MATOH 100

DOIL: http://dx.doi.org/10.15407/as2018.11-12.08

UDC 621.791:669.71

EFFECT OF PLATE THICKNESS ON WELD SPEED IN FRICTION
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In this study, it was aimed to determine the weld speeds required in order to obtain defect-free joints in AA6061-T6 alloy plates
with two different thicknesses (namely 3,0 and 6,2 mm) by friction stir welding at a constant rotational rate of 1000 rev.min-1.
For this purpose, two different stirring tools (one tool for each plate thickness) have been obtained and used to determine suitable
weld speed for each plate thickness. The microstructures of the joints obtained were investigated in both macro- and micro-scale,
and their mechanical properties were determined by conducting microhardness measurements and tensile testing. The current
study clearly indicated that AA6061-T6 alloy plates with different thicknesses can be successfully FS welded provided that
suitable stirring tool and weld parameters are used. Moreover, it was also observed that the joint performance value of the thicker
plates was somewhat lower than that of the thinner plates. This can be attributed to higher heat inputs required in order to obtain
defect-free joints in thicker plates and lower cooling rates after the joining in the case of thicker plates. 42 Ref., 2 Tabl., 7 Fig.
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Introduction. Friction stir welding (FSW) is a
novel solid state joining technique used for welding low
melting materials, particularly Al-alloys. In this joining
method, the heat generated from the resistance of the
material to plastic deformation is utilized to produce
the joint. The workpieces to be joined are held against
each other and a stirring tool rotating at a high rate is
plunged into the workpieces and moved along the joint
line. The workpieces does not melt but plasticizes by the
heat generated from the resistance between the shoulder
as well as the surface of the tip of the stirring tool. The
plasticized workpieces are mixed together by the stirring
tool as it travels along the joint line producing the joint
[1-8].

This novel welding technique is at present
widely employed for joining Al-alloys in industrial
applications [6]. Furthermore, the method is also
capable of being used in joining of Cu-alloys [9-11],
Mg-alloys [12—14], Pure Pb [15], and even for higher
temperature structural materials such as steels [16—
19] and Ti-alloys [4] provided that the limitations on
suitable stirring tools that can withstand temperatures
above 1000 °C. The problems originating from the
melting are not encountered in this joining technique
since the workpieces do not melt during welding.
These difficulties encountered in fusion joining
include porosity formation and cracking in weld
zone [20-26]. Moreover, it is desirable to obtain
comparable mechanical properties in weld zone of
a joint to those of the base plate [1]. However, the
loss of strength in the weld region, both in weld
nugget in the HAZ, takes place in this joining method
due to dissolution and coarsening of strengthening
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precipitates, respectively. Nevertheless, the loss of
strength is much lower in FSW than that occurring
in the fusion joining due to the lower heat inputs
involved in FSW.

AA6061 Al-alloy exhibits a very good corrosion
resistance. Owing to its good corrosion performance
coupled with its high strength and light weight, this
alloy is widely used in industrial applications. Thus,
numerous studies have been conducted on friction
stir weldability of these alloys [27-31]. In this
study, AA6061-T6 alloy plates with two different
thicknesses, namely 3,0 and 6,2 mm thick, have been
friction stir welded using a different stirring tool for
each. In these weld trials, the rotational rate (i.e.,
1000 rev. min~!) chosen from the literature has been
employed for both plate thickness. Thus, it was aimed
to find out the influence of plate thickness on weld
speed at a constant rotational rate of 1000 rev. min~'.

Experimental procedure. AA6061-T6 plates
with two different thicknesses, namely 3,0 and
6,2 mm, were used in this study. In order to conduct
the weld trials, a welding fixture was designed and
produced. This fixture is needed to hold the work
pieces to be welded in a fixed position on CNC table
throughout the joining process. Fig. 1 illustrates the
designed welding fixture, which was used in friction
stir welding of the plates. Moreover, two FSW
stirring tools with different geometries and tip lengths
(namely 2,8 and 6,0 mm) were purchased and used in
the welding of plates, Fig. 2.

