6
ST11 X15 1 0.61 8.9
2 0.60 8.7
3 0.60 8.7
4 0.60 8.7
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Table 10continues Heat input and cooling time

ID Weld ID Heatinput (kJ/mm) Cooling time (s)
According to equation 12 Using equation 13
ST11 X16 1 0.60 8.7
2 0.61 8.8
3 0.60 8.7
4 0.61 8.8
ST11 X17 1 0.60 8.7
2 0.61 8.8
3 0.60 8.7
4 0.60 8.7
ST11_X18 1 0.60 8.6
2 0.60 8.6
3 0.60 8.6
4 0.60 8.6
ST11 X19 1 0.60 8.6
2 0.60 8.6
3 0.60 8.6
4 0.60 8.6
ST11 B5 1 0.74 130
2 0.73 12.9

The failure of the specimensare shown in figure 51 53. The rest of the specimen failure

figures areshown inappendix V. It is a clealty seen that all most afailure occursin the

basematerial wherehe falure angle is approximately 3@r less than 30 Introduced high

heat inputST11 X12specimen also failed itbase material The failure modeof the

experimented platerasductile. Figure 54identifies basanaterial which isdesignatedy

ST11 B5 and the failure modetige sameasother specimen
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Figure 51 ST11_T9

Figure 54. ST11 B5

7.40utcomes of load carrying joint

Four specimens were designedc&dculate the load carrying joint analysis. Two specimens
(ST11 _X18 and ST11 X19 respectively) havingram throat thickness failed to show the
desired result and broke in the base material. The rest of the two specimens (ST11_X20 and
ST11 X21) with havig a 3mm throat thickness showed the desired reskiiggire » shows

the macro view of the specimefrom figure 55 nominal throat thickness is 3.12 mm and

effective throat thicknes(including penetration) is 3rim.
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Figure 55. Throat thicknesmeasure of load carrying joint

In figure 56 and 5&hows the failure mode of the ST11 X20 &Wl1l X21. ST11 X20

experimented ird0 Cand ST11 X21 experiment in room temperature.

Figure 56. Weld failure in ST11_X20Experimental temperaturd0 C
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Figure 57. Weld failure in ST11_X21Experimental temperature Room temperature.
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8 RESULTS EVALUATION A ND COMPARISON

The thesis work focuseah specimens with butt welded-joint, X-joint, base materiads
reference The comparisons of results includadalytical calculation, experimental results
andFEA. It is important to define material ultimate strength which is presknttable 11.
Theyield stress is defined &y.2.

Table 1. Maximum stress and yield stress

Specimenidentification Ultimate stengthMPa | Yield stress at 0.20 MPa
ST11 B4 1147 112
ST11 T9 1115 1069
ST11 X10 1086 1050
ST11 X11 1120 1080
ST11 X12 1121 1088
ST11 X13 1126 1075
ST11 X18 1104 1073
ST11 B5 1173 1123
ST11 _X14 1171 1140
ST11 X15 1153 1113
ST11 X16 1178 1153
ST11 X19 1225 1160
ST11 BM 1143 1112

8.1 Comparison obutt welded specimebasematerial andhonload carrying joint

For butt welded specimebasematerialandnonload carrying joint specimethe analytical
calculation is obtaied by usingthe equatiorll because the failure angle is approximately
30 . However specimen ST11 X12 the analytical calculation is done according to equation

17 as the failur@angle is not 3Q

QDA
g

17
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Wherefy is the tensile strength of the base mateAatomparison among this specimen is

shown in tablel 2.

Table 12. Load bearing capacity of butt welded specimagse material and nodoad

carrying joint

Specimen Experimental Analytical load bearing |  Fres{ Ftheoritical
identification laod bearing capacity (IN)
capacity () Using the equation 11
ST11 B4 550 497 1.1
ST11 T9 535 482 1.1
ST11 X10 521 474 1.0
ST11 X11 537 487 1.1
ST11 X12 538 522 (using equation 17 1.0
ST11 X13 540 485 1.1
ST11 X18 530 484 1.0
ST11_X14 562 514 1.0
ST11 X15 553 502 1.1
ST11 X16 565 520 1.0
ST11 X19 588 523 1.1
ST11 B5 563 506 1.1

The data orforce displacementwas collected from the experimertiere the material
strength is described by thierce displacementurve Figure 58 presers the force

displacement curve for a specimdrhe emaining curves are drawnappendixV.
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Figure 58 Force displacememurve. ST11_X13
The failure happens irthe basematerial for all of these casethe failure agle of the
specimen is about 25hown in figure 59A comparisorbetween the experimental values

with finite element analysis valug shown in figure 60

Figure 59. Failure angle ilbasematerial. ST11 B5
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Figure 60. Experimental and Finite element result

8.2 Comparisorof load carrying joint
A force displacementurveis drawn from experimental value andnfte element analysis.
Figure 61shows the foce and displageentrelation curve and it represents that the results

are following the same pattern.
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250 —@— Experimental data
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200 —o—FE data
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100
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Displacement

Figure 61 Experimental result and Finite element result
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The experimental value and theoretical capacitweld are summarized in the following
table 13. For nominal throat thickness (3.12 mngJdhd bearingapacity is 260 M; where
for effective throat thickrnes (3.7mm), tre load bearingapacity is 30KkN. The calculation
is done using equation no 8. The experimental results shovapaeityare386 KN and 343

kN for -40 °C and room temperature respectively.

