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For automotive industry, distortion introduced by welding of the thin sheet metals could be
problematic in the assembly of auto-body. In addition, fatigue life of the lap-joint panelsadsemced
high strength steels (AHSS) is typically limited by the weldments. Low transfomtamperature
welding (LTTW) consumables are characterized by low martensite start temperaturgerficéion of
martensite forming in the weld. It can efficiently reduce the tensile residual Is¢remsse the volume
expansion associated with the martensitic transformation compensates for the thermal contragion dur
cooling. In this work, a LTTW wire, EH200B, was designed for arc welding of DP980 AHSS thin plates.
Its composition was tailored for electrode weldability optimization. Effects of the LTT& ominveld
microstructure, distortion, residual stresses distribution, and fatigue properties @fjtiiatipanels were
studied in this research, and compared to the conventional ER70S-3 wire. In comparison to the weld
microstructure of complete ferrite using conventional wire, the weldment using LTTW wirstsafs®0
vol.% martensite. Distortion pattern of thin sheets with bead-on-plate (BOP) weldt TisMwire was
opposite from those using conventional wire. Residual stresses in the BOP welded sheetstuging the
types of wires were measured using neutron diffraction method. The mapping results along middle
thickness of the plates shedthat in longitudinal direction, which typically yields a higher stress level
than other directions, LTTW wire welded sheet skdi@wer residual stresses in the weld and HAZ.

Fatigue life of lap joint panels using LTTW wivess almost twice of that using conventional wire.
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CHAPTER 1
,1752'8&7,21

For automotive industry, Gas Metal Arc Welding is an important welding process when there is
requirement of structure strength. With the development of Advanced High Strength Steels (AHSS), the
strength and fatigue life of welded structure using AldSRBase materials also need to be improved with
proper welding wires. Undermatching welds using lower strength welding wire is common &t curr
AHSS welding, while the strength and fatigue life of the welded panels could be decreased. In addition,
welding on thin steel sheets could cause distortion and thus problems with assembly of the auto-body.
Therefore, Low Transformation Temperature Welding(LTTW) consumables which typically haiéslow
temperature and high volume fraction of martensite are studied in this research.

The concept of LTTW consumables could be traced back to Jones and Alberry in 1977. They
found that residual stress of steels was decrease during the FCC to BCC phase transformation and the
lower phase transformation temperature it is, the lower the residuals stresses will be. In 1989aht
adopted the concept and manufactured 10Cr-10Ni LTTW consumables. The consumable increased the
fatigue life of box welds using thick structural steel as base metal by almost three tirpasetbwith
traditional wire. The residual stresses in the LTTW welds were also found to be decréemsedvdre
various studies following their research. Fatigue properties of weld metal or welded pametiftesient
LTTW consumables were found to be increased. Residual stresses of the welded structure were measured
using destructive and not-destructive techniques and simulated with FEA method.

However, the residual stresses being medguwvih traditional method is usually surface residual
stresses. With the advance of neutron science, volume residual stresses could be mapped for large
structures using neutron or synchrotron techniques. However, research on residual stress mamping for t
structures are limited, due to generally large gauge volume of neutron beams.

In addition, the fatigue testing of lap joint panels instead of weld itself has brought more and
more interest for the automotive industry since weld start and end usually affect the litgigf auto-
body. Various research has performed on different grades AHSS steel which showed that the fatigue
properties of lap joint panels were non-sensitive to current AHSS steel grades with conventidingl wel
consumables.

Therefore, in this research, LTTW consumables is compared with commercial wire in terms of

weld microstructure, hardness, distortion, residual stresses and fatigue properties.



CHAPTER 2
/[, 7(5$785( 5(9,(:
2.1 %DVH ODWHULDOV DQG :HOGLQJ &RQVXPDEOHYV

Base materials are thin steel sheets and welding consumables are metal-cored wires or solid
wires.

211 %DVH ODWHUGWBMOV DQG '3 6WHHOV

Low carbon steel containing less than 0.25% carbon are widely used in buildings, pipeline,
bridges and automotive industry. For automotive industry, the need for fuel economy leads to the
necessity to lower the weight and size of vehicles. Therefore, there are various alloyinocasdipg
approaches to develop steels with the improved strength and ductility[1]. Dual-phase(DP) steels are one
of the Advanced High Strength Steels(AHSS). DP steels consist of ferrite and martesrsistrogture
along with possible bainite phase after being directly cooled down to room temperature framticaterc
temperature.

A36 steels are a commonly used structural steel with minimum yield strength of 36 ksi, the
microstructure of which is ferrite.

212 :HOGLQJ RI $+66

For the AHSS steel sheets, Resistance Spot Welding(RSW) process is widely adopted for a lot of
autobody welding. Different welding parameters along with advanced welding processes have been
examined in order to optimize the microstructure and mechanical properties of the weld anggbe
HAZ [2][3][4][5][6][7].

Gas Metal Arc Welding (GMAW) is also an important welding process especially when higher
strength is required for auto-body. For GMAW welding of butt weld or lap joint, both the welding
procedure and the selection of welding consumables are crucial [8].

With the development of AHSS steels, the selection of welding consumables became more
important and necessary. Undermatching is common for AHSS welding which means the welding wire
has lower strength than the base metal. However, the high strength nature of AHSS steels cdtdd be lim
by the welds. For the welding wires with 70ksi nominal strength, the HAZ softening could be the weakest
part for static tensile strength and toughness [9], [10], [11].

Recent A/SP, DOE lightweight materials program [12],[1B}] and others [15], [16], [17] found
that fatigue life of AHSS welds is insensitive to parent metal strength for cutiS® grades steels.

Figure 2.1 showed examples of S-N curves for lap joint welds [15], [18]. Figure 2.2 even showed that the
fatigue life of the lap joint is not sensitive to welding wire strength by comparing thewé@lkisng wire

and the 90ksi welding wire.
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The concept of Low Transformation Temperature Welding(LTTW) consumables was originally
brought up by Jones and Allog{19] in 1977. In their research, residual stresses were simulated with
themo-mechanical process along with mechanical testing data for three differer2 Gt&éds 9CrMo,
and AlSI316, with the microstructure of bainite, martensite and austenite respectively. Ttearesu
summarized in Figure 2.3. For austenitic steel, the residual stresses continuously incregeealing.
However, both the martensitic and bainitic steels, which are categorized as ferritic steels theh, showe

similar patterns of stress accumulation during the cooling period of the simulated thezimaRegidual



stresses are decreased by the phase transformation during cooling. Only when the transformation
completed did the high residual stresses developed. By comparivg ;@ 3 IHUU LW LsFatst WHHOV"™ W|
that lowering the transformation temperature of the welding wire could reduce the atesallitd |
residual stresses in the welded joint.

Based on the principle of using low transformation temperature welding wire to reddcelres
stress in the weld, Ohta &t [20], [21],[22] presented low transformation temperature welding
consumable, 10Cr-10Ni, which has raised great interest in the LTTW research area sifideethen.
LTTW welding consumable they developed not only reduced the tensile residual stresses, but also

induced compressive residual stresses into the weld, and thus improved fatigue life of the weld.
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2.2 &KHPLFDO ,QKRPRIJHQHWLHYVY LQ WKH :HOG
221 (TXLOLEULXP 'LVWULEXWLRQ &RHIILFLHQW DQG OLFURVHJUHJD
According to the equilibrium phase diagram, at certain temperature at which liquid and solid are
both present, the compositional tie line occurs and compositions of the solutes in the liquid andl the sol
are different[23]. The equilibrium distribution coefficientik then defined to represent the solute
redistribution in the solid and the liquid in Figure 2.5.
%
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Local thermodynamic equilibrium exists at the moving solid-liquid interface through diffusion or
convective mixing during solidification. Solutes exchange by short-range diffusive fluctuations beross t
phase boundary in order to maintain equal chemical potentials on both sides of the solidtkgfaice.
There are several theories in order to understand the solute redistribution dudifigag@in. The Scheil
equation, for example, assumes there are complete diffusion in the liquid and no diffusion in the already
formed solid with a constant k throughout solidification. Elements segregations are ahiérom
partitioning between the liquid and solid, in other words, during solidification, no postisalidih
diffusion is considereah this theory. Other theories incorporate solid state diffusion and convection in
the liquid [24]. Figure 2.4 shows an example for a specific steel (C:0.13wt%, Si:0.35wt%, Mn94,52wt
P:0.016wt%, S:0.002wt%) using different models. Qualitatively speaking, since k=0.77, the Mn
segregates to the region where the liquid solidifies the last based on all methods. TrexSatieil
might provide the highest level of segregation into the last region to solidify since chdifakion
happens.

For the case of welding, microsegregation occurs over a long distance, which could be from the
solidification cell core to the solidification cell boundaries. Even for the same @dleznmposition, the
microsegregation and the microstructure of the weld could be considerably different from tinese of
base material. Plane-front solidification model developed for casting could be used for welding
simulation. However, the solidification velocities and the cooling rates of welding are ngheh thian
those of castings, the resultant finer solidification structure could affect theedefgmicrosegregation
significantly. Some researchers have tried to model the microsegregation in welds butetésmpiex
especially when both the solidification and solid-state transformation are considexks 8ral. have
incorporated solid-state diffusion in the Scheil equation and the results actually staSshtil equation
should be more accurate in the modeling of microsegregation [25]. In many alloys systems, the crystalline
solid has a high degree of long-range order compared with liquid, thus may provide less waysefor sol
atoms and impurities to accommodate and the equilibrium distribution coefficient is less than one.
However, there are notable exceptions where the equilibrium distribution coefficimmgasthan one,
for example, when there are strong interactions between the solute atoms and the surrounding lattice
atoms in the solid, or when two elements happen to exhibit complete mutual solid-solubility. In many
cases, varying the alloying content of certain elements could change the partitioning coéfficidatl
to k>1. The Fe-Cr phase diagram [26] is an example. For the system with smaller composition of Cr
(<21.5 at. % or 20 wt. %), the partitioning coefficient is less than one. With higher compositiortiué

partitioning coefficient is larger than one.
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Iron-Chromium Phase Diagram
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In addition to microsegregation, macrosegregation like banding could also occur in the weld
because of thermal fluctuations caused by unstable flow (arc resonance or the Lorentztingcen de
pool). Thermal fluctuations could change the freezing rate of the liquid weld pool sudderiliygdasu
the solid growth rate fluctuations and the sudden change in the solutes concentrations in the solid.
Discussion is focused on elements with k value less than one which means there is higher solute
concentration in the liquid. When the growth rate increases suddenly, the solute conterblial thill
increase accordingly. This is becauseGs, when the local equilibrium is broken, the more concentrated
solute in the liquid tends to be trapped in the suddenly solidified weld metal. Similarly, a sudden decrease
in the growth rate results in a sudden decrease in the solute concentration in thedsaeledimetal.
2.3 6ROLGLILFDWLRQ 6WUXFWXUH DQG :HOG OLFURVWUXFWXUH
231 6ROLGLILFDWLRQ 6WUXFWXUH

For steel, the solid/liquid interface during solidification is hard to maintain plieathle pure
metal does. Solidification modes including planar, cellular, or dendritic can all occur dependieg on t
different welding and solidification conditions. Cooling rate affects the temperature gradiadt G
solidified structure growth rate R. The combined effect of growth rate and temperaturetgradien
morphology and size of solidification microstructure are shown in Figure 2.7.[27].

Solidification modes can also vary within one single weld at different locations. If KolE R R N
[27], he summarized the relationship between the welding speed and the gromthlrae ® ? KvDeve

LV WKH DQJOH EHWZHHQ WKH ZHW&8dmd béStedy®&G DQG WKH QRUPDO



Figure 2.8. The solidification rate R=V at the welding centerline, R=0 at the fusion line as
illustrated in Figure 2.8. For the temperature gradient, since weld pool usually has maledlatpe, the
distance between the maximum pool temperature Tm and the weld boundary temperatlaegér at
the weld centerline than that at the weld fusion boundaryTherefore, the temperature gradient which

is normal to the weld pool at centerling @ smaller than that at the weld fusion boundagy. @/ith
Rc>RrL and G <G, @ﬁ/ A( @A Awhich means the solidification mode of the weld centerline tends
4 ¢

to be at the bottom right of Figure 2.7 and the solidification mode of the weld fusion line tends to be at the
top left of Figure 2.7. Figure 2.10 gives an example of one single weld including four solidification
modes. Notice that not all weld deposit has all four solidification modes.
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2321 &8RQVWLWXWLRQ 'LDJUDPYV

Stainless steels have been developed with the high content of chromium for corrosion resistance.
Many other alloying elements have also been added to stabilize other phases for additional corrosion
resistance or enhanced mechanical properties. Considerable efforts have been made to develop
constitution diagrams which predict the microstructure of the wrought materials or the weld materials
based on chemical compositions.

Olson [28] in 1985 summarized constitution diagrams developed by then to predict weld
microstructure focused on austenitic filler material. Strauss and Maurer [29] developed a nickel-
chromium diagram to predict the microstructure of wrought materials based on the nickel and chromium
content. Scherer, Reidrich and Hoch [30] modified the diagram and the modified Maurer diagram covers
the content range of chromium from 0 to 26 weight percent and nickel from 0 to 25 weight percent with
specific limitations on carbon(0.07-0.13wt.%), silicon(0.23-0.37wt.%) and manganese(0.07-0.17wt.%)
contents. The diagram was able to define regions of austenite, ferrite, martensite, ttutes{tsmpered

martensite and bairm}
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Newell and Fleischmann[31] were the first to define austenite stability at the
austnite/austenite+ferrite boundary as a function of alloy content. Elements including chromium,
molybdenum, mangnese, cabron are asigned different coefficients for the effectivetadslizofegs
austenite compared with nickel. In Equat{aghl ), the square term for elements of chromium and
molybdenum corresponds to the curved boundary for the austenite/austenite+ferrite region on the Maurer
diagram in Figure 2.11. For this equaiton, the chromium compaosition ranges from 14 to 19 weight percent
and nickel composition ranges from 10 to 16 weight percent for this equation.

