ISSN 1027-5495. Functional Materials, 25, No.4 (2018), p. 766-773.

doi:https://doi.org/10.15407/fm25.04.766

Experimental study on full-penetration
friction stir welding of 2219 aluminum alloy

Sun Qianl, Zhou Hongz, Wu Zaihou2

1School of Marine Engineering, Jimei University, Xiamen, Fujian,
361021, China
2School of Ocean and Civil Engineering, Jiangsu University of Science and
Technology, Zhenjiang, Jiangsu,212003, China

Received October 20, 2018

This paper takes 2219 aluminum alloy as the object of study, makes an experiment of
full-penetration friction stir welding (FSW). The effectiveness of three kinds of full
penetration procedure are verified by using technology of X-ray flaw test and root color
test, and the differences of mechanical property of weld bead of three FSW have been
analyzed based on mechanical property and metallographic tests. Through the experiment,
the FSW of back supporting can be proved to be the most suitable welding procedure for
production.
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Ananmsupyercsa cBapka MeTOgOM TpeHus ¢ mnepememmBanuem (FSW) amromunmeBoro
citasa 2219. 9ddeKTHBHOCTE TPEX BHUAOB II€PEMEIlBAHUA IIPOBEpPsaeTCd UCHBITAHUAMU Me-
XAQHUUYECKHX CBOMCTB IIIBA METAJJIOrPAa(PUUECKMM METOJOM, METOJOM PEHTIeHOBCKOUN medek-
TOCKOIIMK UM I[BETOBBIM MeTomoM. Ilokasano, uro FSW sagueil mogmep:kku sBisercda Haubo-
Jee IIOAXOASAINEll IMpoIenypoil CBapKu IJs IIPOM3BOACTBA.

ExcriepuMmeHTaJbHE JOCHiAKEeHHS 3BAPIOBAHHS TePTIM 3 HepeMilIyBaHHIM
amoMinieBoro cuaaBy 2219. Sun Qian, Zhou Hong, Wu Zaihou.

BuBuaeThcsa 3BapOBaHHSA MeTOLOM TepTdA 3 nepeMimyBanuaMm (FSW) amominieBoro cmimaBy
2219. EdexTupHicTH TPHLOX BHUAIB TepeMimryBaHHA NePeBIpAETHCA BUMPOOYBAHHAMU
MeXaHIUHUX BJIACTUBOCTEH ITBAa MeTAJIOTPA(GIUHNM METOI0M, METOIOM PEHTTEHIBCHKOI gedek-
TocKotii i Komipuum metogom. Ilokasawno, o FSW 3agHbol OigTpUMKN € HaAHOIMIBIIT TPUAAT-

HOIO TPOIEAYPOI0 3BAPIOBAHHA AJA BUPOOHUIITBA.

© 2018 — STC "Institute for Single Crystals”

1. Introduction

Aluminum alloy has been widely used in
the shipbuilding industry, but it is difficult
to avoid the defects of pores in welds and
welding slag, so it is difficult to meet the
requirements of ship design and manufac-
ture. Friction stir welding (FSW), a solid
phase connection technology is mainly used
in the manufacture of aluminum flat struc-
tural parts, especially large aluminum alloy
wall structures in shipbuilding [1-4]. The
friction stir welding of 2219 aluminum
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alloy will carried out in this paper, and the
test results will be analyzed in detail.

2. Experimental

2.1. Operation test materials and testing
equipment

The welding sample used in the full
penetration friction stir welding test is
made of aluminum alloy 2219-T62. 2219
aluminum alloy has good weldability, resis-
tance to stress corrosion, excellent mechani-
cal properties and fracture toughness in the
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Table 1. Main chemical composition of 2219 aluminum alloy

(1-1)
Alloy Cu, % Mn, % Fe, % Si, % Mg, %
Al-Cu 5.8~6.8 0.2~0.4 0.3 0.% 0.02
(1-2)
Alloy Zn, % Zr, % Ti, % Al, %
Al-Cu 0.1 0.1~0.25 0.02~0.1 Residual quantity

temperature range of -250 to 250°C [5].
Table 1 is a 2219 aluminum alloy composi-
tion table.

