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Abstract: In this study, an experimental investigation ohthialled GMA welded plates of AA5083-H116 has been
carried out. The aim of this investigation is todst the effects of the GMAW process on the trarigteermal and mechanical
phenomena of the welded elements. Thick (4mm) plafedimensions 700x300 nimwvere welded using a robotic arm.
Measurements of the thermal strains and distortieeTe performed from the start of the procedurthéoend of the cooling
cycle together with measurements of the weldingntia¢ cycles in specific positions. After the welgithe weld-induced
residual stresses field was revealed using theltaie-drilling technique while a metallographicaexination in different
cross sections in the weld area was carried o@t sEhpe of this article is to provide results ahbined transient thermal and
mechanical phenomena with regards to microstruattieduminum welded plates.
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subsequent cooling of the welded material, occgrdaring
welding, makes the computation and control of thedding
thermal cycles a critical first step in predictiingperfections
such as high residual stresses, deformations athelsirable
microstructural changes. Understanding of the theaycles

1. Introduction

The design and the erection of a metallic constndhat
includes welded components introduce special aedifip

difficulties. The presence of concentrated heatrcu | Ldle )
basically demanded for the welding of the metatiarts, IS essential since the temperature has a firstr @ffiect on

using arc welding techniques, resulted into adveféects the formation of defects in welds while t.hey ha\‘/ms_t a
such as metallurgical changes, residual stresseb asgcond order effect on the temperature fields [Rdiction
deformations in the area of the welding seams [1_4101‘ the transient and residual stress fields duaing after the
Concerning aluminum alloys, its characteristic itgisand ~comPletion of the welding process, is as a sectzplts be
mechanical properties, such as the relatively higrmal taken of highly importance, in order to ensure gtractural

and electrical conductivity, the great solubility lydrogen  Integrity of welded structures. Due to heating @odling,
in molten aluminum. the elastic modulus and thefment  thermal stresses occur in the weld and the adjaceas. The

of thermal expansion, the latter of which are abthe Strains produced during the heating phase alwagscen
one-third and twice respectively, as much thattesls exert plastic defprmatlon pf the metal. The stresseslt_ngLfrom
an adverse influence on the final welded consoad, 6].  (N€Se strains combine and react to produce intéonats

Welding of aluminum alloys has been a subject ofhat cause a variety of welding distortions. Wegdinduced

numerous studies for many decades. Some of them dfsidual stresses and shape-change behavior oaa pry
devoted to the determination of the strength of wesd 'MPortant role in the reliable design of the welgeidts and

[7-9], others focusing on the distribution of thesidual ‘velded structures[1,2,4,17].
stresses near the weld [10, 11] and others on the Though Finite Element Analysis (FEA) has been an

metallurgical ~ characterization of autogenous an@fective tool for accurate capturing of thermo-freuical
heterogeneous welds [8, 12-15]. behavior in welded structures and is being usecthin

The highly localized, non-uniform, transient hegtiand prediction of microstructure, residual stresses distbrtion,
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for more than two decades [18-23] yet, experimestiadies dimensions 700x300 nfnwere welded using a robotic arm.
specially focusing in the weld induced residuasdes can be Measurements of the thermal strains and distortwase
found [24-27]. performed from the start of the procedure to the ehthe

This research aims at investigating the transiamd a cooling cycle together with measurements of thedingl
permanent phenomena following the welding ofthermal cycles in specific positions. After the dueg
AA5083-H116 through a series of well controlledprocedure, the weld-induced residual stresses figls
experimental techniques. Thus, an in depth expetahe revealed by using the blind-hole-drilling technid@8], while
investigation of thin-walled GMA welded plates of a metallographic examination in different crosgieas in the
AA5083-H116 has been carried out. 4mm thick plases weld area was also performed.

Table 1. Chemical composition of the base metal and fdleay used (% wt.).

Si Fe Cu Mn Mg Cr Zn Ti
Base MetalAA5083H116 0.344 0.224 0.078 0.622 4,573 0.097 0.112 0.014
Filler Metal: AA5356 0.25 0.40 1.10 0.05-0.20 45-55 0.05-0.20 0.10 0.06-0.20

Table 2. Mechanical properties of the AA5083-H116.