0 EL—:%M/SESS”' F%éE urrarF %E z
The constitution diagram in Figure 2.11 and the equdtih ) were developed for wrought
steel. With the increased development in welding applications, there has been more development of

similar constitution diagrams for welding.

Elements were grouped to austenite promoters and ferrite promoters in EQ@aidrior
austenite/austenite+ferrite boundary by Field, Bloom and Linnert [32]. The chromium composites rang
from 18 to 21 weight percent and nickel compaosition ranges from 9 to 11 weight percent.

OEE ram Eump EX2%EF55 gy (2.2)

Campbell and Thomas[33] developed the equivalence concept and the Cr =Cr+1.58Mo+2Nb.
Binder, Brown and Franks [34] modified the equation for austenite stability relative to deféa ferr

stability in liner equations without quadratic terms.



Schaeffler [35] combined the equivalence concepts, the equations for the austenite stability, and

the Strauss-Maurer diagram and developed the first Schaeffler diagram in 1947. Austenite promoter

including nickel, manganese, carbon are designated as nickel equivalgriiNithe ferrite promoters

including chromium, molybdenum are designated as chromium equivalgnht{®e original Schaeffler
diagram is shown in Figure 2.12, in which the/INi+0.5Mn+30C, and the Gg=Cr+2.5Si+1.8Mo+2Nb.
The development of the diagram also based on experiments using shielded metal arc welding process, for

which nitrogen was not considered.

Schaeffler also defined the austenite/austenite+ferrite boundary in the Equation based on

experimental dat

KAg?5 0
OBal—F¢

a.

Est

tau

The quadratic term for Gycorresponds to the curvature in the diagram. Notice the heat input and

cooling rate will cause shifts in the solidified microstructure. Later in 1948, Schaefflen{ified the

diagram and the austenite/austenite+ferrite boundary became a straight line. Quantitativerpoédiet

weld metal microstructure especially at the right side for the delta ferrite content wessadd
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In 1949, Schaeffler finalized the Schaeffler diagram [37] which is the diagram we use often
today. The chromium equivalent was modified to be
%NL % IR /K E s E&BNE r atw>

The final Schaeffler diagram was reported to accurately predict the microstructure of 300 series
stainless steel welds within £4% ferrite and quantitatively accurate in predicting ritaraeas

martensite+ferrite microstructures in straight chromium and chromium-molybdenum statekdsvelds.
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Delong and Reid [38] investigated the portion of austenitic stainless steel welds irfl&chaef
diagram and they introduced nitrogen into they; i predict the ferrite percent more accurately. Later in
1973, Long and Delong [39] developed a new diagram in Figure 2.15 using Ferrite Number (FN) instead
of ferrite percent. The FN was adopted for the quantitation of ferrite recommended bggNRddiearch
Council (WRC) based on magnetic measurement, which replaced the ferrite percent determined by
metallographic method which is difficult to obtain for austenitic stainless steel. Roundeastsin
performed by WRC showed ferrite percent values using metallographic method could be 0.6 to 1.6 times
the average ferrite percent. On the other hand, magnetic FN values varied less than +10% am14% fr
the averaged values depending on two different calibration standards.

Siewert et al. [40] proposed a new diagram including expanded the chemical composition range
from 0-18 FN to 0-100FN and included solidification modes of austenitic stainless steel weld. The

diagram is known as WRC-1988 diagram in Figufe.2.
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Later on, several studies included copper addition to thg4i], [42], [43] . In 1992, Kotechi
and Siewert improved the WRC-1988 by including copper in tegwith a coefficient of 0.25 which is
known as WRC-1992 diagram [44]. The WRC-1992 diagram most accurately predicted the FN in the
austenitic and duplex stainless steel welds.

Notice that most of the constitution diagrams above focused on the austenitic stainless steel
welds, for which delta ferrite content was the key concern. Schaeffler diagram also includedtaartens
regions and has also been used especially for dissimilar welds in order to avoid the méotemesiion.

Ferritic and martensitic stainless steel has been widely used over the past two decades. The
corresponding welding consumables were developed and need of the constitution diagrams leads to some
research in order to accurately predict the microstructure of these steel welds.

Balmforth and Lippold [45], [46] focused on the ferritic-martensitic region and used button
melting technique to create a wide range of compositions by mixing different stainless steel

Table 2.1 presented the compositions of the stainless steels used for mixture indiesir Bhey
accurately separated the fully martensitic and fully ferritic boundaries from theoaituent region.

Figure 2.17 is the constitution diagram the developed, which covered the composition range of chromium
from 11 to 30 wt % and nickel from 0.1 to 3.0 wt %. The coefficients of elements fordfen@Miq

formulae are determined using linear regression techniques to achieve nonparallel and non-equispaced
iso-ferrite lines.



7TDEOH &KHPLFDO FRPSRVLWLRQV RI WKH PDWHULDOWXVHG IRL

Composition, wt-%

Alloy C Mn Si Cr Ni P S Al Mo Cu Nb Ti N
Ferrite Stainless Steels
409 0.018 0.28 0.49 11.54 0.14 0.023 0.001 — — — 0.18 —
444 0.02 0.36 023 17.85 0.37 0.031 0.001 — 1.92 — 0.33 0.33 0.019
430-A 0.046 0.45 0.38 16.48 0.27 0.026 0.003 0.005 0.09 0.08 — 0.003 0.046
430-B 0.036 0.47 0.31 16.1 0.1 — — — 0.02 0.08 — — 0.035
430-C 0.04 0.44 0.42 16.6 0.21 0.024 0.001 0.003 0.17 0.08 0.017 — 0.035
439-A 0.02 0.3 0.4 17.89 0.2 — — — 0.04 0.07 0.48 0.41 —
439-B 0.012 0.27 0.28 17.32 0.32 0.031 0.001 0.064 0.039 0.074 0.01 0.33 0.012
409Ni 0.01 0.64 0.36 10.99 0.8 0.023 0.001 0.049 0.027 0.074 0.01 0.19 0.008
405 0.019 0.46 0.76 13.21 017 0.019 — 0.23 0.13 0.05 0.007 0.002 0.002
Martensitic Stainless Steels
403-A 0.11 0.37 0.35 12.38 0.28 0.015 0.004 0.003 0.069 0.099 0.008 0.002 0.028
403-B 0.089 0.65 0.33 12.15 0.32 0.019 0.002 0.003 0.036 0.08 0.003 0.002 0.029
410 0.106 0.38 0.37 12.52 0.23 0.022 0.025 — 0.02 — — — 0.053
410Cb 0.122 0.24 0.29 12.0 0.17 0.023 0.007 — 0.03 0.09 0.174 0.002 0.008
410K 0.1 0.6 0.5 16.7 2.1 0.01 0.01 — 1.0 — — — —
HT9 0.22 0.52 0.38 1.3 0.5 0.019 0.006 — 0.85 — — 0.27
ccs 0.024 0.46 0.48 8.13 0.22 0.012 0.004 — 0.31 0.04 — — 0.018
13Cr 0.031 0.389 0.155  12.88 3.96 0.012 0.002 — 1.01 — — — 0.02
Other Materials
Fe 0.02 0.32 0.01 — — 0.01 0.013 — — — — — —
A36 0.088 0.627 0.236 — — 0.005 0.025 — — — — — —
304L 0.023 1.79 0.58 18.12 8.09 0.023 0.006 — — — — — 0.069
312 0.05 1.75 0.51 30.4 8.36 0.021 0.002 — 0.01 0.04 — — —
2205 0.014 1.46 0.48 22.16 5.64 0.028 0.001 — 3.04 — — — 0.18
21-6-9 0.067 8.31 0.29 20.16 7.03 0.017 0.003 0.018 0.22 0.072 0.001 0.002 0.197
7TDEOH 'LITHUHQW FKURPLXP DQG QLFNHO HTXLYDOHQW IRUPXOD
Source Year | Creq, wt% Nieq, wt%
Schaeffler 1949 | Cr+Mo+1.5Si+0.5Nb Ni+0.5Mn+30C
Delong et al. 1956 | Cr+Mo+1.5Si+0.5Nb Ni+0.5Mn+30C+30N
Kaltenhauser 1971 | Cr+6Si+8Ti+4Mo+2Al 40(C+N)+2Mn+4Ni
WRC-1992 1992 | Cr+Mo+0.7Nb Ni+35C+20N+0.25Cu

Balmforth and Lippold 2000 | Cr+2Mo+10(Al+Ti) Ni+35C+20N
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Cr + 2Mo + 10(Al + Ti)
JLIXUH 1HZ IHUULWLF PDUWHQVLWLF VWDLQHMWHQ GWE HJ HAR OV

,Q .RWHFNLTV I|[49) YoWarsfar WdupkVrdr@&nsite boundary from Schaeffer
diagram to WRC-1992 diagram, he proposed four possible boundaries considering the difference in the
definition of Ceqand Niq. However, his extensive experimental work ended up with a thin martensite
boundary which none of the four calculated boundaries match. To the upper and right part of the
boundary, no martensite would exist in the as welded sample and the weld metal would pass the 2T bend
test. In his research, the stainless steels contained 1 weight percent of manganese. Later ofs(otecki
published the martensite boundaries for 1%, 4% and 10% Mn. Both magnetic measurements and ASME-
type longitudinal face bend tests were performed which satisfies both metallurgist anémn@imee
both martensite and ferrite are ferro-magnetic, it is hard to quantitatively separate tegiremsierrite.
Predictive FN values from WRC-1992 diagram were used as the baseline for comparison. When the
measured FN values were at the left of OFN line, the magnetic response was due to martensite. When the
measured FN values were higher than the predicted FN values, both martensite and ferrite existed. When
the measured FN values were considerably lower than the predicted FN values, probably only ferrite
existed. The samples that passed the 2T bend test means there were no martensite before bending and the
ones that cracked had martensite in the weld microstructure before the test.
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Karlsson et. al[51] presented a constitution diagram for solidification mode and micturstiru
constituents when developing welding consumables for supermartensitic stainless steel. Notice the

chemical composition of nickel ranged from 4.5 to 7 weight percent.

Nigq(cu=40(C+N)+2Mn+4Ni+Cu
3

102-
5¢
0 5 10 T 20 25 30
Cr,q=Cr+6Si+8Ti+4Mo+4Nb+2Al
JLIXUH &ERQVWLWXWLRQ GLDJUDP IRU VXSHUPDUWHQVLWLF ZHO

VROLGLILFDWLRQ PRGH DQG PLFURVWUXFWXUDO FRXOWMVKXIHQWV
UHWDLQHG DXVWHQLWH DW WZR GLIIHUHQW FDUERQ OHYHOV > @

7TDEOH &KHPLFDO FRPSRVLWLRQ ZW RI VWHHOV DQG ZHOG PF

Weld/steel C Nppm) | Si Mn Cr Ni Mo Cu O (ppm)
Steel:

Plate: 12Cr 4.5Ni 1.5Mo 0.5Cu | 0.023 112 0.19 1.96 115 4.5 13 0.48 51
Pipe: 12Cr 6.5Ni 2.5Mo 0Cu 0.010 87 0.17 0.50 123 6.6 2.5 0.02 63
Plate: 12Cr 6.5Ni 2.5Mo 0.5Cu | 0.020 130 0.10 1.76 124 6.5 23 0.49 110
Weld:

MIG/TIG-1.5Mo 0.017 80 0.63 1.32 124 6.7 15 0.55 230
TIG/MIG-25Mo 0.012 90 0.33 197 125 7.0 23 0.50 270
SAW-2.5Mo 0.008 220 0.35 178 126 6.9 24 0.50 670
TIG/MIG-2.5Mo-pipe 0.009 135 031 2.0 125 7.0 22 0.44 284

The constitution diagrams above are developed for popular stainless steels, which contains high
chromium in order to maintain stainless. However, for LTTW welds which may not be as stainless and
have different ranges of chemical compositions, the predictive diagrams may or may not work lvery wel
2322 7TKHUPR &DOF 6LPXODWLRQV

For specific alloy systems like the welding consumable in this research, simulation work based on

thermodynamics could be performed using Thermo-Calc software. Equalibrium phase diagenass w



scheil simulation could be performed. Notice the Thermo-Calc does not include kinetesafttrare,
so the Thermo-calc results should be used only as reference.
2.4 'LVWRUWLRQ DQG 5HVLGXDO 6WUHVYV &RQWURO IRU :HOGHG 6W
Distortion for welded structure could be a big problem, especially for thin gauge autortextive s
sheets. Large pipes or parts that are welded could also suffer from the distortion caused by welding.
Proper control of residual stress could mitigate structure distortion since theyeatly delated to each
other. Tensile residual stress coalgjregate crack initiation and decrease fatigue life.
241 *HQHUDO 5HVLGXDO 6WUHVV '"HYHORSPHQW 'XULQJ :HOGLQJ 3L
During welding process, the weld metal and the far away base metal experience different thermal
history. Therefore, thermal strains are produced and the elastic strains of which residiLial Istresses.
Since residual stresses are defined as the stresses that exist after extesraldomaoved, the
resultant force produced by the residual stresses must vanish:
i € @ # Lon any plane section
Figure 2.21 presents a typical distribution of residual stresses along the longitudictébmiat a

cross section area of a butt weld. Masubuchi and Martin [52] described the longitudinal résdsél s
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242 OHDVXUHPHQW RI 5HVLGXDO 6WUHVVHV

Residual stresses can be measured with destructive or non-destructive methods [55]. Bestructiv
or semi-destructive methods include Ring-core method, hole drilling method, deep hole drilling method,
contour method and so on. Nondestructive methods include X-ray diffraction, synchrotron diffraction,
neutron diffraction, and ultrasonic method.