The rotational rate, i.e. 1000 rev. min~!, used in
the FSW of the AA6061-T6 plates in this study
is determined based on the reports existing in the
literature [32—39]. This rotational rate was chosen as
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Fig. 1. The fixture designed and produced to be used in weld
trials and the welding procedure

it was reported that defect-free joints produced at this
rotational rate by FSW for both AA6061 and AA7075
Al-alloys plates. Furthermore, two different weld
speeds were used for each plate thickness, namely
100 mm/min and 150 mm/min for the plate thickness
of 3,0 mm and 50 mm/min and 75 mm/min for the
plate thickness of 6,2 mm. Thus, it was aimed to
determine the optimum traverse speed at the constant
rotational rate of 1000 rev.min-1 for each plate
thickness. A tilting of stirring tool was used for both
plate thickness, i.e., 0,7° for 3,0 mm thick plates and
0,5° for 6,2 mm thick plates. The weld parameters
used were given in detail in Table 1.

A metallography specimen and three tensile test
specimens were extracted from each joint produced
in order to evaluate microstructural and hardness
variations within the weld region and to determine
tensile properties, i.e. weld performance values.
Metallography specimens were ground and polished
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Fig. 2. The FSW stirring tools used in this study (1 — pin length
is 2,8 mm and shoulder diameter is 10 mm; 2 — pin length is 6,0
mm and shoulder diameter is 15 mm) [38]

Table 1. The weld parameters used for FSW of AA6061-T6
alloy plates with two different thicknesses

Plate Shoulder Rotational Weld speed, | Tool tilting,
thickness | diameter rate, .
£, mm d, mm rev. min~! mm/min Degrees
1
3,0 10 1(5)8 0,7
1000 50
6,2 15 0,5
: 75 )

and then etched for 120 s using Keller’s reagent for
microstructural investigations and microhardness
measurements. A detailed optical microscopy was
conducted along the cross-sections of the joints
produced in order to evaluate the microstructural
alterations taking place within the weld regions.
Several macro- and micrographs were taken from
different regions of each joint and used to correlate
the microstructure and the mechanical properties of
the joints. Thus, it was aimed to determine the effect
of weld speed on the microstructure and in turn
on the mechanical behavior of the joints. Vickers
microhardness measurements were conducted
across the joint cross-sections using a load of 200 g,
loading time being 10 s. The geometry of the tensile
specimens tested was given in a previous publication
[32]. All tensile tests were conducted using a loading
rate of 0,1 mm/min.

Results and discussion. /. Microstructural
Aspects. Macrographs taken from the welded joints
produced (3,0 mm and 6,2 mm thick plates) are
given in Fig. 3, 4, respectively. As seen from Fig. 3,
both joints produced on 3,0 mm thick plates using
different weld speeds, namely 100 mm/min and
150 mm/min, did not exhibit any weld defects, such
as porosity or tunnel-like void. Similarly, all the
joints produced on 6,2 mm thick plates with different
weld speeds (i.e., 50 mm/min and 75 mm/min) also
did not display any weld defects, Fig. 4. These results
indicate that defect-free joints were successfully
produced for both plates with different thickness
using suitable tools and weld parameters.

Fig. 3. Macrographs taken from the FSWed joints produced on
3,0 mm thick plates using a rotational rate of 1000 rev. min':
a — 100 mm/min; b — 150 mm/min
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Fig. 4. Macrographs taken from the FSWed joints produced on

6,2 mm thick plates using a rotational rate of 1000 rev. min':

a — 50 mm/min; b — 75 mm/min

Moreover, it was also clearly observed that
the weld regions of the joints obtained on thicker
plates were wider than those exhibited by the joints
produced on thinner plates. These results were not
surprising since the shoulder and pin diameters of
the stirring tool used in FSW of thicker plates are
larger. These results also indicate that the rotational
rate of 1000 rev. min~! can be used for both plate
thicknesses.