In the full penetration and friction stir
welding test, the mixing tool is chosen as
the concave shaft shoulder, and the stirring
probe is a cone-shaped threaded structure
[6]. The diameter of the shaft shoulder is 22
mm, and the diameter of the stirred probe’s
root is 6.4 mm. The stirring probe length of
the number two test sample is 5.8 mm, the
thickness of backing plate is 0.5 mm, and
length of the other stirring probes is 5.4
mm. The CFST two-dimensional friction stir
welding equipment is selected for the weld-
ing experiment. Unified process parameters
are used in the test, the rotating speed of
the stirring tool is 400 r/min, welding
speed is 100 mm/min, feed quantity is con-
trolled in 0.2 mm to 0.3 mm.

2.2. Test scheme for full penetration fric-
tion stir welding

Four pairs of samples are chosen for the
full penetration test. The common friction
stir welding (FSW) procedure, the back
plate welding procedure, the shoe plate slot-
ting welding procedure and the root slotting
welding procedure are used respectively. As
shown in Fig. (1), they are marked as 1#,
2#, 3# and 4#, respectively.

The length of the 2219-T62 specimen
used for welding is 400 mm, the width is
100 mm, and the thickness is variable thick-
ness. The starting thickness is 5.2 mm, and
the thickness of the workpiece increases
continuously along the welding direction to
6 mm at the end.

The method of verification of full pene-
tration test uses ray flaw detection and root
coloring to detect the weld bead of unequal
thickness specimens of four kinds of proce-
dure, and verifies the effectiveness of the
full penetration process [7].

Intercepting the full penetration weld
specimen in the above procedure for the
performance test of the weld root, with the
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Fig. 1. A sketch map of four kinds of friction
stir welding.

same number, it is divided into the follow-
ing two steps:

The tensile test and the bending test of
the bead root, the mechanical tensile and
bending test equipment are SANS universal
drawframe with the model of XYBS305C, in
which the average value of the four pieces
of the tensile and bending properties is
taken;

Metallographic analysis of weld root mi-
crostructure is made by ZEISS metallographic
microscope and model of ProgRes-C5.

3. The results and discussion

In order to understand the welding pene-
tration of four kinds of friction stir welding
procedure, radiographic inspection and root
coloring test for four welding samples are
carried out [8]. Figs. 2 a—d is Nel—4 radio-
graphic inspection photos. We can see that
there is no incomplete penetration defect in
radiographic inspection. One white thick
line in the photo of Ne3 specimen is the
position of the groove.

Fig. 8. shows the results of the root color-
ing test, of which No. 2, 3, and 4 specimens
are found to have no weld defects, and No.1
test sample is found lack of penetration, and
is marked in (a). Compared with radiographic
inspection results, it can be see that for root
defects detection, root coloring detection has
relatively higher accuracy.

The results of radiographic and root col-
oring tests show that the three types of
fully penetrated friction stir welding proce-
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Table 2. Test sheet for tensile properties of
the weld joints

Specimen 1 2 3 4

Average tensile 354.5| 370 |341.5|361.5

strength (MPa)

o

= |

P

Fig. 2 Radiographic inspection photos of
specimens.

dure can ensure the weld bead to be fully
penetrated in the range of 0.8 mm size de-
viation, and meet the nondestructive testing
requirements of the friction stir welds in
the annular joint.

Table 2 is the test sheet for tensile prop-
erties of the weld joints. Among the tensile
properties of the four types of welds, the
tensile strength of Ne2 specimen is the high-
est, 370MPa; and the tensile strength of the
Ned  specimen is the lowest, which is
341.5MPa.

Fig. 4 shows the fracture position of the
tensile test of four specimens, of which the
fracture position of the Nel, Ne2 and Ned
specimens are the position of the back side
of the weld bead, the shear angle is 45 de-
grees, and the fracture position of the N3
specimen is the fracture at the bead of the
original root. The black line in the picture
is the original weld position [9].