Diffraction methods, such as X-ray diffraction, synchrotron diffraction and neutron diffiacti
are based on interplanar spacing change for strain measurén@@ +RRNfV ODZ WUDQVIRUPDW
FDOFXODWLRQ 1RWLFH WKDW RQO\ WKH OL@HKDW W DRY WVEIQW \<\R K E
Modulus( DQG SRUDVWURIDJIJTY ODZ LV WKH SULQFLSOH IRU WKH VWUD
diffraction method is one of the most widely used techniques for measuring residual stressifificsci
research purpose. Compared to X-ray or synchrotron diffraction, neutron diffraction method could
measure volume instead of surface residual stress in all three dimensions by measurimg six stra
components or three principal strains at the point of interest.

The High Flux Isotope Reactor(HFIR) at Oak Ridge National Laboratory(ORNL) [56] operates at
85MW, which provides one of the highest steady-state neutron fluxes of any research réaetooitd.
The HB-2B Neutron Residual Stress Mapping Facility (NRSF2) [5Y] RQH RI +),51V EHDPOLQHYV

optimized for strain measurement and residual stress mapping in engineering materials.
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In order to investigate the effect of filler metal transformation tempergfrom austenite to
acicular ferrie) on the residual stresses, Murakawa et al. [58] use a finite element modelilatesitine
residual stress distribution. The simulation results were compared with experimental resuks! dtuten
conventional weld as well as LTTW on DH-36 steel plates using neutron diffractiensimulation
residual stress results of the CW agree well with the experimental reshtithithe longitudinal and the
transverse direction, while the simulation results of the LTTW only mattte measured data in the
longitudinal direction. Their results showed that tensile stress in thasaneddsed by thermal contraction,
which can be balanced by the compressive stress generated from the strain changghdseng
transformation. In addition, they found that, when phase transformation tempeshtbe filler metal is
lower than 400 °C, a net compressive stress will be obtained. Howeveg iénepEratureshould not lower
than 150°C, when the compressive stress becomes saturated.

Alghamdi and Liu [59] investigated the residual stress of LTTW consumables, eyndlto
developed a model to predict the compressive residual stresses caused by phaseat@amsfeour LTTW
wires (SO-200A, SO-220B, SO-350A, and SOBpWere developed in their study, and a conventional
wire (ER70S-3) was selected as a reference. Four sets of welding experireadteon-plate, V-grooved
butt, multipass weld pads, and double-sided single pass fillet welds, were conducted onAB6TM
structural steel plates using semiautomatic gas metal welding. Qistmatiults, mechanical properties, and
martensite start transformation temperature were obtained from these expervimratsier, Sysweld
based finite element method was used to estimate the effects of diffemenbwresidual stress generation.
Their results showed that the newly developed LTTW consumables were able to betitrolweld
distortion compared to the conventional welding wire (ER70S-3). They also foundhehetirhulative
distortion can be strongly affected by the Ms temperature and the alloying elmngait in the wire if
the welding parameters and structure are the same. Furthermore, welds made witht&tiatsof similar
Ms temperature exhibited different cumulative distortion and compressive residualsstiregisating Ms
was not the only factor that affect distortion and residual stress. Alloyeste@r, is more effective to
introduce compressive residual stresses around the weld toe than Ni for wireganfMstemperature.
Sysweld simulation of strain agreed well with the measured resultdatdrdetric testing. In addition,
tensile residual stresses can be reversed to compressive residual stress autempesand and below
the Ms temperature when the fraction of martensitic phase increase with timky, Bieglpointed out that
leaner and more economical welding wires can be designed to obtain enough commsidsiakstresses
in welded structures.

Kannengiesser et al. [60] investigated the residual stress distributiolesv itransformation

temperature welding materials using high energy synchrotron radiation, an@shés revealed that LLT



materials used in their study (C,0.04 wt.%, Ni (8-12 wt.%), Cr 10wt.%, Mn 0.7%, and Si 0.4ret &b)e
to generate compressive residual stresses in the weld as well as in theTHAZighest compressive
residual stress (-350 MPis found at the boundary between the HZA and the weld. Furthermore, the
distribution of residual stress is found to be largely affected by the Mgetatare and content of the filling
material. The residual stress is obtained to be about 300 MP in both the lovadiami the transverse
direction of the filling material of lower Ms-temperature.

Chen et b [61] investigated the residual stress of LTTW wires developed by their research group.
The martensite phase transformation start temperature for the two wires aed1P8p. Three types of
welds were prepared using LTTW wires (two types) and a conventional wigegas tungsten arc welding.
Base material for the welds is high strength steel Q690E, and the weld pesoaa angle of 6@nd the
root gap is 2mm. The plates were welded in two passes. The Mathar-Soete hole-drilling technigdes is us
to measure the residual stress of the weld. Based on their results;ampegssive residual stress was
observed in the weld prepared by the LTTW filler metal, and the maximum essiyg residual stress for
the two LLT weld is 311 and 513 MPa respectively. While, a maximum tensile stresMEzgQvas
measured in the weld of the conventional filler metal. The results of miscas show that the fraction
of retained austenite is 3.8% and 5.1% in the welds made with LTT1 and LTT2 fital. tm addition,
more retained austenite is observed in the final pass than in the root pag$\Wéffiller welds, and the
possible reason is the tempering effect of the final pass on the previous pass.

Ramjaun et al. [62]investigated the surface residual stresses of multipdssisweg LTTW wires.
In their research, three multipass welds were prepared from two LTif&¥ (LTT-1 and LTT-2) and a
conventional wire using gas shield metal arc welding. The size of the baseata&00x150%x15 mm,
machined with a 608 mm deep¥ “groove along the long direction. The preheat temperature of the plate
is 5°C, and the interpass temperature is 100-125Two techniques, neutron diffraction and X-ray
diffraction, were adopted to measure the residual stress of the weld suredesashe bulk. Both neutron
and X-ray diffraction confirms the presence of compressive longitudinal residesdes at the surface
layers of the weld prepared using LTTW wires. In addition, compressive resiésakestwere observed at
the fusion boundary. While tensile longitudinal stresses were observed at fusioiatyoof welds obtained
from conventional wire. Furthermore, a singular capping pass was made using\&hfill&f, in which
compressive longitudinal stress is found near the surface. But the stress progietierfusion boundary
for the singular capping pass weld was similar to that of the conventional weld.
2.5 J)DWLIJXH &RQWURO RI :HOGHG 6WUXFWXUH
251 B5HVLGXDO 6WUHVVHYV DQG )DWLJXH &RQWURO OHWKRGV

Fatigue life of welded joints is critical for the total life of automolhicles. Both high tensile

residual stregsin the weld and the stress concentrafamtors of different weld geometries could reduce



fatigue life of welded structures [63]. Tensile residual stresses in tdecangld reduce the fatigue crack
initiation resistance, increase the fatigue growth rate and decrease itjue fianit of the welded
components [64].

Fatigue studies of AHSS has been reviewed in Section 2.1.2. In the welds ofréangjthssteel,
jointsat highly stressed locations are usually avoided to obtain good overall fatiguenaerde. However,
if welding at highly stress areas is necessary, the following nmesasue usually taken [6%p7]: 1)
improvement of the structural design to reduce stress concentration; 2)ghdsteatments of critical
welds. For example, improving the weld geometry by TIG-dress, grinding to rédustedss concentration
factor, locally deforming the surface (shot peening or hamgetinintroduce compressive stresses, or
implying post-weld heat treatment to relieve the residual stresses; 3) iRgplae welding joints by
mechanical jointing methods like bolting. However, all the methods above arartineost consuming
even though they can increase the fatigue life of the welded component
252 (II1HFW RI /77: &RQVXPDEOHV RQ )DWLJXH /LIH ,PSURYHPHQW

LTTW consumables have been reported to effegtiimprove the fatigue strength of highly
stressed welding components. It has been found that the low mérteasgformation temperature allows
the volume expansion caused by the phase transformation (martensite transfotmaionpensate for
the accumulated tensile stress.

Ohta et al. [68] first reported that 10Cr-10Ni LTTW consumable doubled tigedastrength of
box welds on 20mm thick JIS SM490 steel plate. Ohta et al. [21]sfédied the effect of LTTW wire on
fatigue strength of lap welded joints. In their research, two conventional WMiteS;63B and MGS-80,
along with one LTTW wire (10Cr-10Ni) were used. Two types of steels withi¢ta strengtiof 540MPa
and 780 MPa were selected as base material (2mm thick). The lap-welded joérmtsaderusing shielding
gas of 80% Ar and 20% CQOT he four-point bending method was used to perform the fatigue test, and the
stress ratio at the weld toe is zero. In order to record the pragtessfatigue cracking in some specimens,
a two-step programmed load sequence was applied. In the load sequence, the maximum $teegs was
constant, but the amplitude of thd sUHVY ZLOO VKLIW IURP 01 WR 01 DQG WKH F
keep constant. Their research revealed that the fatigue strength of welded jomtd.tiswire increased
60% compared with that of the conventional welds in the long-life regime. The drainhaprovement
can be explained by the appearance of compressive residual stress introduced by LdsI\Mavigover,
the greatest improvement in fatigue performance was observed in the higher stregigittatt using
LTTW wires. However, the welded joints using the conventional wire have the same fatigudgs éqper
both steels. Finally, they found that for LTTW joints, only 30% of the |éis spent propagating a crack at
the weld toe, while the value for the conventional welds is 90%. Based oreshis they make the

conclusion that compressive residual stress is able to delay fatigue crack growth.
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Darcis et al.[70] investigated the fatigue strength of cruciform filldtled joint. In their research,
non-load-carrying cruciform welded joints using gas metal arc welding (GMAW) methedase metal
selected for the fatigue testing sample is commercial DH36 grade steel pkhghasilding applications.
Three designed LTTW wires, A6, B5, and C5, and one commercial ER70S-3 wire werkxieddading
fatigue tests were performed using a fatigue test metag: (1), in which the maximum stress will keep
constant and equal to the yield strength of the base steel, while the minimum stnges fftan one test
to another. Base on their research, the fatigue lives of the designed wir&b(A&h) are at least three
times longer than the ER70S-3 commercial wires, and four times longer than tieatle$ign mean curve.
This improvement was attributed to the compressive residual stresses irettierdiperpendicular to the
weld, which reduced the mean stress applied in the fatigue testing and phigludatigue strengths.
Furthermore, for the wire of the highest fatigue strength (C5), the cratieiin the middle of the weld
rather than at the weld toe, indicating this wire redistributes theraotstin the weld area and the
compressive stress induced by this wire compensates for the constraint effect of stress comegntrat
weld toe. Their results also show that leaner alloyed wires (without too much Ni and Cr elengeaks) ar
able to achieve high fatigue strength.

Bhatti et al. [71] investigated the fatigue strength of longitudinéiesgr fillet welded joints
fabricated using two types of newly developed LTTW filler wires and a conventigrgal Two types of

steels with minimum yield strength of 700 MP and 960 MP are used for the parent materials of the welded



joints. The fatigue tests in their research are performed at constant amfaédohg (CAL) and variable
amplitude loading (VAL). For CAL tests, the stress ratios, R, were setasd(5, and the corresponding
maximum stress level is 388.8MPa and 700 MPa, respectively. The VAL tests adoptedaanpdituales,
but the mean stress for VAL tests equal to zero. Their research showsethatvly developed LTTW
wires are able to effectively reduced the tensile residual stress near thmevarea of the longitudinal
stiffener joints, and the residual stress distribution on S960MC sample are thelsamddition, an
significant increase in the fatigue strength is observed when specimensegiatt&=0.1 with low nominal
stress levels. However, when stress ratio, R, increases to 0.5, no improvementerstediggth is observed.
They also stated that the difference in the mean fatigue strength tested usi(l=<0/4) and VAL can be
attributed to the difference of mean stress effects.

Harati et al. [72] reported their research results of effects of residesdas and weld toe geometry
on fatigue life of cruciform welds. In their research the cruciforided joints were prepared using Gas
Metal Arc Welding method and the shielding gas is Ar+2%d®0e base material for the welded joints is
a high strength steel with yield strength of 817 MPa. Two types of filkgemals, a LTTW wire and a
commercial high strength wire (OK Tubrod 14.03) wire, were used in their researchsirgp¢hpass and
double pass welds were prepared for the two types of wires mentioned above. Jue tidt was
performed under a constant amplitude sinusoidal tensile load in the longitudinal dir€hgasiress ratio
is 0.1 and the frequency of the tests is 29-40 Hz. Their results showed that thestatiggth of welds
prepared using LTTW wires was 58% higher for Bapss welds and 76% higher for the double-pass
welds than that of the corresponding welds made with conventional filler atsitefhe significant
improvement in fatigue life was found to relate to the low stress levels atetbeoe of LTTW welds.
Moreover, they measured the radius and angle of weld toe. Based on the measuredegdolimd that,
when the weld toe radius increases from 1.4 mm to 2.6 mm, the fatigue strengthwafldheusing
conventional consumables will increase the same amount caused by residuahatrgesof 15% at the
300 MPa stress level. Finally, they made the conclusion that residual stragsdtar influence on fatigue
strength than weld toe geometry for cruciform welds.