The microstructures of both AA6061-T6 base
plates with two different thicknesses (i.e., 3,0 and
6,2 mm) used in this study are shown in Fig. 5, a and
6, a, respectively. As seen from these micrographs,
both base plates exhibit a microstructure consisting
of alpha grains containing randomly distributed
large particles which are readily visible in optical
microscopy. As reported in earlier publications [33,
34], the particles randomly oriented in alpha matrix
are script-like Fe,SiAl , particles and round Mg,Si
particles. Alpha grains existing in the microstructures
of both base plates are coarse-grained and no clear
difference was observed in the alpha grain size
between the microstructures of the plates with
different plate thicknesses. The microstructure of
AA6061 alloy also contains very fine grained Mg,Si
precipitates homogeneously distributed within
the alpha grains, which result in strengthening in
T6 temper condition of this alloy. However, these
strengthening precipitates are extremely fine, so that
they are not visible under optical microscope, and
even in scanning electron microscopy.

As clearly seen from Fig. 5, grain refinement took
place within the dynamically recrystallized zones
(DXZs) of the joints produced on 3,0 mm thick
AA6061-T6 plates using two different weld speeds,
namely 100 and 150 mm/min. Moreover, it was also
observed that the joint obtained using slower weld
speed (i.e., 100 mm/min) exhibited coarser grains
in the microstructure of the DXZ (Fig. 5, b) than

o . 50 mkron
Fig. 5. Optical micrographs of 3,0 mm thick base plate and DXZs
of the joints produced on this plate: « — base plate; b — DXZ of
the joint produced using a weld speed of 100 mm/min; ¢ — DXZ
of the joint produced using a weld speed of 150 mm/min

those of the joint produced at higher weld speed (i.e.,
150 mm/min), Fig. 5, c. This indicates that the extent
of grain refinement was lower in the joint obtained at
slower weld speed, which is attributed to the higher
heat input involved in this case leading to grain
coarsening.

Similar results were also observed in the joints
obtained on thicker plates, i.e. 6,2 mm, using two
different weld speeds (namely 50 and 75 mm/min),
Fig. 6. Grain refinement also occurred within the
DXZs of these joints as well and finer alpha grains
were observed in the microstructures of the DXZs
than those in the microstructure of the base plate.
When the grain sizes of the microstructures of these
joints are compared it can be seen that the joint
produced at higher welding speed displayed finer
grains than those of the joint obtained at lower weld
speed, Figs. 6, b, c¢. This result is again attributed to
the lower heat input involved in the case of higher
weld speed resulting in finer grains within the DXZ.

Furthermore, the extent of the grain refinement
taking place in the DXZs of the joints produced
on thinner plates (i.e., 3,0 mm) is higher than that
occurring in the DXZ of the joints obtained on thicker
plates (i.e., 6,2 mm). In other words, the grains in
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the DXZs of the thinner joints are finer than those in
DXZs of thicker joints, Fig. 5, 6. This is believed to
be due to the fact that heat input involved in FSW of
thinner plates are in general much lower than those
involved in FSW of thicker plates resulting from the
use of larger stirring tools for thicker plates, as well
as lower cooling rates involved in thicker plates after
the welding.

2. Mechanical Properties. Vickers microhardness
measurements (HVo,z) were taken across the weld
cross-section from numerous locations on a line in
the mid-thickness of the welded joint using a load of
200 g in order to determine the hardness profiles of
all the joints produced in this study. Fig. 7 illustrates

Fig. 6. Optical micrographs of 6,2 mm thick base plate and DXZs
of the joints produced on this plate: @ — base plate; b — DXZ of
the joint produced using a weld speed of 50 mm/min; ¢ — DXZ
of the joint produced using a weld speed of 75 mm/min

TN

the obtained hardness profiles from both joints
with different plate thicknesses, namely 3,0 and
6,2 mm, produced using different weld speeds. These
hardness profiles clearly indicate that a hardness
loss took place in all the joints. On the other hand,
metallographic investigations displayed that grain
refinement occurred within the weld nugget of all
the joints, Fig. 5, 6. It was expected that this grain
refinement would increase the hardness in the weld
region. However, the base plate used in this study
is in the artificially aged temper condition (i.e., T6)
and the strength in this temper condition originates
mainly from very fine homogeneously distributed
strengthening precipitates within the alpha grains.
When this alloy is exposed to heat after aging,
such as welding, dissolution or coarsening of the
strengthening precipitates takes place depending on
the level of temperature involved, thus resulting in
a loss in hardness. This hardness loss occurs both in
heat affected zone (HAZ) and in the weld nugget. The
reason of the hardness loss in the weld nugget is the
dissolution of the strengthening precipitates whereas
the hardness loss in the HAZ is due to the coarsening
of the precipitates as a result of overaging [40].