Bending test experiment only carries out
the root bend test. The purpose is to check
whether the root of the weld bead is weakly
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Fig. 3. Root coloring test results.

connected or loose. Table 38 is the bending
angle for the root of weld joint of the sam-
ples. It can be seen that the bending angle
of Ne3 specimen is the smallest, 17 degrees,
the maximum angle of Ne4 specimen is 97
degrees, Nel and Ne2 specimens are around
55 degrees. Fig. 5 is a material object pho-
tograph of four bending specimens. Among
them, the crack initiation position of Ne3 is
the original root weld, and it is straight
crack along the position of the original
weld. The Nel, Ne2 and Ned cracks are not
at the original weld position.

The results of the two mechanical tests
show that: (1) the tensile properties of the
weld beads formed by the back plate type
friction stir welding are the highest, and
the bending properties are in accordance
with the common friction stir welds [10];
(2) the root slotted friction stir welding has
better bending performance; (3) there is a
linear defect in the weld root of support
plate slotted friction stir welding, and the
radiographic flaw detection and root color-
ing are difficult to identify.

Table 3. Test sheet for bending angle of
the weld root

Specimen 1 2 3 4
Bending angle () 57 55 17 97

Functional materials, 25, 4, 2018
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Fig. 4. Fracture position of the specimens.

The forming mechanism of friction stir
welds has been studied by many scholars,
mainly from the plastic flow of the weld
material and the formation procedure of the
weld zone [11]. This paper focuses on the
study of the microstructure properties of
the weld root under different full penetra-
tion. Because of the constant welding pa-
rameters, the cause of change of the weld
performance is the change of the weld root
procedure. The reasons for the change of
microstructure properties of the weld are
analyzed by the formation of the micro-
structure of the weld root.

For the selection of weld metallographic
section position, Nel, Ne3 and Ne4 specimens
are selected the most thick and there is no
position of lack of penetration defect in the
back coloring experiment, and the Ne2 sam-
ple selects the thinnest area in the weld
position. The above conditions are the most
harsh conditions for weld formation under
various welding procedures. As long as the
weld properties in this state are good enough,
the microstructure properties of the welds in
other positions can be guaranteed.

The shape of the onion ring is a typical
structure in the welding zone of the friction
stir weld. The circular ring outlines the
path of the material moving above the lower
direction, while the center of the circle is
the position of zero horizontal moving ve-
locity of the material. The material below
the center moves along the circular contour
away from the center of the weld. For Nel,
Ne3 and Ne4 specimens, the same stirring
tool is used in the procedure test. Under the
unified welding parameters, the position of
the center of the circular ring can be used
to characterize the flow change of the weld
material. This can be used to analyze the
forming characteristics of the weld in the
root slotting and the supporting plate slot-
ting procedure.
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Fig. 5. Root bending test result of specimens.

Fig. 6 is a metallographic photograph of
the root of weld for specimen Nel. The mi-
crostructure of weld root belongs to the
nugget area [12]. From Fig. 6 (a), it can be
seen that there is no contour line in a re-
gion near the bottom of the weld, that is,
there is no large-scale upward migration of
the material in this area. The height of this
area is 0.6 mm. Figs. 6 b—d are magnified
photos of this area, in which (b) is the root
photo, (¢) as the advancing side photo, (d)
for the retreating side photo. The advancing
side is the equiaxed zone, the back side is
the heat affected zone, and the root is a
hybrid zone between the equiaxed and the
heat affected areas, and there is a "S"
weakness connection defect. These results
indicate that the material near the root of
the weld is not stirred by a probe, and the
end of probe presses the material down-
ward. Most of the materials migrate in the
direction of the advancing side and lead to
the equiaxed crystal near the advancing
side. Although the gap of the root weld is
affected by thermal effect, it has disap-
peared, but no metallurgical connection has
been formed, resulting in weak connection
defects. This defect can slightly reduce the
tensile strength of the weld, but the most
serious is to reduce the back bending prop-
erty of the weld. The existing research re-
sults show that the weak connection has a
great influence on the fatigue performance
of the joint, which greatly reduces the fa-
tigue strength of the joint, and often be-
comes the starting point of the fatigue
crack.