The fatigue performance of LTTW on stainless steel was investigated by adu[73]. In their
research, three types of no-load welded joints, a cruciform 304L stainlessvetded joints, a 308L
stainless welding wire dressing joints, and a LTTW dressing joints, were prepared for the fatiJiee test.
stress ratio adopted in the fatigue test is 0.1, and the frequency of tiselte3t120 Hz. Under the test
condition, the fatigue strengths of LTTW dressing joints at 2>cy@les increase about 8 and 8%
respectively compared with that of the as welded 304L joints and 308L dressisg Mdareover, the
fatigue life of LTTW dressing joints (2x2@ycles) is 14-23 times and 3-6 times higher than that of as
welded 304L joints and 308L dressing joints. The mechanism of the fatigue improvieroeght by



LTTW dressing method was classified into two parts. Firstly, the average sttbssvedld toes surface
layer can be effectively reduced by the compressive stress introduced by LTTW dFfassheymore, the

angle of weld toe is between 20 and 25° for the case of weld toe dressing jbiclsisnmuch smaller than
the value of as welded joints (30-45°). In order to evaluate the different stresntration effect caused

by weld toe profiles, stress concentration factBkswas measured, which can be calculated from Tsuji

formula as:
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As can be seen, when the value ofthe angle of weld toe, decrease, the final valu& @fill also

decrease. In other words, the final stress concentration of the weld toe dressing joints wiltdd, tedu

253 7HVWLQJ OHWKRGV RI )DWLJXH 3URSHUWLHV IRU $XWRPRWLYH
Different types of lap joints including longitudinal fillet welds, transvditket welds and

combined longitudinal and transverse fillet welds require different types of fatiguegtdsgure 2.24

shows several sample geometries generally used for the transverse fillet welds in automatime indu
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CHAPTER 3
(;3(5,0(17%/ 352&('85¢(
3.1 'HOGLQJ &RQVXPDEOHYV

Former colleagues designed LTTW wires with different alloying elements and performed
microstructural characterization, residual stress analysis using X-ray diffraction andnfiigatisin,
fatigue testing of cruciform specimens, and distortion angle measurement for diffesieme$lsibase
matals [59], [70], [75}82]. EH200B wire was one of the designed LTTW wires which has not been
studied before. The Eichelmann and Hull equation[83] was used to calculated the martensite star
temperature, which is 200 °C. B in comparison with A means high chromium content.

The welding consumables studied in this research focused on metal-cored EH200B wire and solid
ER70S-3 wirefor the study of distortion, microstructure, hardness, residual stress and fatigue gsoperti
EH200B-SiL and EH200B-SiH wires which includes 0.004 wt. % and 0.83 wt. % silicon were also
studied for better electrode weldability compared with original EH200B wire. The chemnspositions
of the three LTTW welding consumables along with the commercial ER70S-3 wires are listed in

Table 3.1. The Chromium Equivalent¢grand Nickel Equivalent(Ni) were calculated using
equations [59]:

Cre=Cr+Mo+1.5Si+0.5Nb

Nie=Ni+0.5Mn+30C

Ms temperature was calculated using Eichelmann & Hull equation (1953) [83]:

Ms(°C)=1305-41.7Cr-61.1Ni-33.3Mn-27.8Si-1667(C+N)

7TDEOH &KHPLFDO FRPSRVLWLRQV R&WKGIGHIEHAOQ W FIDVOK X O DK
OV WHPSHUDWXUH

wt. % C Mn | Cr | Ni Si Mo Ti Creq | Nieg | Ms-EH

ER70S-3 0.09 1.02 0.05 0.03 0.41 | <0.01 <0.01 0.7 | 3.2 | 1105.7

EH200B 01 2 9 8 01 025 0.01 94 120 199.8

EH200B-SiL 1 0.14 1 1.92/ 89 7.9 0.004 0.25 0.009 9.2 13.1 147.1
EH200B-SiH | 0.12 2.4 9 83 0.83 035 0.027 10.6 13.1 111.2

3.2 ‘HOGLQJ URFHVY DQG 3DUDPHWHUYV
321 %HDG RQ 3ODWH :HOGLQJ
Gas Metal Arc Welding process was used for all welds. The power source used was Miller

Axcess 450, semi-automatic welding travel system was used. The shielding gas used was 15% CO2 with



balanced Ar with the gas flow rate of 20-25 CFH. For all BOP welding, the welding torch had a 15° travel
angle.

BOP welding with508mm x 203mm x 1.6im A36 steel sheets using both metal-cored EH200B
wire and solid ER70S-3 wire was performed using both Regulated Metal Depositi®) (Rdtess
originally, with ITW-Miller Axcess 450 power source.

Metal-cored wire usually needs more heat to melt, but with high heat input, the thin sheets will
easily melt through. Therefore the RMD [84] welding process was used to precisely contrettieaél
waveform during the short-circuiting process and thus provides less heat input to the workpiece, allowing
larger diameter wire on thin gauge materials.[85] The parameters optimization o$tibwe c
manufactured EH200B was not straightforward because the EH200B wire had relatively bad electrode
weldability and the weld width and consistency were hard to control. Large droplets came out of the wire
during the welding even with low heat input and RMD process. After optimization, the welding
parameters in Table 3.2 were used for welding with one continuous weld, two intermitegshanefour
intermittent welds. The heat input for the BOP weld using EH200B wire was selected asl¢tiagtor
the weld using ER70S-3 wire. The current and voltage values were read from the displayed screen from
the power source, which were approximate values. The welded sheets using EH200B and ER70S-3 wires
were compared for distortion patterns.

The employment of RMD process in this research may not have been necessary. Firstly, RMD
process is most effective for short circuit metal transfer mode which requires small enougts avibipl
low current and voltage. However, short circuit transfer mode is hard to achieve for the metal-cored
EH200B wire, thus the benefit of RMD process could not be addressed. Secondly, regular MIG process
uses parameters of voltage and wire feeding speed, which could be easily understood and controlled for
optimizing the parameters for lap joint welding. Therefore, RMD process was used only to clzachcteri
the difference in distortion patterns. For all the following BOP welding and lap joidingeregular
MIG process was employed.
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J)LIXUH %23 ZHOGV XVLQJ (+ % ZLUH DQG (5 6 ZLUH IRU RQH

DQG IRXU LQWHUPLWWHQW ZHOGV XVLQJ 50' SURFHVV %DVH PHWD
VKHHW

7TDEOH ‘HOGLQJ SDUDPHWHUYV IRU (5 6 DQG (+ % ZLUH ZHOGV
PP i PP i PP $ VWHHO VKHHW
) ] ] ) Heat Input
Wire Arc Adjust | WFS (ipm) | Travel Speed (ipm| Current(A) | Voltage (V)
(J/mm)
ER70S-3| 20 120 14.3 92 14 25.4
EH200B | 20 100 14.3 82 14.8 28.7

Large welded sheet with 2mm thickness was MIG welded for residual stresses measurement,
since lap joint panels would use 2mm thick sheets. The sheet dimension is 508mm x 203mm x 2mm with
one continuous weld using both EH200B and ER70S-3 wasskown in Figure 3.2 and the welding
parameters are listed in Table 3.3.

BOP welding using 150 mm x 100 mm x 2 mm A36 sheets was also performed, to better

characterize the microstructure and distortion. Welding parameters are shown in Table 3.4.



o seras i

JLIXUH ‘HOGHG VKHHWYV ZLWK RQH FRQWLQXRXV %23 ZHOG XVLQ
%DVH PHWDO LV PP 1 PP1T PP$ VWHHO VKHHW

7DEOH 'HOGLQJ SDUDPHWHUV RI %23 ZHOGLQJ IRU UHVLGXDO VW
PP 1 PP$ VWHHO VKHHW

Welding WirgSet Voltage(MWFS (ipm|Voltage (V]Current (A[Travel Speed (iprHeat Input(J/mn
EH200B 23 260 23.4 194 34.8 308.15
ER70S-3 18 180 18.4 171 40.4 183.97
7TDEOH :HOGLQJ SDUDPHWHUV IRU %23 ZHOGV XVLQJ (+ % DQG (
PP1T PP$ VWHHO VKHHW
_ WEFS Travel Heat
Wire Set Voltage(V)| Voltage (V)Current (A _
(ipm) Speed(ipn Input(J/mm
ER70S-3 23 260 23.5 345 38.3 500.0
EH200B 23 260 23.5 308 34.8 491.3

322 /DS -RLQW :HOGLQJ

Lap joints are important since one major goal of this project is to improve the fategaklép
joint panels with the geometry shown in Figure 3.4 using 2mm thick DP980 sheets. In order to weld the
specific lap joint which has the required geometry for fatigue testing, a worktable as \welspgific
fixture shown in Figure 3.3 (a) and (b) were designed and manufactured in the lab, the weddihgdor
a 15°-17° travel angel and a 33° work angle. As shown in Figure 3.3, the work angel and the position of
the welding torch are crucial to the weld bead morphology due to the thin thickness of the base metal.
Also, the welding wire diameter was 0.045 inch instead of the ideal 0.035 inch, which left a small window
of optimal parameters. The welding parameters optimization of the lap joint panels wsesifoa the
metal-cored EH200B wire. When the wire was too close to the top piece of the plate, a relatjgely lar
portion of the top piece would melt and there would be a high reinforcement and a small wetting angle.
When the welding voltage was too low, the weld bead would be too narrow. When the wire feeding speed
was too high, the weld penetration as well as the reinforcement would be too high. The weldggy volt
ranged from 13V to 21V, and the wire feeding speed ranged from 90 ipm to 220 ipm. The optimized weld



with EH200B wire has consistent weld width along with a large wetting angle and a small weld
reinforcement as shown in Figure 3.5. The welding parameters for ER70S-3 wire were optintized wit
similar weld bead morphology of the optimized weld using EH200B wire. The welding parameters for lap

joints using both EH200B and ER70S-3 wires are listed in Table 3.5.

J)LIXUH /IDS MRLQW ZHOGLQJ VHWXS D HOGLQRUHAKWXUH VHWXSE
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J)LIXUH 2SWLPL]HG ODS MRLQW EHDG PRUSKRORJ\ D DQG E &U
(+ % ZLUH DQG (5 6 ZLUH UHVSHFWLYHO\ F DQG G 7RS YLHZ |
(5 6 ZLUH UHVSHFWLYHO\ %DVH PHWDO LV PP WKLFN '3 VWHH (

7TDEOH :HOGLQJ SDUDPHWHUV PRWE&DESNMBLQWWH#®%OWKIRHWDO LV
i _ Voltage | Current| Travel Speeq Work Angle | Travel Angle| Heat Input
Wire | WFS(ipm) _ . .
V) (A) (ipm) ) ) (I/mm)
EH200B 220 21.4 173 27 33 17 323
ER70S-3 180 17.5 168 32 31 13 217

The lap joints with optimized welding parameters for both EH200B and ER70S-3 wires were
used for microstructural characterization, hardness mapping and fatigue tests.
3.3 'LVWRUWLRQ OHDVXUHPHQW RI %23 :HOGYV

Effect of LTTW wires on the distortion management was first observed with EH200B wire. The
BOP welds were deposited @®8mmx 203mmx 1r6m A36 steel sheets using both EH200B and ER70S-
3 wires. In order to characterize the difference between the distorted sheets, distortoifiai@pation
of the sheet were measured with the method in Figure 3.6 (a). A reference plane wsts thet €aliper
then recorded the distance from the reference plane to the distorted sheet at each gridded point.

The initial method for the distortion measurement was modified in Figure 3.6 (b) for more
accurate comparison of all wires wtBOmmx 100mmx 2mrA36 steel sheets, where the distorted sheet
were gently fixed to the work table of the milling machine as symmetrically as possibletaccuyr

locations were read from the digital readout of the machine, and the distortion was measured isith the d



gauge at every gridded locations with 10 mm step size in either x or y direction. The resolution of
distortion measurement is about 0.0d61 (0.0005 inch). Line mappings were made on the top surface at

various locations as indicated in Figure 3.7.

JLIXUH OHWKRG WR PHDVXUH GLVWRUWLBRXIDWWHUQV D ZLWK
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3.4 OHWDOORJUDSKLF &KDUDFWHUL]DWLRQ
341 OLFURVWUXFWXUH &KDUDFWHUL]DWLRQ ZLWK '"LITHUHQW 7HFKZC
For the microstructural characterization, techniques including Light Optical MicrofcOpé),
Scanning Electron Microscope (SEM), Electron Diffraction Scattering (EDS), X-ray DiffractiRD)X
and Electron Backscattering Diffraction (EBBwere adopted. For BOP welds, all techniques were used
in order to characterization the phase fractions and morphology. For lap joint panels, LOM and EBSD
were used to characterize the phase fraction and morphology.
For the LOM analysis, samples were cut at the weld cross sections from steady state part of the
weld bead, then hot mounted. The samples were grinded with 240-, 320-, 400-, 600-, 800-, and 1200- grit
SiC abrasive papers, then polished with 6um, 3um and 1um diamond suspensions. The polishing time for
the 6um size diamond paste varied from five to 15 minutes due to the hard microstructure. Since pitting
KDSSHQHG YHU\ HDVLO\ LQ WKH ZHOG WKHUH ZHUH LQWHUUXSWLF
and only alcohol based polishing extender was used. Between each grinding or polishing step, the
samples were rinsed with water and alcohol then dried with heat gun. Etchants for ER70S-3 welds and
/I77: ZHOGV LQFOXGHG 1LWDO .DOOLQJYW.TRe etching/timca@iel DQG JO\
from 1 to 30 seconds.
For the SEM and EDS characterization, both the FEI Quanta 600i Environmental Scanning
Electron Microscope(ESEM) and the JEOL JSM-7000F Field Emission Scanning Electron
Microscope(FESEM) with EDAX Genesis EDS were used. For the EDS mapping, the FESEM was used
due to the higher counts per second. For the SEM and EDS sample preparation, the same preparation
procedure for LOM was used with extra 30 minutes vibratory polishing using 0.02um non-crystallizing
FROORLGDO VLOLFD VXV SHQMet@RIYitdtohyposierd % XHKOHU TV
For the EBSD characterization, the instrument used is FESEM with TSL EBSD. OIM software
was used to process the data. Austenite phase fraction and ferrite phase fraction are the most importan
information to be obtained. In Figure 3.8, weld top, weld middle, and weld bottom at the weld cross
section were examined for both BOP welds and lap joints. The examined locations for BOP were chosen
to examine the dilution effect. The locations for lap joints were selected because final fatigereciia
along these locations. At each location, a 50umx50um area under 2000X magnification was examined
with step size of 0.13 um. The accelerated voltage was set to be 20V with the probe curresat being
12 and the work distance is 18mm. The sample preparation was crucial for the EBSD characterization, the
sample surface should have minimized scratches. The samples were grinded with 240-, 320-, 400-, 600-,
800-, and 1200- grit SiC abrasive papers and polished with 6um, 3um and 1um diamond suspensions,
then polished with 0.02um noR-U\VWDOOL]LQJ FROORLGDO VLOLFD VXVSHQVLRC



vibratory polisher. The samples were rinsed immediately after the final polistim@3iorganic soup to
remove the extensive silica colloidal.
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J)LIXUH ‘HOG 7RS OLGGOH DQG %RWWRP ORFDWLRQV IRU WKH (¢