The hardness minimum lies within the overaged
HAZ regions on both sides of the weld nugget since
hardness loss in the weld nugget is partly recovered
by the grain refinement taking place there, giving rise
to a W-shaped hardness profile (Fig. 7). This type of
hardness profile is very typical of this alloy as the
case in fusion welding [5, 6, 20, 22, 23]. Moreover,
a less significant hardness loss in the weld region
was displayed by the joints produced at higher weld
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Fig. 7. Hardness profiles of the joints produced: a — 3,0 mm
thick joint; b — 6,2 mm thick joint
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Table 2. Tensile test results
. Weld speed, 9%0.2 Proof Tensile strength, . Proof stress | Tensile strength | Elongation
Specimen . Elongation, % | performance, | performance, | performance,
mm/min stress, MPa MPa o o, %
BM -- 276* 310* 12% --- --- ---
170; 161; 220; 220; 42:4.3;
FsWed joint | \° 162 (164) 221/(220) 41(42) > “ 33
(3,0 mm) 178; 183; 224; 233; 4,5;4.,2;
150 181 (181) 230 (229) 4,4 (4.4) 66 74 37
140; 146; 200; 211, 3,9;4,1;
FSWedjoint | 147 (144) 20207) | 41(40) i o >
(6,2 mm) 148; 148; 211; 210; 4,9;5,3;
» 150 (149) 212,211 4.6(49) >4 o8 H
Note: Average values are given in bold and parenthesis. *These mechanical properties of the base plate are taken from the literature.

speeds than those obtained at lower speeds for both
plate thickness as seen from Fig. 7. This is attributed
to lower heat inputs involved in the welds conducted
at higher weld speeds.

It was also observed that the joints produced on
6,2 mm thick plates exhibited a more significant
hardness loss within the weld region than the joints
obtained on thinner plates, particularly the joint
procuded using a weld speed of 50 mm/min, Fig. 7,
b. The lowest hardness observed within the weld
region of the 6,2 mm thick joint produced at a
welding speed of 50 mm/min was about 60 HV, while
the minimum hardness in the 3,0 mm thick joints
was 72 HV. This result is in good agreement with
the metallographic invsetigations which indicated
a more significant grain refinement within the weld
nugget of the 3,0 mm thick joints than the joints
produced on thicker plates, Fig. 5, 6. As discussed in
the microstructural aspects section earlier, the reason
for this is the higher shoulder and tip dimeter of
the stirring tool used for joining thicker plates, thus
leading to higher heat input during welding, as well
as lower cooling rates involved in the thicker plates
after joining. Moreover, the witdh of the weld region
where a hardness loss occurred is larger in the case
of the thick plate joints (approximately 15 mm wide,
Fig. 7, b) than thin plate joints (being about 10 mm
wide, Fig. 7, a). This result is also in good agreement
with the macrographs taken from the joints, Fig. 3, 4.

The tensile test results of the joints are
summarized in Table 2. Three tensile test were
conducted for each joint and the average of these
three test results were calculated, and the average
values calculated are given in Table in bold and
parenthesis. These average values were used in
the calculations of the joint performance values.
Three joint performance values, namely proof
stress performance, tensile strength performance
and ductility performance, were determined for
all the joints produced. The minimum tensile
properties were taken from the tensile data existing
in the literature for AA6061-T6 plates and used
in the calculation of performance values. Three

performance values were determined as explained
below:
Proof stress performance (%) = (%0,2 Proof stress of

welded joint / %0,2 Proof stress of base plate) x100
Tensile strength performance (%) = (Tensile strength of
welded joint / tensile strength of base plate) x100
Elongation performance (%) = (% Elongation of welded
joint / % Elongation of base plate) x100

As seen from Table 2, high weld performance
values (i.e., proof stress and tensile strength
performance values) have been obtained from all
the joints produced on both plate thicknesses at a
rotational rate of 1000 rev. min~! using tools with
different geometries (Fig. 2) and two different weld
speeds. However, the joint produced with higher
weld speed at each plate thickness exhibited higher
weld strength performance values. The maximum
proof stress and tensile strength performance values
obtained from the specimens extracted from the
3,0 mm thick joints were displayed by the joint
produced at a welding speed of 150 mm/min, which
are 66 % and 74 %, respectively.