Fig. 7. is the microstructure pattern of
the weld root of Ne3 specimen.

From the root image of Fig. 7 a, it can
be seen that a large number of heat affected
zone tissues appear at the weld root, and
among which weak connections also found.
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Fig. 6. Metallographic photo of the weld root
of Nel specimen. a) full weld appearance; b)
root part magnification; ¢) retreating side
magnification; d) advancing side magnifica-
tion.

Amplification near the end of weak connec-
tion is shown in Fig. 7 b. It can be seen that
the weld root is distributed up by the HAZ
(heat affected zone), the TMAZ (thermo-me-
chanically affected zone) and the nugget
zone (weld nugget), and the micro cracks
are terminated in the TMAZ. From the
above mechanical performance test, it can
be concluded that the performance of Ne3
welded joint is the worst, and this micro
cracks should be an important reason for its
sharp decline in performance. This sample
is used in shoe plate slotting welding proce-
dure, the slot depth of 0.6 mm, by ball
cutter. It is shown from Fig. 7 c¢ that the
microstructure of the root material of the
weld appears to show the weld heat affected
zone morphology, and the weak connection
is offset to the advancing side by the verti-
cal upward direction, which indicates that
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Fig. 7. Microstructure photo of the weld root
of 3# specimen. a) root image, b) amplification
near the end of weak connection, ¢) microstruc-
ture amplification of the weld root.

the back material of the weld is moved
down to the empty slot position of the sup-
porting plate rapidly under the action of
the forging force of the probe. With the
mechanical agitation of the probe, the mass
transfer of the material does not occurred,
the position of lack of penetration is the
position of the original weld, the transfer of
the material can be reacted with left offset
of lack of penetration. When the weak con-
nection defect to the heat affected zone
showed that the material have been mi-
grated on a large scale, the weak connection
completely disappeared. It is measured that
the weak connection length is 1.2 mm, the
0.6 mm of the slot depth is removed, the
weak connection still has 0.6 mm, and the
common friction welding weld seam with
the same welding condition has no weak
connection defect, which shows that the
shoe plate slotting friction stir welding pro-
cedure has the disadvantage in increasing
the penetration and eliminating the weak
connection defects.

Functional materials, 25, 4, 2018
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Fig. 8. Metallographic photo of the weld
root of Ned specimen; a) macroscopic appear-
ance of weld nugget; b) root of the weld; (c)
magnifying photo of long strip solid solution.

Fig. 8 is the metallographic photograph
of the weld root of 4# specimen, in which
(a) is the macroscopic appearance of the
whole weld nugget, showing the "onion”
shape. There is still a zone without "onion”
pattern at the root of the weld as 1# sam-
ple. Its thickness is 0.86mm and the thick-
ness of 1# is smaller than 0.24mm, which
illustrates the material under this kind of
procedure. The migration range is extended
to the depth direction. (b) for the root re-
gion, its tissue is more homogeneous than
that of 1#. There is no structure of the
heat affected zone in the advancing side and
the retreating side, but there is a long strip
of white phase at the bottom of the plate.
The white phase spectrum analysis data
shows that the solid solution organization
with high Al content.

Fig. 8 ¢ is magnified photographs of the
solid solution of the bottom strip. It is
found that the thickness of the solid solu-
tion is about 0.12 mm, the maximum edge
reaches 0.23 mm, and the upper layer of the
solid solution is a fine equiaxed structure.
Scanning near the root of the white solid
solution revealed that there existed horizon-
tal weak connection defects near the phase.
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Fig. 9. Metallographic photo of the weld
root of Ne2 specimen.

The Ne4d sample is used in the form of
root slotting, because there is space on the
back and the straight line disappears. In the
process of friction stir welding, the mate-
rial from the solid circle extrusion zone at
the end of the probe can fill here quickly.
This is the reason why there is no "S" weak
connection and no heat affected structure in
the retreat side of the specimen. However,
because of the direct contact with the shoe
plate, the heat dissipation is fast, the tem-
perature of the extruded material in this
area is rapidly reduced, and the solid solu-
tion structure is formed in a strip shape,
and the weak connection defect is easily
formed because of the lack of heat. It is
shown from the previous performance test
that because the weld root has a wide
equiaxed grain region, the plasticity is bet-
ter and the back bending performance is
better, but the tensile property is 2.3%
lower than that of the back plate type weld,
because of the long strip solid solution with
the thickness of 0.12 mm and the existence
of horizontal weak connections.