Ultimate Strength (MPa) Yield Strength (MPa) Modulus of Elasticity (GPa) Poisson’s Ratio Elongation %
312 241 70.3 0.33 10-12

Table 3. Welding conditions applied in GMAW.

. . Welding travel speed Shielding gas Shielding gas
Welding Voltage (V)  Welding current (A) (cr/min) flow rate (litfmin) pressure (bar) Number of passes
24 160 65 20 5.2 1

distortion primary at the mid-length of the platéche
. location of the sensors is shown in Fig. 1. Regey@Gs, it
2. EXpe”mental Procedure is mentioned that they were installed both on e fand
2.1. Materials and Welding Procedure root surface, at certain and equal positions peligelar to
the weld axis in the mid length of the specimenbisT
The chemical composition of the base metal anérfill installation enables the measurement of plane andibg
alloy, AA5083-H116 and AA5356 respectively, candgen micro-strains at the SGs points. During the weldingcess,
in Table 1 [29] while, the mechanical propertiestbé the thermal cycles were measured using type-K
AA5083-H116 are presented in Table 2 [30]. Thintgdaof thermocouples. The thermocouples were positionetthen
dimensions 700x300x4 miwere welded using the welding mid-length and on the top surface of the platesasibus
parameters shown in Table 3. distances from the weld line, as shown in Fignladdition
The filler metal’s wire diameter was 1.2 mm, whilesed to the thermocouples, (LVDTs) were positioned oe th
square edge (without any gap) was chosen as edgeconstrained surface of the aluminum plate (Figinl
preparation. Butt welding in flat position was merfied by order to measure the vertical deformation, in défe
using the robotic arm HITACHI M 6100. Pure Argonswva locations, during welding and upon cooling.
used as a shielding gas. Thermocouples, SGs and LVDTs were all connected to
During welding a ceramic backing strip was attachiethe series of PC-based data acquisition multichannstesy
bottom of the position of the specimens to be wkideorder (type HBM-SPIDERS), which recorded and processed th
to obtain a sound weld profile. In addition, onat@lwas fully measurements using appropriate software.

restrained and the other was free from constr&iigs 1). ,
2.3. Residual Stresses Measurements

2.2. Transient Phenomena Measurements )
The residual stresses at the weld area were later

Temperature, microstrain and vertical displacemennheasured using standard rosette strain gaugeablsufor
(caused by angular distortion) measurements, veskzed the blind hole-drilling technique (HD). Strain ga&ug
during welding and upon cooling in order to monitbe  rosettes were positioned on the top surface oplike (Fig.
thermal and mechanical response of the weldedray$ter 1 and Fig. 2) and the blind-hole-drilling technid@&, 32]
this purpose, bi-axial surface strain gauges (S#B)lined was employed. The principle of this method is basedhe
with thermocouples (T) and linear variable disptaeat measurement of the relieved strain after the dgllof a
transducers (LVDTs) were used during the experialentsmall blind hole in the center of the three-elemeskette.
procedure in order to capture the thermal and nméchb The measured strain is converted to relieved sttessigh
response of the weldments, focusing on the maximumppropriate equations [32]. The relieved stress is
temperatures and cooling rates experienced in #w h considered to be equal to the residual stresstieguitom
affected zone and on the residual angular, outariqy welding. The technique is applicable to isotropic
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linear-elastic materials only. microscopic observations were carried out by emiplpy
) oo both optical and scanning electron microscopy. Mean
2.4. Microstructural Characterization values for the grain size of the matrix materiap@ted

Cross sections of the weld area were cut by mecahni Tom the aforementioned micrographs using IMAGE PRO
means, properly prepared for metallographic exatisina PLUS ANALYSIS image analysis program (according to
by standard procedures and then etched by a Kekerd ASTM E112-10 [33]). Microhardness measurements were
Barcker's reagent. Subsequently, samples were egami Performed on cross sections, using a Vickers hasitester

macroscopically using an optical stereoscope, whillilizing a 300 g load for 15 s.