For the XRD analysis, the top surface of the weld was chosen instead of the cross section in order
to ensure large enough examined area and peak intensity, the reinforcement of the weld was grinded off t
reach maximized area of about 5mm x 15mm. The samples were first grinded and polished, then cleaned
in the fresh prepared solution (2parts HF, 20 pai@}20 parts DI water) for 15 minutes in order to

remove the surface layer of scale and transformed martensite caused by the mechanical force during the
sample preparation process.
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JLIXUH 7KH ; UD\ GLIIUDFWLRQ VSHFLPHQ JHRPHWU\ 6DPSOH DU

For the EH200B weld, the cleaning method successfully resulted in clean peaks of 10.5% volume
fraction of austenite. For the experiment, Cu target was used with 45kV, 40mA and each test scanned for
25 minutes. XRD data were processed with HighScore Plus software to determine the background as well
as the area under each peak. The Martensite/Ferrite used (200) (211) peaks and austenite (B3eld (220) (
peaks. The scanning time is 20minutes with the scanning range from 40° to 100°. The Highscore software
provides the integrated area under each peak. Peaks were found and fitted using Lorentzian/Gaussian. X-
UD\ GLITUDFWLRQ UHVXOWY ZHUH DQDO\]HG EDVHG RQ WKH SHDN L
IUDFWLRQ RI S K D Wudrdgiig e 83T Ki(Tiedhaies, dahd Cullity standards, in which the



volume I UDFWLRQ,RIFDSKEMHFDOFXODWHG IURP W ianlelependebtQ WHQV LW\
function, R. The detailed expressions for these standards are shown as follows:
Cullity:

| 220 | 220 | 311 | 311

200 220 210 220 200 311 210 311
C | I C, 1 I C, I I C, | (e
J
4

Deshayes

I 220 | 311

VJ
§I 200 I 211 §| 220 I 311
D D J J
200 211 > 220 311 °
> R%" 1 5 R
Where

§L cos27-°
I)‘FI £ 2M
@in’ sin’ Tcos Tiy,

v: volume of unit cellF: structure factonp: multiplicity factor, : Bragg angle

il cos 27 -

: Lorentz polarization factor
Sin® Tcos Ti

e M. temperature factor

ASTM

I 220 I 311

220 311
RJ RJ

J | 200 | 211 | 220 | 311

200 211 220 311
|:\)D RD RJ RJ

342 9LFNHUV +DUGQHVV 7HVWLQJ
Microhardness testing for both BOP welds and lap joirstsperformed using vickers hardness
testing machine. The testing loads were 500mgf, 10s. For BOP welds, 17 indents inside the weld in

Figure 3.10 was performed to show the average micro hardness values.



J)LIXUH ,QGHQWY ORFDWLRQV IRU YLFNHUVY KDUGQHVYVY WHVWLQ.

For lap joints, hardness line mapping was performed across the weld showing the difference from

the base metal(DP980) to the HAZ to the weld metal.

3.5 5HVLGXDO 6WUHVY OHDVXUHPHQW 8VLQJ 1HXWURQ 'LITUDFWLR
Neutron diffraction method was used to measure the interplanar spacing and calculate strain and

residual stress distributions of BOP welded sheets. Neutron diffraction measurements yetedah

HB-2B Neutron Residual Stress Mapping Facility (NRSF) from the High Flux Isotope Reactor at Oak

Ridge National Laboratory as shown in Figure 3.11. This specific beamline could measure residual stress

at depths from a millimeter to several centimeters and spatial resolution of less thahirmeéem

depending on the sample material.

JLIXUH1IHXWURQ GLIIUDFWLRQ PHDVXUHPHQW DW +% % EHDPOLQH

The angle between the diffracted beam and the incident beam is directly related toplenarte
DWRPLF VSDFLQJ G VSDFLQJ ZLWK %UDJJYV /DZ
t@OEJaL a



For the HB2B NRSF beamline, the nominal scattering angle can range from 30° to 140°, but
measurement is typically located near 90°. The incident neutron wavelength could vary from 1 to 2.7A
EDVHG RQ VHYHUDO GLIIHUHQW VLOLFRQ FU\VWDO PRQ®RFKURPDWR
about 1.731 A and the calibration file for each experiment provides up to the fourth digit acfuhecy
ZDYHOHQJWK 7KH LQWHUSODQDU VSDFLQJ FRXOG HiureDOFXODWHC(
3.12LV DQ H[DPSOH VKRZLQJ WKH SHDN ILWWLQJ IRU DQJOH
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The microstructure of the weld using ER70S-3 wire is BCC ferrite, and the weld micnarstruct
using EH200B wire is about 90 vol. % BCT martensite. Hutchings[86] stated that residualistthi
Fe {211} planes are almost not affected by plastic deformation. In addition, the instrument setup has
around 90° angle between the incident beam and diffracted beam. Therefore, Fe {211} planes are used for
the measurement of diffracted angle and thus d spacing in transverse direction (TD) and longitudinal
direction (LD).

The measured sheet dimensioB8mm(LD) x 203mm(TD) x 2mm(ND) as shownRigure 3.13
(a). Measured points follow the red dotted line in Figure 3.13(a) that is in the pseudo steady-state across
the weld from one edge to the other. At each point of measurement, d spacing data along both TD and LD
were measured. The measurement is illustrated in Figure 3.13 (A)DFoeasurement, the {211} planes
normal is parallel td' D, therefore interplanar d spacing aloFig was measured. FoD measurement,

the sheet was rotated 90° in TD-LD plane.
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The reference cheeds to be measured from the strain-free sample[87]. There are different sample
preparation methods for dheasurement, in this researchpeeasurement is made at corresponding d
measurement locations in small enough strain free samples up to 5.2mm away from the weld centerline as

shown in Figure 3.14. The reference sample is 2mm thick along LD of the plate.

(a) Weld centerline EH200B d0 sample (b)

Weld centerline ER70S-3 d0 sample
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The elastic lattice strain in the hkl set of planes is calculated from the measurednaiedpl

spacing as well as the correspondiagacing from stress free samples.
. @F 4@'
Y L srr”
@

For the welded sheets in this research, the d amdbth longitudinal direction antD are

measured. Therefore, strains in both directions were calculated.



The base metal thickness is 2mm which is thin enough to assume plane stress state. Also, the TD,
LD and ND directions are assumed as the three principal directions. Residual stress in TD and LD could
be calculatedu$J +RRNHfVY ODZ IRU SODQH VWUHVYV VWDWH ZLWK RQO\ W

directions.

& L ERpKEE RN
& Lﬂk\'{ERé\b

<RXQJYV PRGXOXV DQG SRLVVRQYV UDWLR FDQ EH IRXQG LQ O
methods [88]. For Fe {211} plane&£=220GPa, %:=0.28.

The welded sheets are distorted differently by the two different welding wiresfdreeareful
attention was paid to accuracy of the location for each measured point, both in the thickness dirdcti
the transverse direction. Along sheet thickness direction, scans at -6mm, Omm, 6mm, and 20mm away
from the weld centerline were first performed to determine the middle thickness point wredhidizast
peak intensity. All the mapping points outside the weld were located along the center thickiness of t
sheet. In the weld, within £3mm away from the weld centerline, the mapped points followed a straight
line in thickness, which is 1mm away from the bottom surface. In addition, the LOM results showed that
the weld penetrations for both EH200B and ER70S-3 welds were large enough to cover the point at the
weld centerline which is Imm away from the weld bottom surface. Notice that the weld bead size and
morphology using two different wires are different due to the wire density and manufactumngrié.
Therefore, the comparison at the middle thickness near the welds may not represent the same amount of
weld metal/HAZ ratio. Bunn et al. [89] demonstrated the phase fraction effects on the peak intensity as
ZHOO DV RQ DQG G VSDFLQJ

The gauge volume and location at each point should be selected wisely to make sure that edge
effect was excluded. In other words, the gauge volume should be solely in the samplig(©6]3.16
and Figure 3.17the detrimental effects of porosity and edge on the diffraction measurements and data
interpretation. In addition, sufficient peak intensity should be collected for reliable paakiith
limited beam time. Because granted time for neutron experiment is very limited, also LBsegic
gauge volume, three neutron experiments were performed at different beam cycles with different beam
sizes. For TD measurementeam size is either Imm (ND) x 1mm (TD) x 4mm (LD) or Imm (NDjrnl
(TD) x 1mm (LD) which will be specified later. For LD measurements, beam size is alwaySiym {mm
(TD) x 1mm (LD).The measurement time at each location was about 8-12min for TD and up to 20min for
LD.
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3.6 JDWLIJXH 7THVWLQJ RI /DS -RLQW 3DQHOV

Fatigue tests of the lap joint panels were performed using customized testing setup.Since the
LTTW consumables are designed for automotive application, the lap joint welds were itaithe w
geometry shown Figure 3.4. The 6-inch wide grips were designed and manufactured oirgkigliye
3.18.

JLIXUH 7RS SLHFH RI WKH JULSV PDGH IRU IDWLJXH WHVWLQJ

In the first few fatigue tests, slipping happened between the samples surface and the wedge
surface. Therefore, changes including further machining for point contact of the knurlangpsamti

rigidity improvement between the two parts with V grooved welds applied which solved the slipping



problem. There were two backing sheeith the same thickness as the base metal in order to minimized
the torque caused by the lap joint panels. The load level was 2000lbs, R ratio is 0.1, the freqhency of t
applied force is 10Hz. All samples were tested at the same load level for comparison.

Tested samples include three lap joint welds made with EH200B wire and three lagejdst w
made with ER70S-3 wire.

Py
B\

JLIXUH D )DWLJXH WHVWLQJ H[SHULPHQWDO VHWXS ZLWK PRG

3.7 ODUWHQVLWH 6WDUW 7HPSHUDWXUH OHDVXUHPHQW

Ms temperatures of EH200B-SiL and EH200B-SiH were tested using Gleeble 3000.
371 :HOG &RXSRQV 3UHSDUDWLRQ

Three layers of welds are laid on the A36 base plate as shown in Figure 3.20. Each pass is welded
after the former pass reaches room temperature. Residue after each pass was grinded off. Sample is then
machined from the very top layer of the welds to avoid the dilution effect from the base metal. As show
in Figure 3.20(a), cylinder sample of 6.35mm in diameter and 80mm in length with smaller section of

4mm in diameter and 20mm in length in the middle is extracted



During the preparation of Gleeble tests, three welding consumables (EH200B-SiL and EH200B-
SiH) were also deposited on 3/8 in. thick A36 plates respectively with the welding parameteris list
Table 3.6. Welding parameters were slightly adjusted for different wires to achieve sielda
morphology. Electrode weldability of the three LTTW wires was compared and verified. The welding

parameters were also preselected for the Gleeble coupons.

7TDEOH ‘HOGLQJ SDUDPHWHUV XVHG IRU WKH ZHOBWRXBRQV SUF
Voltage
. _ _ _ _ Current
Setting | Wire Feeding Speed (ipn] Travel Speed(ipm] Voltage (V)
(A)
V)
EH200B-SiL 26 250 20 26 191~196
EH200B-SiH| 22 250 20 22 175~188

372 *OHHEOH 7HVWLQJ 6HWXS DQG 3DUDPHWHUYV

Gleeble could do thermal-mechanical testing of materials and physical simulation of different
processes. Together with dilatometer, the Gleeble tests in this report are to determingethe pha
transformation temperature especially the Ms temperature. During cooling, the volume expfansio
martensitic transformation leads to the bulk volume change which could be monitored by measuring the
diameter change using dilatometer. The contact dilatometer used in this study is CCT Dilatdttmeter
LVDT Transducer as shown in Figure 3.21, which could provide timely and continuous tracking of the
deformation in diameter. K-type thermal couple is welded to the sample in the same thermal plane, which
is also the plane where the dilatometer was positioned shown in Figure 3.21. Since the temperature
distribution along the sample gauge length has a parabolic like distribution, the plane dfshtarks
stay as close to the middle of the sample as possible. The setup of the Gleeble test is shown in Figure
3.22.

JROORZLQJ WKH IRUPHU FROOHDJXHYV WHVWLQJ SDUDPHWHU |
set to be 80°C/s until the temperature reaches 1100C. After that, there was a 8s holdinl1i0D&Cat
after which the power was shut off. The copper grips played the major role in cooling the sample down.
The temperature profile for the second sample of EH200B-SIL is plotted in Figure 3.23. Therests we

done under 107-3 torr pressure.
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Metallurgical examination before the Gleeble test was performed in the weld coupons where the
Gleeble sampleg HUH HI WUDFWHG .DOOLQJYV 1R ZDV -BiV&h& DV WKH HW
EH200B-SiH samples.