On the other hand, the maximum strength
performance values were exhibited by the 6,2 mm
thick joints produced at a welding speed of 75 mm/min,
which are 54 % and 68 %, respectively. These values
are lower than those obtained from the 3,0 mm thick
joints. These results are in good agreement with the
hardness profiles of the joints, Fig. 7. As seen from
Fig. 7, the hardness loss in the weld regions of the
6,2 mm thick joints were more significant than those
observed in the 3,0 mm thick joints. Moreover, the
ductility performance values exhibited by all the
joints are relatively low, ranging from 33 % to 41 %.
This can be attributed to the strength undermatching
in the weld region. Since the strength is much lower
within the weld region than that of the base plate the
elongation takes place only within the weld region
section of the transverse tensile test specimens and
the base plate sections do not yield (it is in the elastic
region throughout the test) and thus do not contribute
to the total elongation. In the case of strength
undermatching joints, the stress concentration
and, thus, fracture take place in the lower strength
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weld metal region (confined plasticity), leading to
an increase of constraint within the weld region
and, thus, significantly lower ductility levels. This
confined plasticity is also quite common in fusion
welded or diffusion bonded joints with a strength
undermatching weld region [20-26, 41, 42].

Conclusions. In this study, AA6061-T6 Al-
alloy plates with two different thicknesses, i.e., 3,0
and 6,2 mm, have been successfully friction stir
welded at a rotation rate of 1000 rev. min~!. The
following conclusions have been withdrawn from this
experimental work:

= it was observed that the tool geometry plays
an important role on the heat input the workpieces
experience during FSW. The shoulder and tip
diameters of the tool used for FSW thicker plates
are larger. Thus, the total surface area of the tool is
larger which in turn results in higher frictional heat.
As a result of this, a higher heat input is applied to the
workpieces to be welded, leading to wider weld width
in the thicker joints;

= a grain refinement was observed in the weld
nuggets of all the joints produced due to dynamic
recrystallization. The grains in the weld nugget are
finer in general in thinner joints than those of the
thicker joints due to the lower heat input involved
in FSW of thinner plates. For each plate thickness,
the joint produced using higher weld speed exhibited
finer grains due the lower heat input involved at
higher weld speeds;

= a more significant hardness decrease took place
within the weld regions of the thicker joints. This can
also be attributed to the higher heat inputs involved;

= due to the lower heat involved, the specimens
extracted from the thinner joints displayed in general
higher proof stress and tensile strength performances;

= on the other hand, ductility performances of all
the joints are low, the maximum value being 41%.
This is not surprising since lower ductility levels
are obtained from the transverse tensile specimens
extracted from the joints with strength undermatching
weld zone due to confined plasticity.
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PoGora cripsMoBaHa Ha BU3HAUEHHS MIBUAKOCTI 3BapIOBaHHs, HEOOXiIHOT s oTpuMaHHs Oe3neekTHUX 3’ €IHaHb TUTACTHH 3
amoMiHieBoro crutaBy AA6061-T6 tourmHOO 3,0 Ta 6,2 MM IIpY 3BapIOBaHHI TEPTAM 3 MEPEMIITyBaHHAM (IIBHIKICTH 00ep-
taHHA iHCTpyMeHTY 1000 06 / xB.). [111s1 1bor0 OyI10 BUKOPUCTAHO ABA PI3HUX 1HCTPYMEHTH (U1l KOYKHOT TOBIIIMHU IIJTACTHHH).
MikpocTpyKTypa MeTaiy 3 €IHaHb Oyla TOCTiKEHA K B MaKpO-, TaK 1 B MIKpOMAacIITaOHOM BHUIVISI, @ IX MEXaHI4Hi BIACTH-
BOCTI OyJIM BU3HAUYEHI IIISXOM MPOBEACHHS BUMipIOBaHb MIKPOTBEPAOCTI Ta BUNPOOYBaHb HA PO3TATYBAaHHS. Y JOCIiIKEHH]
YiTKO BCTAHOBIICHO, IO MJIACTHHU 3i criaBy AA6061-T6 3 pi3HOIO TOBIIMHOIO MOXKYTh OyTH YCIIIITHO 3’€IHAHI 32 YMOBH, IO
BHKOPHCTOBYIOTHCS BiIMOBITHI IHCTPYMEHTH 1 MapaMeTpH 3BaproBaHHA. KpiM Toro, Oymno TakoX BiI3HAYEHO, IO TPOIYKTHB-
HICTh 3BapIOBaHHS O1JBII TOBCTHX IIACTHH Oyla EII0 HUKYOI0, HIXK Y OUIBII TOHKUX TUIACTHH. e MokHA MOSICHUTH OimbIx
BHCOKMMH BUTpaTaMH TeTlIa, HeOOX1THIMU IJIsl OTpUMaHHS Oe31e(pEeKTHUX 3’ €THaHb OLTBII TOBCTHX TUIACTHH 1 OLTBII HU3bKUMHA
MIBUIKOCTSMH OXOJIOJPKEHHS TicHst 3’ €THAHHS B pa3i Okl TOBCTUX TuacTuH. bibmiorp. 42, tabm. 2, puc. 7.