Welding 1; Weld Bead ll . a,f /
direction B e ...___,',_..._...i _______ —
,;ﬁ; P~ .
, e
,/ lMid. Section '—: ‘ F 4 /
F g !

L7 s
700 mm " o & odoslmEe = - &
/ oTay F i
v / J b .If 4
« ot
/ T 7 1
I! [ /ey
¥ i ’ P
/ P
i Z4 /’ 0y
/
i } - E —
/
’
/ R
;;#,7 N Thermocouples
:‘ 600 mm _: Strain Gages

LVDTs

B oMo

Strain Gage and LVDT
a =10mm, b = 20mm, c = 40mm . d = 60mm, e = 100mm, f = 150mm
A =20mm, B = 40mm, C = 60mm, D = 100mm, E = 150mm, F = 200mm, G = 250mm, H = 150mm, | = 50mm

@

Figure 1. a) Schema of the experimental setup — location afalinvariable displacement transducers (LVDT), biakstrain gauges (SG) and
thermocouples (T), b) strain gauges, c) thermocemiphd LVDTs on the top of the plate

3. Results and Discussion
3.1. Macroscopic Observations

Fig. 3 shows representative macrograph of the cross
section of the weldment. As it is shown, the weldine
presented sufficient penetration with the fusionebeing
clearly vissible. Weld nugget exhibited symmetryégards
to the geometric characteristics, with an averagght and . |
width of nugget in the mid-thickness in the orde6& mm S e s
and 4.5 mm respectively, and width of root in thdep of Q]

4.5 mm (Tablef 4). Porosity rer_‘nalned in - low IeveISFigure2. a) Strain gauge rosettes on the top surface of tHdedeplate, b)
(0.5-0.8%); while no hot cracking phenomena Wwergsitions of strain gauges with regards to the Wejdaxis.
observed macroscopically.




Figure 3. Macroscopic view of welding zones.
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3.2. Microstructural Characteristics

Microscopic observations in the base metal (BMeeded
that microstructure consisted of elongated grasa aesult
of cold-working process (Fig. 4a and 4b). EDS asialy
results on the large dark particles existing in Ahematrix
(Fig. 4a, 4c and 4e) and according to literatu 5] lead
to the conclusion that correspond o phase intermetallic
precipitates like MgAl; and/or Mg@Si, along with Al-Mg
and Al-Mg-Si. Furthermore, as indicated by EDS wysial
results and literature, smaller precipitates (gpeyticles)
correspond to Al-Mg-Fe-Mn phases, like;AFeMn)Si or
Alg(MnFe) (Fig. 4a, 4d and 4f) [12, 15]. The averagarg
width was found to be 20-30m, while grain length was
found to be between 50n to 90-10Qum (Fig. 4b).

Table 4. Geometric characteristics of welding zone.

Dimensions of welding zones (mm)

a

6.5

b

8.5

Cc

4.5

Heat affected zone (HAZ), exhibited the charactieris
microstructure of 5xxx series aluminum alloy weldrze
that have been subjected to cold working, with ereece
of recrystallization, the rate of which is increagsias we
approach the weld metal (WM) (Fig. 5a to e).

Near the fusion zone (FZ), HAZ consisted of fully
recrystallized and almost equiaxed grains (Fig. Ve an
average grain diameter of 8én (according to ASTM 7.5G).

Regarding the microstructure and grain morpholofly o
WM, it appears that they do not differentiate siigantly
from those encountered by literature. More pregiséiM
near the HAZ (within FZ — see Fig. 3b) presenteldimmar
morphology consisted of elongated cellular dendigtiain
growth (Fig. 6a and 6b), with an average width Emdjth,
90 um and 350um, respectively. Also, in the FZ the
epitaxial phenomenon is observed, as the initigdtets of
WM in the limits of the FZ constitute an extensiohthe
HAZ. In Fig. 6¢c and Fig. 6d, the appearance of dadas
indicated the formation of interdendritic phasesinmty
MgsAl, [15].

In the center of the WM (Fig. 7), grains appea@dé
larger and equiaxed. The average diameter waslagduo
be 160um (grain size by ASTM: 2.8 G). Furthermore, a
uniform distribution of precipitates appeared (Frg. and
7d).