CHAPTER 4
5(68/76 $1' ',6&866,21

4.1 'LVWRUWLRQ RI WKH %23 :HOGHG 6KHHWYV

The EH200B wirevas compared with the ER70S-3 wire for the distortion usSBg&mm x 203mm
x 1.6mm A36 steel sheets. The photograph of the distorted sheets with one continuous weld using both
wires is shown in Figure 4.1(a). The surface profile of the distorted sheets is pléiigdran4.1 (b)
Figure 4.1(c) and (d) are plots for two intermittent welds and four intermiteddswespectively.

For welded sheets with one continuous weld, the sheets with EH200B wire and ER70S-3 wire
showed almost opposite distortion pattern, in directions both along the weld and across the weld.

From one continuous weld to two intermittent welds to four intermittent welds, the maximum

distortion vale was decreased, which is because the heat input is less with intermittent welds resulting
different residual stresses distribution.
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The distortion of the 1.6mm thick welded sheets using RMD process was very similar with the &nm thi
welded sheets using MIG process. The latter was used for residual stress measurement bedeuse of bet

weld bead morphology, and for the simulation of residual stresses lap joint welds using 2mm ¢hick bas
material.



Distortion results of BOP welded sheasing 150mm x 100mm x 2mm thick A36 steel sheets
were also compardd Figure 4.2. The minimum distortion value represents the reference point which sits
on plane of reference having the lowest distortion values. Again, the welded sheet using ER80S-3 w
shows the opposite distortion pattern compared with the sheet using EH200B wire. No matter the sheet

dimension is 508mm x 203mm, or 150mm x 100mm, consistent distortion patterns were observed for

both wires.
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Since the opposite distortion patterns using either RMD or regular MIG process, large or small
sheets were always there when comparing EH200B wire and ER70S-3 wire. Therefore, the differences in
distortion must be caused by the two different welding wires. Microstructural charaiober and
residual stress measurement of the different sheets were followed to explain the &ffdaoivire.

4.2 OLFURVWUXFWXUH DQG +DUGQHVYV IRU %23 :HOGV

Techniques including LOM, SEM, EDS, EBSD, and XRD were employed for the microstructural

characterization of the welds using different wires. Procedures for sample preparation are explained i

Chapter 3.



421 /20 DQG OLFURKDUGQHVYV 5HVXOWYV

For the LOM characterization, the first set of examined samples was from BOP welds using
RMD process on 508mm x 203mm x 1.6 mm A36 steel sheets. The cross-sectioned samples were
grinded, polished, and etched using picral and nithlaats. Images of the microstructure were taken
with an optical microscope. The 2% picral etchant rexddthle base metal microstructure as well as the
weld microstructure for the ER70S-3 wire. The microstructure of the base metal A36 steel in

Figure 4.3(a) includes Polygonal Ferrite (PF(G)) and fine Pearlite(P), the microharaluess v
are around 160HV with 500mgf load.

The microstructure of the weld metal using ER70S-3 wire in Figure 4.3 (b), (c) andl¢dles
Grain Boundary Ferrite(GB), Ferrite with Second Phase(FS), and Acictlerrite(AF). The average
microhardness across the weld is 183HV. The nominal compositions of the A36 steel and ER70S-3

welding wire are listed in Table 4.1.
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For the weld with EH200B wire in Figure 4.4, the optical microstructaseobtained with
.DOOLQJTV 1Rhe aktvddeKrixz@Midrdness across the weld is 329HV with a standard deviation
of 22HV, which proves the presence of martensite phase, and may also indicate there is a second phase
besides martensite. Martensite is present in all the microstructure photographs. Howeke#.Eiglso
shows different degrees of etching which is because different orientations of grainsfie@cttlyi to the
same etchant. The etched cell width is around 20um. From the Schaeffler diagram in Figure 4.47, the
weld microstructure is expected to have mixed constituents of martensite and austenite. Detgdisd anal
of weld microstructure is discussedatater section with different techniques.

In order to assist the neutron diffraction measurement, duplicates of the neutron diffraction
experimental sheets using were cross sectioned at the same location of the measured points. Welds using
EH200B wire and ER70S-ZLUH ZHUH HWFKHG ZLWK .DOOLQJYV 1R HWFKDQ

Figure 4.5 shows the macrostructure for the welds using both ER70S-3 and EH200B wires. For
the weld with EH200B wire, the penetration is not quite consistent which corresponds to the in¢onsisten
weld width in Figure 3.5. Similar to the microstructure in Figure 4.3, the weld with ER70S-3 witlecha
microstructure of GBF, FS, and AF in Figure 4.7. For the weld with EH200B wire, martensite is present
in Figure 4.7. Again, different locations react differently to the same etchant becausdifference in

the orientations of grains.
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Weld microstructure of th#50mm x 100mm x 2mrA36 steel sheets were also examined. As
shown in Figure 4.8(a), microhardness of the weld is measured on unetched samples at 17 points based on
ASTM standard. The average hardness of the welded sample using ER70S-3 wire is 198 HV, which
confirms the GBF, FS, and AF phases as discussed above. No further microstructural chaacterizati
needed. For the weld sample using EH200B wire, Glyceregia etchant (3 parts HCL, 2 parts HNO3, 1 part
Glycerine) reveals the microstructure in Figure 4.9. Martensite is the dominant @tstituhich is
related to the average hardness of 415 HV in the weld. There might be other phases excepts martensite
though. Because solidification structures at different locations of the weld are differedgrincolbe
representative, locations of weld middle and weld top in Figure 4.8 (b) are selected to compare the



microstructure. At the weld middle, the solidification mode is mixed dendritic/cellular motiegeililar
mode being dominant. At the weld top, the solidification mode is cellular mode. The change from the
dendritic/cellular solidification mode to the pure cellular solidification mode is becatise different
temperature gradient and gribwate at different locations of the weld pool. At the weld centerline, the
temperature gradient G which is noirtathe weld pool boundary is less than that at the fusion line,
while the solidification rate R at the weld centerline is larger than that at tba fu@. Therefore, the
solidification mode transfers to pure cellular at the weld top. LOM is combined with other techiniques

characterize the phase fraction of martensite in the weld.

(2) /\ (b)
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422 6(0 ('6 BHVXOWYV

Besides LOM, SEM techniqueas also used in order to show the microstructure of the weld with
different wires. For the weld with EH200B wire, both etched and unetched sameptesharacterized.
ESEM microscopy with the backscattered electron imaging mode is used for the samples etckféd with
picral in Figure 4.10. In Figure ¥ (a) and (b), the solidification structures are revealed and the
solidification structures are perpendicular to the fusion zone of the weld since this dire¢teon is t
direction where the heat diffusion is fastest. Figuit® &) clearly shows the substructure of the
martensite with the solidification boundary aligned from top left to the bottom right. ReoEDQS
results in Figure 4.14, the solidification boundaries are rich in Cr, Ni and other elexeysie. There
is possible discontinuously distributed austenite along the boundary which will be confirmed in the EBSD
results section. Figure ¥ (c) has similar solidification structure and martensite substructure, the lighter
region might be either caused by the etching difference or real chemical difference in high Z number
elements. In Figure 4.10 (d), there are again areas with different contrast because diféfimehtge

different orientations and react differently to the same etchant.
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JLIXUH %DFNVFDWWHUHG HOHFWURQ LPDJHV RI (+ % ZHOG



Figure 4.11 (a) and (b) are photographs from unetched samples observed under FESEM with
second electron imaging mode. The martensite substructure is shown along with possible austenite phase
in light color regions along boundaries, again this will be discussed combined with the EDS and EBSD

results.

SE| 2008V X2000 WD 70mm 10zm 5 SE| 50kV X2,000 WO 70mm 10pm

JLIXUH6HFRQGDU\ HOHFWURQ LPDJHV RI (+ % ZHOG VDPSOH XQH'

The EDS mapping for the weld using EH200B wire is performed to characterize the elements
segregation, potentially reveal the phase distribution. The final elements segregation of tee weld i
contributed from both the elements patrtitioning during solidification and the solid-statsatifafter
solidification is over. ThermoCalc simulation is performed for the composition of EH200B wireuire Fig
4.12, where most elements except Fe segregate to the last liquid to form, in other wordstitméngarti
coefficient k is less than one for C, Cr, Ni, Mn, Mo, Si. The segregation of Cr is of pariitalast for
the discussion. Literature[91] states thatk and ki<1 and Ni segregates toward the dendrite boundary
and Cr segregates towards the dendrite core for 308 stainless steel, or for welds of 304L ande3B9 stai
steels. Different from what has been described in [27], whesé land k>1 in the FeCr-Ni system.

Martinez Diez[92] simulated the 10.5Cr-0.048C-0.07Ni-0.031Si system by varying the Mn content from
zero to 20 wt%. In all compositionsukl, kvi<l. However, for Cr, the partitioning coefficient differs

with the variation of Mn content. In other wordg for alloys with Mn wt. % <10,d¢>1 for richer

alloys. While in Figure 44, both Cr and Ni elements segregate at the solidification cell boundaries. From
the maps of Mn and S, bright particles are MnS which stay in the last solidified cell bouritiryhé\
completion of the solidification, solid-state diffusion occurs of elements but mostly nearlthe cel
boundaries due to the short diffusion time from high cooling rate. This explains the distribidtiofv
concentrated elements along the solidification cell boundaries. The EDS mapping results coafirms t

elements segregation but not the phase distribution, which will be discussed in the EBSD section
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423 (%6' SHVXOWYV

Thermocalc simulation in Figure 4.12 implies that the solidification mode is primasnéas
instead of primary ferrite or the mixture of both. The LOM results coefirtine martensitic
transformation from austenite phase. Therefore, it is necessary to know the phase fraction dafexartens
austenite. The EDS mapping rewexdihe elements distribution not the phase fraction of martensite or
austenite. Therefore, EBSD techniques were utilized to differentiate the austamitadrtensite due to
crystal structure difference. All EBSD results are from 50um x 50um area with scanningGteguat.
Weld top, weld middle and weld bottom of each sample are defined in Figure 4.15 and compared for

phase fraction of austenite.
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JLIXUH (%6 ORFDWLRQV IRU WKH %23 ZHOGHG VDPSOHYV




For the EBSD results, the red color represents martensite phase and the green color tigresents
austenite phase. All the EBSD figures are reoriented so that the weld top is on the top side of each figure.
Image Quality(IQ) data and IQ with phase data are shown in Figure 4.16 at weld top, weld middle and
weld bottom respectively in (b), (d) and (e). The raw datawiee®HDQHG XS ZLWK 31HLJKERU &,
&RUUHODWLRQ" PHWKRG ZLWK WKH PLQLPXP FRQILGPAFHLLHGH|[ &,
points. This clean-up process has been investigated in literature and shown in Figure 4.1ffei8ince t
could be multiple solutions for one specific set of bands on which the Cl is based, the solutionyreliabilit
is 95% of the time for patterns with the CI of 0.1 or greater [93].

For the weld with EH200B wire, the phase fractions of austenite before and after the CI clean-up
are summarized in Table 4.2. The clean-up data show the averaged austenite fraction of 5.7% compared
with 9.9% from raw data. Therefore, the quantitative analysis of phase fraction using EBSD data depends
on the clean-up procedure being used. However, qualitatively speaking, the austenite is mostly in the
blocky form with up to 2um width. Traces of thin austenite files in between the martetihsteda also
be observed which is comparable to the literature[94][95].

In the weld using EH200B wire, the austenite phase fraction decreases from the weld top to the
bottom. This could be explained by the difference in cooling rate from the weld top to the weld bottom.

At the weld bottom the heat is transferred away by mostly heat conduction to the base metal and the
backing plate underneath. In comparison, at the weld top, the heat is mostly transferred to the air through
convection or radiation. Therefore, the weld bottom has higher cooling rate than that of the welgktop. D
to the shorter diffusion time, the alloying elements are less segregated to the saidifiehti

boundaries. With less alloying element segregation, less austenite was stabilized and retained along the
solidification cell boundaries. The effect of elements segregation of the austenite stabitiaatalso be
explained through Schaeffler Diagram in Figure 4.47 which basically indicate that the segrefatost
elements leads to the top-right side of the diagram which is the austenite region.



15 um

15um

|5 um

JLIXUH BURFHVVHG (%6' UHVXOWYVY RI WKH %23 ZHOG XVLQJ (+
7RS ,4 SKDVH F :HOG OLGGOH ,4 G :HOG OLGGGID G £2RMDVRIP H
,4 SKDVH



Fraction Correct
(o B e B o T o o B o B e B o M 0 |
O =mNWENON®QO—

0.0294
0.057 4
0.086 4
0.114 4
0.143 4
0.171 4

0.2 4
0.229 4
0.257 4
0.286 4
0.314 4
0.343 1
0.371 4

0.4+

Confidence Index
YLIXUH &RQILGHQFH LQGH[ &, YHUVXV IUDFWLRQ ®Y FRUUHFW °
DVVXPLQJ DW OHDVW .LNXFKL EDQGYV DUH LGHQWLILHG> @

7TDEOH 3KDVH IUDFWLRQ RI DXVWHQLWH EHIRUH DQG DIWHU FOH
9RO R 7TRS OLGGO % RWW H $YHUDJ

%HIRUH

$IWHU

424 ;5' 5HVXOWYV

XRD technique is used to characterize the phase fraction of austenite in the welded samples using
EH200B wire. The principles and detailed sample preparation and experimental procedure has been stated
in the former section. The weld reinforcement is grinded off as shown in Figure 3.9. The sample welded
with EH200B wire shows the austenite peak in Figure 4.18. The phase fraction of austenite for the sample

welded using EH200B wire is 10.5% by averaging the calculated results from Cullity, Deshayes, and
ASTM standards.
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The volume fraction of martensite is 89.5% and 5.7% respectively for XRD and EBSD

techniques. Notice EBSD result is after data clean-up.