Table 13 Load carrying joint, theoretical and pgrimental capacity

Specimen ID Experimental Theoretical capacit{kN) Experimental
environment According to equation 8 capacity
Nominal Effective throat (KN)
throat thicknes=of 3.7
thicknessof mm
3.12 mm
ST11 X20 -40°C 260 307 386
ST11 X21 RT 260 307 Minimum
343

The failure angle of the specimen is measured from the macro view and done raughly.
figure 62 and figure 63wo specimens (namely ST11 X20 and ST11 X21) were examined
in two different temperatures40 °C, and room temperature, respectively) showed that the
failure anglefor ST11 X20 specimen iground71 and for specimen ST11 X21 it is

18 .The failure angle is depicted llye FE model shown indgure 64and the failure angle

is 27 .

Figure 62 ST11 X20, failure angel examined w40 °C temperature
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Sketch Picturel

!

Figure 63. ST11 X21 failure angel examined in room temperature

Figure 64. FE model load carrying joint depicts the failure angle
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9 DISCUSSION

This test program is performed to analy#ee material behavior and wefgerformance
according to Eurocode 3. The material is 8100 Plus and material certificate values are
1112 MPa yield strength and 1188°a ultimate strength. Basically, three types of joints
were tested (namely butt jojnt joint, X joint) with FE analysis, an experimental test. The
study covers the comparison of joint feemance between the analytical, experimental and
FEA results. Slightly undermatching filler materlahion X96 is used for this experimental

test.

Material behavior is analyzed by assessing engineering and true stress and strain curve. A
base material was tested for getting engineering and true-straseurve. An FE analysis

for similar kind of base material is done to validate the used materahpters.

Load carrying joint design by fillet weld type; Jint, is investigated to verify the validation

of the design rules for fillet weld rules presented in Euro@ddne geometryof the weld

is crucial regarding load carrying capacity, whigngas tested at room temperature a4l

C temperature. The ultimate capacity of the load carrying joint is 348ndNmum) at
room temperature and 386 KN &0 C temperature. The results illustrate that the load
carrying capacity determines by the Ewde 3 is adequate. The critical failure plane is
determined by Von Mises theory. A symmetry fillet weld is used for load carrying joint.
From the experimental resufailure angle is either 18(specimen tested at room
temperature) or 71(specimen testedt -40 C temperature) and for FE analy#ig critical
plane locates at 27Two of the load carrying joint design with large throat thickness which
summarized that if the weld capacity is big enough than the base material then it will act as

a nonload arrying joint.

The nonload carrying jointis being analyzed to understand the heat input, cooling rate
effect. The specimens were tested at room temperature as wdD a€. Almost all
specimen results exhibit that the failure occurs in the base alatéh an angle of 30 The
strength of the netoad carrying joint material can vary for fillet weld due to the softening

effect. Slow cooling have softening effect in the material, where high cooling rate causes
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very hard zone near to the fusion line. It is possible that a large throat thickness (also plate
thickness or other joint dimensions) causes slow cooling in HAZ and makes softening in the
material.Usually @nventional steel and most of the high strenggllshows the softening

effect in the HAZ.However, Strenx 1100 Plus did not follow the pattern and has a good
hardness in HAZ. While considering cost effective process it is recommended to keep small
throat thickness as well as to remove the softenifegtstin addition, the heat affectedne
containing the high hardness value is presented by hardness measurement. Furthermore,
hardness value distribution is almost identical to all over that makes Strenx 1100 Plus

material become a sustainable streng#intaining material in different conditions.



64

10 CONCLUSION

Theconclusion derived from the experimental results and other observation is applicable to
the material quenched and tempered Strenx 1RLE& The material exhibits good
weldability and heatfect sustainability that may differ to other ulinggh strength steel.
Although the number of the specimem load carrying joint was rather lgwaowever detail
observation bolstered the conclusion with Eurocode 3 standard in respect that the capacity
of the weld is sufficient. Regarding ndoad carrying joint, sufficient number of specimens
was observed. In conclusion:

1 There is a resemblance in the results obtained from the theoretical, experimental and
finite element analysis.
Eurocode 3 able to defrthe weld capacity for load carrying joint.
Thebase material has good toughness and ultimate capacity.
Hardness distribution is quite smooth in all cases.
There is no significant effect of heat input in the material.

Failure model of the specimenss dutile

= =/ 4 A A -

Except for the load carrying fillet welded joints with throat thickness of 3 mm
specimendail in the base material, follow the von Mises stress theory, except

ST11 X212 follows the maximum stress theory.
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APPENDIXI, 1

Hardress graph of netoad carrying joint

Figure 3 W26 through thickness right sidéthefront view



APPENDIXI, 2

Hardness graph of butt weld

Figure 4 HP3from base metal to the weld

Figure 5 HP4from wed to the base metal



Figure 6 HP6through thickness



APPENDIXI, 3
Hardness graph of load carrying joint
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Figure 7 4A from weld to the base metal

Figure 8 4Dthrough the weld



APPENDIXI, 4

Hardness graph afionload carrying T joint NLCT-HIFIT treatmeni)

Figure 9 1from weld to the base metal

Figure 10 2through thickness



APPENDIXI, 5

Hardness graph afonload carrying T joint ILCT Tig).

Figure12. 2through thickness



APPENDIXII
Determining yield stress at 0.2% from experiment test and maximum stress.
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Figurel. ST11 B4, yield stress at 0.2%
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Figure3. ST11_ X11 yield stress at 0.2%
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Figure4. ST11 X12, yield stress at 0.2%
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Figure7. ST11 X19, yield stress at 0.2%
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