No microcracks were observed in either region of
welding area, while weld metal was found to be anicee
of micro pores (0.1-0.2%).
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Specium N spcm-ﬂ
Element %% wt. Element O wt.
Mg K 2,28 Mg K 2,37
Al K 88,02 Al K 94,39
Si K 8,97 Mn K 1,87
Mn K 0,73 Fe K 1,37
Mo an
e
s ) 7 8 9 1 H 3 4 [ [ T [ [ 1
kev] ul Soale 2461 cs Cursor 10,041 ke (0 oty kev]

(e) ®

Figure 4. Base metal. a) Optical micrograph x200; b) Optindtrograph with polarized light x200;c), d) Scangielectron micrographs, e), f) EDS
analysis of spectrum 1 and 4, respectively.

Figure 5. Optical micrographs of HAZ. Gradually increaseeatf recrystallization as we approach the {fidm a to e with a step of 50@).
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Figure 7. Optical micrographs of WM. a) Polarized light b) gméfication of a, ¢) without polarized light d) mafjcation of c.
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3.3. Microhardness Measurements 3.4. Transient Thermal Cycles

Microhardness measurements were performed in the As the measurements of thermal cycles combined with
mid-thickness and each measurement abstained fnem tsimultaneous measurements of angular distortiomgluhe
previous a distance of 5@0n. welding procedure, in the mid-length and width bft

A gradual decrease, in the order of 20% ofpecimen, 6 thermocouples were placed as showig.id i
microhardness values was observed, from the bat# toe order to record the temperature. Fig. 9 presents th
the HAZ reaching the value of 80 HY (Fig. 8a) due to measurements of the six thermocouples as a functitime.
graduate recrystallization, and a further slightrdase to
the WM in the order of ~75 HV0.3, due to grain
morphology (Fig.7). i i
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Figure 9. Transient thermal cycles during welding proceduféd — T150
thermocouples at specific distance from welding &dmm, 20mm, 40mm,
(a) 60mm, 100mm and 150mm, respectively (see alsd Jig.

Civtsncs from mulding sus fem|

90 Due to high thermal conductivity of the aluminunfogl
in combination with the large dimensions of thecipens,
85 thermocouples gave differences in the obtained mawxi
values. Especially, in case of first and secondnibeouple,
—— N the obtained maximum temperatures were’€74nd 17€C,
75 respectively; giving thus abrupt temperature chanfge
areas near the welding seam and more smooth innegi
0 away from it. Furthermore, great temperature diffiees
between thermocouples were expected as a result of

Alierohoardness HIVDL3

65 thermal properties of aluminum alloy, indicatingeth
&0 existence of residual stresses, distortions androheftions.
i 000 000 3000 4000 se00 soop  Hence, in a distance of 40 mm from the welding axis
Distance from surface (m) (thermocouple T40), temperature reached the maximum
value of 90C, while, as can be seen from the temperature
(b) profiles given by all thermocouples, in less th@ns8from
Figure 8. Microhardness values a) as a function of distamomfwelding the end of the welding procedure,- .speplmen. acquires
axis, b) as a function of depth in the center dfiig zone. temperatures of less than 200 In addition, in a distance

of 10mm from the welding axis (thermocouple T10)
Furthermore, as presented in Fig. 8b the microtemsin temperature did not exceed 2T0Q leading to the
profile in the center of the WM, as a function efpth, was conclusion that recrystallization of the materi@shnot
kept constant. From the microstructural and micrdhess occurred. This comes to an agreement with microtessl
analysis it is evident that though the welding edg&alues as one can observe in Fig. 8a.

preparation adopted promotes great dilution howetrer . ) . .
microhardness values in the WM remained in the mede 3->- Transient Thermal Stress, Distortion, Deformation

the minimum measured in HAZ (despite the grain ghow and Residual Stresses

Fig. 7a and 7b) revealing the role of the

) ! increaseqd s 1 vertical Displacement Curves as a Function of Time
percentage in Mg of the filler alloy (Table 1).