7TDEOH 6XPPDU\ RI PDUWHQVLWH YROXPH IUDFWLRQ RI (+ % ZH(
WHFKQLTXHV

XRD EBSD*

Austenite Fractiory Martensite Fraction| Austenite Fractiorl Martensite Fraction

EH200B 10.5% 89.5% 5.7% 94.3%

4AXDQWDWLWLYH DQDO\WLY GHSHQG RQ WKH &, WKUHVKROG YDOX

The XRD examination is from the longitudinal section from the weld top while the EBSD results
are from the weld top, weld middle and weld bottom locations at the weld cross section. For the EBSD
results in Table 4.2, the average of the austenite fraction from the weld top and weld middiesareas
11.2% before clean-up process and 6.9% afterwards. The XRD results should be comparable to the

averaged EBSD results at the weld top and the weld middle to some degree. The difference in the



austenite/martensite fraction could be from the difference in the location of the samphésdhepy of
the weld microstructure, the size of the examined area, the sample preparation, the detecaiod tivait
EBSD clean-up process.

The martensite phase fraction could explain the difference in distortion. The weld using ER70S-3
wire has no martensite while the weld using EH200B wire has the martensite fraction of 89.5% from
XRD results and 94.3% from EBSD results. Martensitic phase transformation induces volumetri
expansion and thus decrease in residual stresses, which could be one of the reasons why there is much
difference between the distortion patterns.

4.3 5HVLGXDO 6WUHVVHV RI %923 :HOGHG 6KHHWY OHDVXUHG ZLWK

The residual stress distributions in BOP welded sheets using EH200B and ER70S-3 wires were
measured, which will help to explain the differences in distortion pattern. Neutron diffracémployed
as a non-destructive method to measure the interplanar spacing and to calculate the ressdual stres
distributions in the welded sheets.

The mapped points are across the weld as shown in FigulgeAB.each point in both TD and LD
directions, d anddGDWD ZHUH PHDVXUHG VWUDLQV LQ ERWK GLUHFWLRQ\
ORGXOXV ( DQG SRLVVRQTV UDWLR WKH | plane &red3 6taté Wrlthd VVHYV ZH
thin sheets.

Due to the limited beam time approved for each visit, a total of four visits were used teteotingl

mapping of d andgbpacing. The experiment number 1-4 in Table 4.4 represents the four visits. The

beam sizes used for each visit are tabulated as well. The variation in beam sizenisieigtey the setup
orientation. Note that in Table 4.5 and Table 4.6, some of the measurements were repeated to evaluate the
data fluctuation from different visits.

7TDEOH IHXWURQ EHDP VL]HV XVHG IRU HDFK H[SHULPHQW
Experiment Number Beam size, ND(mm) xTD(mm)xLD(mm)
1 1x1x4
2 1x1x1
3 1x1x4
4 1x1x1

Table 4.5 and Table 4.6 summarized the experiment numbers for line mapping results and
through thickness results. When there are two experiment numbers for one condition, it means data from

both experiments were used.



7TDEOH ([SHULPHQW QXPEHU RI WKH OLQH PDSSHG UHVXOWYV

EH200B ER70S-3
do d do
TD 1 1,4 1 1,4
LD 2 1,4 2 2
7TDEOH ([SHULPHQW QXPEHUV RI WKH WKURXJK WKLFNQHVV UHV X
EH200B ER70S-3
d do d do
TD 3 1,4 2 1
LD 2 2 2 2

The detailed experimental procedure has been discussed in 3.5. As mentioned earlier, accurately
locating each mapped point in the welded sheets and reference samples is critical for analyzaig the st
levels. However, in reality, it is difficult to achieve due to the relatively small base mekalgbss and
the weld size. For example, shift of measured points in TD caused by the light theodolite teastk of e
point could cause a shift of the weld centerline. While the location in ND or the thicknes®ualirec
determines how accurate the d spacing is. Especially in the weld and HAZ regions, where the weld
morphology, chemical variation, and the phase change affect the d spacing greatly.

Figure 3.13 shows the locations of the measured points along TD, reaching the edges of the
welded sheets. One reason was to check whether the d measurements are symmetric with regards to the
weld, and the other reason was to apply force balanddXatress results. The locations of the measured
points along thickness direction were indicated in Figure 3.15. Away from the weld, each measured point
was located at the center thickness. Note that there is distortion in the welded plates. Withifnae8mm
the weld centerline, a straight line is drawn. The locations of mapped pointsaftet d spacing were
targeted to be the same to make sure that strain and stress at corresponding locations coulddzk calcula

Figure 4.19 and Figure2D summarizes the d and sbacing mapping results in the welded
sheets using EH200B and ER70S-3, respectively. In TD measurements, EH200B weld shows higher d
values in the weld than ER70S-3 weld, which is also true for d spacing comparison. The high i and d
the weld are caused by high alloying elements in the EH200B weld and high volume fraction of body-

centered tetragonal martensite structure.
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With d and d measured, strains and stresses in TD and LD were calculated using the equations
below and summarized in Figure 4.21 and Figure 4.22. v sallies were given in section 3.5.
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Notice the d spacing and strain plots shared similar shape while the stress plots are more different
from the other two. This is reasonable since residual stresses need to incorporate the ot
and LD. Figure 4.22 (a) shows low residual stresses along TD for both EH200B and ER70S-3 welds,
except for a narrow peak in the EH200B weld center. As shown in Figure 4.22 (b), the overall residual
stresses in LD are higher than those in TD, for both EH200B and ER70S-3 welds, which mhkes the
the maximum principal direction. More importantly, EH200B weld exhibits overall lowetuasi

stresses in the weldments in comparison to the ER70S-3 weld, which is expected for LTTW wire[96][97]



The symmetric distribution of residual stress partly validates the neutron diffrasti@asurement.

Internal force along the LD should be balanced, which means the area enclosed by the stress curve and x

axis in Figure 4.22 (b) should be zero. Data from -100mm to Omm away from the weld centerline from

Figure 4.22 (b) is used for force balance analysis due to the symetry of the stress curve. Theaeaesults af

force balance analysis for both EH200B and ER70S-3 are summarized in Figure 4.23. The stress values
for the welded sheets using EH200B and ER70S-3 wires were reduced by 72MPa and 46MPa
respectively, which are 31% and 13% relative to the original peak stress of eaPlotential cause of

reduction of stresses along longitudinal could be that the stresses in the reference samapies w

completely relieved, or an overall shift in d @rsphacing due to different neutron beam cycles and the

peak location precision limitation & 0.003 degree).
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Besides the line mapping results, Figure 4.24 shows the measureddratttedveld centerline

through thickness direction, to check the stress distribution from the weld top to bottom. Strain and stres

data were calculated from the d andpacing and summarized in Figurgsland Figure 4£6.

S5HIHUHQFH SRLQW Figun K23, Rigre 4125 avid Ribure 4.26 is the (0, 0) point in Figure

3.14, which is Imm away from the bottom surface along the weld centerline.
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Residual strains in TD are lower than those in LD, which is true for both line mapped results and
through thickness results. For LD residual stress in EH200B weld, there seems to be a decreasing trend
from the reference point to the weld top surface. However, the measurement did not cover all the points to
the top surface, there may be compressive residual stresses at the weld togsundécated by the
oposite distoration pattern in EH200B and ER70S-3 welds. The through thickness mapping results may
not match the actual stress distirubtion as accurate as desired for the following. féasthysLmm
x1mmx1mm beam size may still be relatively large, leading to data averaging frora gdagg volume
that may covers both the weld and HAZ. Secondly, there are variations in weld bead morphology of the
two sheets with different size weld, any variation in mapping location may lead to lower accuracy when
comparing the two welds at the same location.

In conclusion, welded sheet using EH200B wire showed lower residual stresses in the weld and
HAZ along LD than the sheet using ER70S-3 wire. TD residual stresses in the two weldments are
negligible. High volume fraction of martensite in the EH200B weld induces volumetric expansion and
thus residual stress reduction. Therefore, there should be difference in distortiors mdittee welded
sheets using EH200B wire and conventional wire. In addition, residual stresses through thickness shows
that residual stress has a decreasing trend from the bottom side to the weld top surface for EHR200B we
Compressive residual stresses may exist in the weld top, which agrees with other research[96], [98
where from the weld top surface to the weld bottom surface, residual stresses are expected tmohange f
compressive to tensile residual stresses when using LTTW wires.

The combination of high tensile residual stress and material softening in the HAZ of DP980 steel
sheets could be the major source for premature failure in automobile applications [[f(99]78L00].
Therefore, the developed EH200B wire demonstrates to be effective in the control of residual stress i
HAZ. Fatigue life of lap joint panels are expected to be improved with the developed EH200B wire [21],
[73], [99].

It is worth noticing that the large slit size used for the neutron diffraction measurepidat yi
volume-averaged residual stress data. Finite element analysis should be able to provide a complete

residual stress profile and verify the stress distribution along the measured line.

4.4 OLFURVWUXFWXUH DQG +DUGQHVV IRU /DS -RLQWYV

The locations for microstructure comparison of the lap joint welds using ER70S-3 and EH200B
wires are shown in Figure 4.27. The microstructure of the lap joint weld using ER70S-3 en&Rfr
consists of GBF, AF, and FS(A), which is expected for the commercial wire considering the low

chemistry. The constituents of the microstructure for BOP weld and lap joint weld arenthe sa



However, the ferrite morphology and size are different due to the differences in geomewglany c

rate.
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For the lap joint weld using EH200B wire. DO O LQJTV IlrBvealetl therraibeQsite
constituent as presented in Figure 4.29. The martensite phase fraction was determined to be 75% by point
counting method.

Thermocalc calculation of the EH200B weld in Figure 4.30 showed that equilibrium phase should
be austenite at high temperatures. Therefore, it is reasonable to state the rligrestririgure 4.29
consists of martensite and austenite, especially with the evidence of the same migresttesctified
using EBSD and XRD techniques for BOP weld.

JLIXUH OLFURVWUXFWXUH RI WKH ODS MRLQW ZHOGYXDXYWQJ (+
D /RFDWLRQ $ [ E /RFDWLRQ $ ; F /RFDWLRQ % [ G [



JLIXUH TKHUPRFDOF FDOFXODWLRQ RI WKH HTXLOLEULXP SKDV|

In Figure 4.31, macrostructuoé the lap joint weld using EH200B wire showed the instability of
weld pool solidification, with the evidence of the lines parallel to the fusien Tihe darker lines are
indications that there has been sudden increase in solidification rate or cooling rate), @émsi

elements being trapped and more severe etching.

JLIXUH ODFURVWUXFWXUH RI WKH ODS MRLQW ZHOG XVLQJ (+



JLJWU =RRPHG LQ YLHZ RI WKH GDUNHU OLQHV DIWHU FRORU HWF|

Microhardness measurement across the lap joint weld was performed with the hesultsns
Figure 4.33. For the welds using both wires, base metal DP980 has hardness around 300HV. There was
HAZ softening due to the thermal cycle applied to the DP980 steel. Right next to the weld fusion line,
there was Coarse Grain Heat Affect Zone(CGHAZ) with coarse martensite microstruitiutieew
temperature reaching abovesA-or the weld using EH200B wire, the hardness varied between 270HV to
400HV which confirmed the martensite constituent as observed in the optical microstructure. In
comparison, the hardness for ER70S3 wedd as low as 230HV to 250HV, which is consistent with the

ferrite microstructure observed from optical microstructure.



YLIXUH +DUGQHVV PDSSLQJ UHVXOV RI D (+ % ZHOG E (5

4.5 )DWLJXH SURSHUWLHV RI /DS -RLQW 3DQHOV

The fatigue testing results of the lap joint panels using EH200B and ER70S-3 wires are
summarized in Table 4.7. The average fatigue life is 4 5eyides for ER70S-3 weld and 81 cycles
for EH200B weld.

Fatigue life of the weld metal itself is different from fatigue life of the we|deds[53]. The

former is determined by the combination of filler metal and base metal, defects in the weld like porosity



inclusions and surface imperfections. While the latter is affected by all factors abovberfdaiors
including lack of fusion, geometrical stress raisers from weld design and fabrication.t&ihis latten
more detrimental than the former.

In this project, the final failure of lap joint panels using both wires always happeedvireid
as shown in Figure 4.34. Figure 4.34 also showed the fracture surface in the HAZ. Figure 4.35 is an
illustration where the surface of final failure and fracture surface in HAZ areetbdaue to the geometry
and stress raisers at the weld root, cracks propagated from the root through the weakkithparthe
top sheet in this geometry. Therefore, the root opening as well as the chemical composition and
microstructure along the surface of final failure is of the most importance. The root opesingtvof
consideration in this case, considering the same experimental setup and clamping condition for all
samples. However, small variation in sheet thickness and flatness may exist and root opening may be a
factor.

Another fracture surface can be observed as pointed by the red arrows in Figure 4.34 which is
also illustrated as blue color surface in Figure 4.35. This fracture surface happened itotheheet
with cracks propagated from the top surface down to the bottom surface. The fracture surface size of

some samples is larger than others, but all samples showed the same kind of fracture.