Knwouoei cnoea: 36aposannus mepmsam 3 nepemiwyeannsim, AA6061-T6, moswuna niacmunu, MikpocmpyKkmypa,
MEeXaHIUHI 61aCMU60Cmi
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Pabota HampasieHa Ha ONpe/eIeHIe CKOPOCTH CBAPKH, HEOOXOAUMO# 11sl MoNTydeHus 6e3/1epeKTHBIX COCIMHEHHMIT IITACTHH U3
amoMuHneBoro criaBa AA6061-T6 Tommunoi 3,0 1 6,2 MM IIpH CBapKe TPCHUEM C NIEPEMEIINBAHUEM (CKOPOCTh BPAILICHUS
nHcTpyMenTa 1000 o6/mun). [Ipu 5TOM OBIITH HCHONTB30BAHBI 1B PA3HBIX HHCTPYMEHTA (I KX 10 TOJIIIMHBI MJIACTUHBI).
MHUKpOCTpPYKTypa MeTajlla COeIMHEHUH Oblia HCCileJoBaHa KaK B MaKpo-, TaK M B MUKPOMACIITAOHOM BHJIE, @ UX MEXaHUYCCKHE
CBOWCTBA OBUTH OIIPE/IEIICHBI ITyTEM IPOBEJICHHS N3MEPEHUIT MUKPOTBEPIOCTH M MCTIBITAHUH Ha pacTskeHue. B uccnenoBanun
YEeTKO YCTaHOBJICHO, YTO TUIACTUHBI U3 cruiaBa AA6061-T6 ¢ pa3nuyHON TONIIMHON MOTYT OBITh YCIIEUTHO COCAHMHEHBI IIPH
YCJIOBHH, YTO MCIOJIB3YIOTCS ITOAXO/IINE HHCTPYMEHTBI U ITapaMeTpbl cBapku. Kpome Toro, 6510 Takke 0TMEHYEHO, YTO TIPo-
W3BOIUTENHHOCTB CBApKH 00JIee TOJICTHIX TUIACTHH OBbLIA HECKOJIBKO HIDKE, YeM Y 00Jiee TOHKUX IUIACTHH. DTO MOXKHO OOBSICHUTH
Oostee BRICOKMMHU 3aTpaTaMH Terjia, HeOOXOAMMBIMU ISl TOMy4YeHus Oe3aepeKTHBIX CoOeqMHEHHH Ooee TOICTHIX MIACTHH U
0osiee HU3KUMH CKOPOCTSIMU OXJIQXKICHUS TIOCIIE COCAMHEHHUS B Cllydae Oosee TOJICTHIX m1acTuH. bubmuorp. 42, tabdm. 2, puc. 7.

Knwoueesvie cnoea: ceapka mpenuem ¢ nepemewusanuem, AA6061-T6, monwuna niacmunsl, MUKpOCMpPYKmMypd, mexa-
Huyeckue ceolcmea
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