By analyzing curves in Fig. 10, combined with the
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experimental setup of Fig. 1, it can be concluded &fter
the start of the welding procedure, vertical disptaents
due to angular distortion took negative values #tieg
axis is defined as the axis towards the root ofdjvels a
result of heating and melting of the welding edgdsch
led to metal expansion. Vertical displacement cdusge
angular distortion obtained its maximum negativRiggin
the order of 2 mm) by the time the arc passesrénsverse
axis (relative to the welding axis), at 32 sec (@edength
of the plate), in which LVDTs are installed (Fig)1As the
arc moved away of this region, welding metal sthrte
solidify and cooling procedure started followed kg
contraction. Consequently, the vertical displacencansed
by angular distortion gradually begins to
acquiring positive values (positive axis is definasl the
axis with direction to the welding gun) and finaky the
end of the cooling cycle, after approximately 16@@ from

65

expansion is constrained by neighbor lower tempegat
areas. Immediately after the arc passes the axésendirain
gauges are installed, cooling of materials is istgrand
thus its contraction. In this case, tensile stresaee
developing as the contraction is constrained byhtsir
higher temperature areas. As the plate continuesotd
down, behind the arc and after welding completion,
temperature decreases in low levels, deformatiopssto
evolve and equilibrium has occurred. From Fig. 1la
referring to the transient micro-strains in direatiparallel

to the weld line (X-direction), in different distees from
the weld axis (20 mm, 40 mm, 60 mm, 100 mm and 150
mm respectively), on face surface (U-surface),aih de

increaseseen that closer to the weld zone and at distamchea

order of 40 mm the residual micro-strain, afterlo@p was
negative indicating contraction and thus tensitesstes. At
distances greater than 40 mm the residual micednstrad

the beginning of the welding procedure, the maximunfiow positive value indicating low expansion thuswlo

vertical displacement was recorded in the ordei8.@b
mm.

TR HE ] S

=k
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200 a0 €00 800 1000 1200
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Figure10. Vertical displacement curves as a function of t{Xie-150 is the

LVDT located at a distance of 150mm from weld alase to the welding
start, while Y1-150, Y2-200 and Y3-250 are LVDTsated at the mid

length of the welded plates, at distances of 150&08mm and 250mm
from the weld axis, respectively. See also Fig. 1).

It is noticeable that although LVDTs X1-150 and Y30
were in the same longitudinal axis, parallel todheekis and
expected to give the same vertical displacemergethby
angular distortion values, nevertheless, they pitesea

difference in the order of 1 mm, due to longitudiina

bending distortion and buckling distortion.

3.5.2. Transient Srains Curve as a Function of Time

compressive stresses. Concerning Fig. 11b refetarthe
transient micro-strains in direction parallel t@ thveld line
(X-direction), in the same distances from the weelds, on
root surface (D-surface), residual micro-strain hadny
case negative value indicating contraction and teusile
stresses. The difference in response between teedad
the root surface was because of the longitudinadiog
distortion and possible local buckling distortion.

Having the advantage of the measurements on both
surfaces of the plate at the same point, by taktiegmean
value of the microstrains measured, the plane-reicams
can be revealed (Fig. 11c) while by taking the
semi-difference  of the  microstrains  measured,
bending-microstrains can be revealed (Fig. 11d)airg
concerning plane-microstrains (Fig. 11c), closeth®weld
zone and at distance in the order of 40 mm theduesi
plane-microstrain, after cooling, was negative éating
contraction and thus tensile stresses while atawiigts
greater than 40 mm the residual plane-microstraih low
positive value indicating low expansion thus low
compressive  stresses.  Concerning the  residual
bending-microstrains (Fig. 11d) only at distance rafh
from the weld line recorded a negative value wiotker
values were positive.