7TDEOH )DWLIJXH WHVWLQJ UHVXOWV RI WKH ODS MRLQW SDQHOV

Test Number Wire Load Range (kip) Cycles to Failure
1 ER70S-3 0.238 - 2.126 4.9x10
2 ER70S-3 0.236 - 2.127 5.8x1C¢
3 ER70S-3 0.245 - 2.125 2.8x10
4 EH200B 0.239-2.112 6.2x10
5 EH200B 0.239 - 2.128 1.1x10
6 EH200B 0.245 - 2.125 8.9x10




JLIXUH J)DWLJXH IUDFWXUH RI ODS MRLQW SDQHOWWWLLY®GD\D E



JLIXUH ,OOXVWUDWLRQ RI WKH IDWLJXH IUDFWXUH VXUIDFH
VXUIDFH LV ZKHUH IUDFWXUH SURSDJDWHG LQ WKH +$=

The final fracture surfaces of the lap joint panels are shown in Figure 4.36 arel £Rjufor the
lap joint weld using EH200B wire. Multiple ratchets marks are present along the welidepathich
means multiple crack initiation sites from the weld root propagated into one main crack. lnadiati
crack surfaces are more zigzagged compared with ER70S-3 weld because the former used metal-cored
wire with relatively low electrode weldability. A few inclusions were also observéuki weld.

The SEM photographs in Figure 4.38 show brittle fracture surface. Figure 4.38 (c) also shows a
void in the weld besides the brittle fracture morphology.

For the final fracture surface of the lap joint panels using ER70S-3 wire in Figure 4.39 and Figure
4.40, the fracture surface is more close to a flat plane due to the good electrode weldability erceamm
ER70S-3 wire which is a solid wir@ few inclusions in the weld were observed similar to the weld using
EH200B wire.

For the SEM photographs in Figur@.there may be mixed ductile/brittle fracture morphology.

A lot of secondary cracks were found in Figure 4.41 (a).

5H



JLIXUH J)LQDO IUDFWXUH VXUIDFH RI WKH ODS MRLQW SDQHO X\



J)LIXUH &UDFNV LQ WKH ODS MRLQW SDQHO XVLQJ (+ % ZLUH

JLIXUH 6(0 SKRWRJUDSKV RI WKH IUDFWXUH VXUIDFH IRU WKH Z



JLIXUH J)LQDO IUDFWXUH VXUIDFH RI WKH ODS MRLQW SDQHO X\



JLIXUH &UDFNV LQ WKH ODS MRLQW SDQHO XVLQJ (5 6 ZLUH C

)LIXUH 6(0 SKRWRJUDSKV RI WKH IUDFWXUH VXUIDFH IRU WKH Z

46 ORGLILFDWLRQ RI (+ % ZLUH = (+ % 6L/ DQG (+ % 6L+
EH200B wire was able to reduce tensile residual stresses in the weld and HAZ along longitudinal
direction and improve fatigue life of lap joint panels. However, there were larggatters in the weld
using EH200B wire and the weld width was not as consistent as commercial ER70S &sakabadyn in
Figure 3.5. Therefore, EH200B-SiL and EH200B-SiH wires were designed to improve electrode
weldability.
Table 3.1 includes the chemical compositions of the two developed wires besides EH200B and
ER70S-3 wire. All three metal-cored LTTW wires and the solid ER70S-3 wires were eahipaBOP



welding with 150 mm x 100 mm x 2 mm A36 steel sheets regarding electrode weldability, weld
microstructure and hardness. Distortion of the welded plate were also compared.

Martensite start temperatures of EH200B-SiL and EH200B-SiH wires were measured using
Gleeble setup.
46.1 :HOGLQJ 3DUDPHWHUV DQG (OHFWURGH :HOGDELOLW\

The welding parameters were optimized for the weld using EH200B wire. The same voltage and
wire feeding speed along with similar heat input as shown in Tablgad.8sed for other wires to control
the heat input. All wires were 0.045 inch in diameter. The current and voltage were recorded using the
ArcAgent3000P Software.

7TDEOH 'HOGLQJ SDUDPHWHUV IRU %23 ZHOGV XVLQJ GLIIHUHQW
_ WFS Travel Heat
Wire Set Voltage(V)| Voltage (V)Current (A _
(ipm) Speed(ipn Input(J/mm

ER70S-3 23 260 23.5 345 38.3 500.0
EH200B 23 260 23.5 308 34.8 491.3
EH200B-SiL 23 260 23.5 311 34.8 496.1
EH200B-SiH 23 260 234 312 34.8 495.6

LTTW consumables including EH200B, EH200B-SiL, and EH200B-SiH were compared in terms
of electrode weldability for BOP welds with the base material of 2mm thick A36 steed gin€egure
4.42. The spatter amount as well as the consistency of the weld were selected for the comparison of the
electrode weldability.

The commercial ER70S-3 wire showed the best performance in electrode weldability. Among all
LTTW wires, EH200B wire showed the worst electrode weldability with inconsistent weld avidtthe
most spatter, while EH200B-SiH wire showed the best electrode weldability with consistent weld width
and the least spatter. Silicon is a commonly used deoxidizing agent when its composition is between
0.40% and 1.00%. Silicon can be added to steel for deoxidization, for welding wires silicon can also be

added to increase the fluidity of the weld metal and reduce spattef[1@A],



JLIXUH ‘HOG EHDG PRUSKRORJ\ XVLQJ D (+ %
ZLUHV UHVSHFWLYHO\

E

The addition of silicon did increase the electrode weldability of the LTTW wires. Since the

electrode weldability was improved using the two modified wires, their efbaatscrostructure and

distortion patterns were also discussed to make sure the LTTW characteristic still applies.

462 OLFURVWUXFWXUDO &KDUDFWHUL]DWLRQ

Microstructural characterization follows the same procedure as the EH200B wire and ER70S-3
wire did, techniques including LOM, SEM and EBSD were used.

For the LOM analysis, the samples were etched with Glyceregia etchant. Microhardness was

(+

% 6

measured across the weld as shown in Figure 4.8 (a) and the results are summarized in Table 4.9. The

LOM photographsit weld middle and weld top in Figure 4.8 (b) were compared.

7DEOH 6 XPPDU\ RI PLFURKDUGQHVY PHDVXUHPHQW
Averaged HV Standard Deviation
ER70S-3 197.9 8.2
EH200B 414.6 13.0
EH200B-SiL 412.2 8.4
EH200B-SiH 407.5 6.0

PJI

ORDG



Figure 4.43 and Figure4¥ are the LOM photographs for EH200B-SiL and EH200B-SiH welds.
Combination of the LOM photographs and microhardness results confirms the high volume éfaction
martensite in both the EH200B-SiL weld and the EH200B-SiH weld.

JLIXUH /120 SKRWRJUDSKV RI (+ % 6L/ ZHOG DW D 7 PLGGOH
G 7 WRS H ;, PLGGOH DQG | ;



JLIXUH /120 SKRWRJUDSKV RI (+ % 6L+ ZHOG DW D 7 PLGGOH
G 7 WRS H 7 PLGGOH DQG | 7 WRS

The FESEM secondary electron images of EH200B-SIL are shown in Figure 4.45. All the

samples are unetched and prepared with final polishing using 0.02um silica colloidal for EB3® sa



preparation. Martensite substructures are present in all four figures. The latldesirthan those from
the EH200B weld.

JLIXUH 6HFRQGDU\ HOHFWURQ LPDJHV RI (+ % 6L/ ZHOG VDPS

For the weld with EH200B-SiH wire, the backscattered electron images in Figure 4.46 (a) and (b)
show the martensite substructure. Figure 4.46 (d), (e), and (f) present the martensite niiceostrder

three different magnifications.



JLIXUH D E %DFNVFDWWHUHG HOHFWURQ LPDJHY RQG F G
(+ % 6L+ ZHOG VDPSOH XQHWFKHG



JLIXUH 6FKDHIIOHU GLDJUDP > @ 3RLQWYV PDUN RXW WKH OF
(+ % 6L+ (5 6 ZLUHV UHVSHFWLYHO\

For the welds using different welding consumables, the EBSD data were processed with the same
clean-up procedure. Figure 4.48 and Figure 4.50 are 1Q and IQ+phase maps at weld top, weld middle, and
weld bottom for the weld using EH200B-SiL and EH200B-SiH wires respectively. The retained austenite
phase fractions are summarized in Table 4.10. Figure 4.49 shows another experiment with 0.8% of
austenite in the weld using EH200B-SiL wire, compared with 5.3% austenite phase in Figure 4.48 (a) and
(b). The reasons for the variation in phase fractions could be from the sample prepheatioality of
the SEM image, and the low CI threshold for the clean-up procedure. Notice not all images have good
guality, for example, the austenite phase floating on top of the martensite substructunec &y b)
could be noise. The quantitative comparisbthe EBSD data for smaller fraction of austenite may not be
reliable due to the reasons above. In addition, the examined area is 50um x 50um in size, which makes

the quantitative analysis less representative.
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7TDEOH 3KDVH IUDFWLRQ RI DXVWHQLWH EHIRUH DQG DIWHU FOF
6L+

$XVWHQLWH 7RS | OLGG({ % RWW $YHUD
(+ % 6L/
(+ % 6L+

XRD technique is not able to detect any austenite peak for the samples welded with EH200B-SiL
wire and EH200B-SiH wire.

The austenite phase fractions of the samples using different wires are compared in Table 4.3.
From XRD results, sample using EH200B wire has 89.5% martensite while the samples using EH200B-
SiL and EH200B-SiH wires present 100% martensite. From EBSD results, sample using EH200B wire
has 94.3% martensite, which is less than that of the sample using EH200B-SiL or EH200B-SiH wire. The
trend is the same for both XRD and EBSD techniques. The welds using EH200B-SiL and EH200B-SiH
wires have similar fractions of martensite which are both larger than that of EH200B wire.

7TDEOH6XPPDU\ RI WKH SKDVH IUDFWLRQV XVLQJ ERWK ;5" DQG (%6"

XRD EBSD**

Austenite Fractior] Martensite Fractior| Austenite Fractior Martensite Fractior|
EH200B 10.5% 89.5% 5.7% 94.3%
EH200B-SiL | 0%* 100% 3.4% 96.6%
EH200B-SiH| 0%* 100% 2.8% 97.2%

1R GHWHFWDEOH DXVWHQLWH SHDNV XVLQJ ;5" WHFKQLTXH

463 'LVWRUWLRQ 5HVXOWYV

Figure 4.51 summarizes the distortion patterns of the welded sheets using EH200B, EH200B-SIL,
EH200B-SiH, and ER70S-3 wires. The distortion patterns of the sheets using EH200B-SiL and EH200B-
SiH wires are similar in both the bowing direction and the maximum distortion magnitude. Bothspattern
have the similar bowing directiasthe one using EH200B wire. However, the maximum distortion
magnitude of the sheet using either EH200B-SiL or EH200B-SiH wire is much smaller than that of the
sheet using EH200B or ER70S-3 wire.

Figure 4.52 shows the distortion line maps of the wedtdtedts using different wires. Figureb2.
(a), (b), and (c) are all from the lines in the longitudinal directions, while Figb2g(d) is from the
transverse direction. Figure 4.52 (a) locates at the weld centerline which explains the lessrantboth

due to the weld morphology and possible offset of weld centerline at each measured point. $dbje 4.



and (c) shows similar distortion trend using different wires. The welded sheet using-ERM@hows

the opposite distortion from those using LTTW wires. Among all the LTTW wires, the welded sheets
using EH200B-SiL and EH200B-SiH wires have similar distortion pattern and magnitude, which are less
than that using EH200B wire. Results in transverse direction in Figure 4.52 (d) present the same

conclusion only with the opposite bowing directmmmpared to those in LD direction.

YLIXUH 'LVWRUWLRQ PDSV RI WKH GLVWRUWHG VKHHWYV ZLWK %
(+ % 6L/ G (+ % 6L+ ZLUHV
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464 ODUWHQVLWH 6WDUW 7HPSHUDWXUH

Martensite start temperature of two LTTW wires, EH200B-SiL and EH200B-SiH, were measured
using gleeble and the Ms temperatures are 318°C and 160°C respectively. Attempts were also made for
the Ms temperature measurement of EH200B wire. However, due to the porosity in the welds, there is no
measurement data for EH200B wire. There might also be microvoids in the EH200B-SiL and EH200B-

SiH welds, which may cause errors in dilatometric measurement.
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CHAPTER 5
&21&/86,216

Distortion patterns generated by EH200B and commercial ER70S-3 wires are ojppB€ife
weldedA36 steelsheets with a thickness of 2mm

BOP welds using EH200B wire shows the mixed microstructure of martensite and austenite.
About 90 vol.% of martensite was characterized using EBSD and XRD techniques. For ER70S-3 weld,
the weld microstructuris ferrite.

Residual stresses measured using neutron diffraction method shows that higher stsemelevel
associated with longitudinal direction (LD) in the weldments. The residual stresses alimtheDveld
and HAZ for EH200B weld was found to be lower than that for ER70S-3 weld. Through thickness
mapping in the EH200B weld centerline shows that residual stresses has a decreasing trend from bottom
to top, which indicates the possibility of compressive residual stresses at the top sutfacgebd.

Microstructures in lap joint welds using EH200B wire and ER70S-3 wire are similathogh in
BOP welds, even though the base material is DP980 sheets for lap joint welds and A36 sheéts for BO
weld. HAZ softening occurris the DP980 lap-joint panels. The EH200B wire is overmatching and
ER70S-3 wire is undermatching regarding hardness.

Lap joint panels using EH200B wire doubled the fatigue life of those using ER70S-3 wire, which
could be attributed to a highstrength from martensite phase and lower residuals stresses.

Electrode weldability of EH200B wire was improved by slightly tailoring the compeositie.,
EH200B-SiL and EH200B-SiH. No significant changes in microstructure and distortion patterns were
observed by using the two new wires.

For practical welding concern, modified EH200B-SiL and EH200B-SiH wires improved the
electrode weldability of EH200B wire. The microstructure for BOP weld is almost 100% marfensite

both wires. The increased fraction of martensite leads to smaller distortion of @@$sheets.
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