From Figs. 11la to 11d it was evident that values of
microstrains recorded at the distance of 20 mm famich at
direction parallel to the weld axis, had signifitaralue,
compared to the values at other distances, suggette

Thermal deformation during welding is the result offormation of significant tensile (negative valueany case)
complex mechanisms including among others plastitesidual stresses up to this distance.

deformation which takes place in a wide temperatange,
from room temperature to the melting point of thetah
As welding procedure is envolving,
distribution continuously alters, causing altemasioin
contraction and deformation of welded specimensnFr
the weld start and as the torch approaches therregiere
strain gauges are installed the material is gragumedated
and expansion occurs due to temperature
indicating the development of compressive stresagshe

From Fig. 12a referring to the transient microstsain
direction perpendicular to the weld line (Y-direct), in

temperaturedifferent distances from the weld axis (20 mm, 4®,n60

mm 100 mm and 150 mm respectively), on face surface
(U-surface), it can be seen that closer to the wefte and
at distance in the order of 20 mm the residual osicain,
after cooling, was positive, indicating expansiom dahus

increagggmpression stresses. At distances greater thann2@he

residual microstrain had low negative values intithcplow
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contraction thus low tensile stresses. Concerniigg F2b  plane-microstrain, after cooling, is positive iratiog
referring to the transient microstrains in direotio expansion and thus compressive stresses whilest@indes
perpendicular to the weld line (Y-direction), inetlsame greater than 20 mm the residual plane-microstriaauslow
distances from the weld axis, on root surface (Base), negative values indicating low contraction thus l@nsile
residual microstrains had in any case low negataleies stresses. Concerning bending-microstrains (Fig.) 1Bd
indicating contraction and thus tensile stressebe T values recorded were in any case negative.
difference in response between the face and thestotace From Figs. 12a to 12d it was evident that values of
was because of the longitudinal bending distortaaxd  microstrains recorded at the distance of 20 mm famwh at
possible local buckling distortion. direction parallel to the weld axis, had signifitamalue,
Again the plane-microstrains (Fig. 12c) and thecompared to the values at other distances, suggeste
bending-microstrains (Fig. 12d) were revealed kkinta formation of tensile (negative value in any casidual
the mean values and semi-differences of the miaiost stresses up to this distance which however were
recorded respectively. Concerning plane-microssraim  significantly lower than the corresponding value tte
Y-direction (Fig. 12c), closer to the weld zone aad X-direction (300ue to 1200ue respectively).
distance in the order of 20 mm the residual

300
300 4 lime{sec)
A v e 2
8 oo 100 0 200 400 50 600 TO0 B0 Zam
'E * lime (sec) _E;
£ —z0u g
E-r00 1 —XA0U Eoree
—XE0U
—X 1000
L — X150 1200
B
~1r00 4 1roe
@ LY
b 00
g —
; ———— 2
£ ] B x = 1 W0 00 40 W0 0 0 e
g0 ) § 3 - ] ¥ # 5 Time [sec)
'é Time [sec) = —-—"—-—-_______‘_‘_‘_—___
(-3
= —X20 ] =%
H —X40 £ — x4
700
=1 |k == =
-1 —¥100
U \\ =X 150 =15
A0
1200
1700
1700
(e} ()

Figure11. Tramsient sivain curve &s @ fimction of time a) micro-sirains x- axis upper surfiice (L), B) micro-sirains x- axis rootsurface (D), ¢) the
plane-micro-siraing x-ceis (P) and d) bending-micro-sivains xaks (B).

300 300
- "
- Time {sec)
S A
g -5 ] o0 0
=200 =200
= =
7
5 £
o 2
E.ro0 100
- . —Y200
=400
—Y800
1200 1200 =00
—Y1500
AT00 1700

(a) )



International Journal of Materials Science and Agations 2014, 3(2): 58-69

300 ¢+
- —
-
a i
e
E =0 o 0 A0 2
= -200 =
= [
f =
g g
T T
= E
E =20 =
700 + =40
—YE0
=100
—F150
-1200
|
|
1700

1700 <

(e

Figure 12. Transient strains curve as a function of time agrastrains y-
plane-micro-strains y-axis and d) bending-micraagts y-axis.

3.5.3. Residual Stresses

Fig. 2 shows the arrangement of strain gauges @roih
surface of the welding specimen. As the methodicéshs
impose the distance between the two measuremerits to
greater than the size of a rosette (~10 mm) inraad¢ake
interim measurements, two rows of rosettes werentedlin
the axis transverse to the welding axis. All measants
were performed on the top surface of the plateth, thie first
measurement taken at a distance of about 15mm tihem
welding axis.

Fig. 13 shows the results of residual
measurements by blind-hole-drilling technique dsretion
of distance from the weld axis. In the zero distan€ the
welding axis residual stresses are tensile in theramf yield
stress of the material at room temperatar@40 MPa).

240 1

190 1

-
o =
t=1 o

Residual stresses (MPa)
&

Y
o

20 \49’{ 60 80 100 120 140 160

Distance from welding axis (mm)
60 4

Figure 13. Residual stresses measurements by hole drillicisnique.

From Fig. 13, it can be concluded that the longitad

residual stressesX) were tensile and constantly decreasedq

as the distance from the welding axis was increasedup
to 30 mm in distance from it. In 15 mm distancerfrthe
welding axis, where the first measurement was takiesm
longitudinal residual stressX) had the maximum value in
the order of 169 MPa. After the distance of 30 momfthe
welding axis, residual stresses became compredsikieg
however small values, and then at a distance ofmbd

(pe)

stresses
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turned into tensile due to the longitudinal deflattof the
welded plate. The transverse residual stressgsshowed
the same pattern with more restricted zone of leegiesses
and wider of the compressive ones. Residual ssgxsterns
and values correspond to measurements found natlire
[16].

4. Conclusions

Based on the aforementioned results, several csiocis
can be drawn:
A sufficient penetration was achieved with the weld
nugget exhibiting symmetry in regards to its geaioet
characteristics. Defects like porosity or hot ciagk
was not observed.
As far as microstructure is concerned, the rate of
recrystallization increased while moving from thig1B
to the FL. In the region of the HAZ close to the, FZ
fully recrystallized, almost equiaxed grains were
observed. Segregation was revealed in the FZ Wwih t
grain morphology changing from columnar (close to
the fusion line) to large equiaxed in the centethaf
WM.
Microhardness measurements followed the evidences
of the microstructure characterization showing a
gradual decrease of values from the base to thd wel
metal all through the HAZ. The role of the increse
percentage in Mg of the filler alloy was revealsdize
microhardness values didn’t drop any further, ia th
center of the WM, from the minimum values in the
HAZ despite the large equiaxed grains of that area.
Recrystallization temperature occurred at distance
from the weld axis less than 10 mm since the masimu
temperature measured at 10 mm was 2700C. At
distances greater than 10 mm, the maximum
temperature observed was not likely to cause any
change in the microstructure of the material. The
profile of the thermal cycles was in agreement \tliid
microstructure and microhardness analysis.
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Vertical displacement due to angular distortion
changed from negative (as the welding procedure was
developing) to positive values (after the completid
the procedure), due to high thermal conductivity]8]
expansion and contraction of the material. The
maximum negative value (in the order of 2 mm) was
reached at the moment the arc passes the transverse
axis (middle length of the plate) while, the maximu [°]
positive value (in the order of 8.25 mm) was reeard
more than 900 sec from the completion of the wejdin
procedure. It is worth to be noticed that verticall10]
displacement acquired “zero” value at the compietio
of the welding procedure (~64 sec).
From the weld start and as the torch approaches tfil]
region where strain gauges were installed the rahter
is gradually heated and expansion occurs due to
temperature increase, indicating the development of
compressive stresses, as the expansion is comstrairfil2]
by neighbor lower temperature areas. Immediately
after the arc passes the axis where extensometgzes w
installed, cooling of materials is starting andgtits
contraction. In this case, tensile stresses areldging

o ; . ) [13]
as the contraction is constrained by neighbor hnghé
temperature areas. As the plate continues to enohd
behind the arc and after welding completion,
temperature decreases in low levels, deformatiogmsst ]
to evolve and equilibrium was occurred.
Results obtained by residual stresses measurements
found to be in agreement to the profile of finalues
of transient strains curves as a function of tiiviere
specifically, at a distance of 20 mm from weldingsa
significant values of tensile residual stressesewer
measured, while as can be seen from Fig. 11, X201l
X20D, X20P and X20B final values have significant
difference as compared to the values measured at
greater distances. [17]

(15]
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