The N2 specimen is the procedure of
back plate, and the material of the back
plate is 0.5 mm 2A12 plate. The advantage
of this procedure is that the pad material
can provide material for the original weld
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Fig. 10. Scanning photo near the streamline
stripe of N2 specimen.

material, and by observing whether the
backside pad is connected with the original
weld material, it can feed back the full
penetration of the weld, and can completely
avoid the defects of the lack of penetration
and weak connection.

Fig. 9 is the metallographic photo of the
weld root of the Ne2 specimen. Compared
with the other welding procedures, the ring
of the Ne2 weld is the most flat and the
center distance of the ring is the smallest
distance, 0.67 mm. This is the result of a
long mixing probe, that is, the whole weld
is in the weld nugget area and the weld
nugget area is still a typical "onion” like
structure and made up of black and white
rings. Through the energy spectrum analy-
sis, the white ring is an aluminum based
solid solution with low Cu content (1.23%),
while the black ring is an aluminum based
solid solution containing a large amount of
Cu (3.46%).

Fig. 10 is scanned photographs of the
vicinity of streamline stripes. It can be seen
that there are precipitates in the grain
boundaries of equiaxed grains, and there
are blocky precipitates. The black granular
dispersed phase is distributed throughout
the weld area and it is ellipsoidal (CuAl,)
phase by energy spectrum analysis. Com-
pared with the above three kinds of weld
beads, the precipitated phase in the weld 0
(CuAl,) is obviously larger. This is a probe
with a long mixing needle, and the heat
transfer effect between the weld plate and
the supporting plate is weakened because of
the back plate. The increase of heat in the
weld leads to the increase of the precipitate
phase in the weld nugget and the plastic
deterioration of the material in the weld
nugget area. It is also the reason for the
decline of the back bending properties of
Ne2 specimen.
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The back plate procedure adds a contact
interface because of the back plate, and the
interface material will have some part into
the weld bead. Therefore, it is necessary to
clean the surface of the pad material to
eliminate the oil pollution and the oxide
film. The feasibility of such technological
measures has been proved. To sum up, the
weld structure under this procedure has ex-
cellent tensile properties, and it can ensure
that there will be no defect of incomplete
penetration and weak connection.

4. Conclusions

In this paper, the validity of the three
kinds of fully penetrated friction stir weld-
ing procedure is verified. Through the me-
chanical properties test and metallographic
test of the weld, the forming and the micro-
structure of the weld are analyzed. The fol-
lowing conclusions can be drawn.

When the material size deviation is 0.5 mm,
the common friction stir welding (FSW)
does not meet the manufactural require-
ments of special friction stir welding.

For shoe plate welding procedure, the
weld quality is the worst, and there are a
large number of heat affected zones in the
root of the weld. There are obvious weak
connection defects in this structure, which
leads to the drastic decline in tensile prop-
erties and back bending properties. Such
welding procedures with poor weld perform-
ance and weak connection defects are diffi-
cult to identify by conventional backside
coloring test and are not suitable for practi-
cal production.

The weld bead of the back plate type
friction stir welding presents the macro-
scopic appearance of "onion", and the mi-
crostructure is the typical equiaxed grain
structure of the weld nugget. The weld has
the most excellent tensile properties and the
weld backbending performance is not the
best. This is the high heat transfer of the
weld in the procedure test, which leads to
the CuAl, precipitation of the weld nugget,
lower the plasticity of the joint. This proce-
dure can ensure that the weld root will not
have the defects of lack of penetration and
weak connection. The testing method is sim-
ple and convenient, and it is the best choice
for the full penetration procedure of the
special friction stir welding.

The weld structure of the slotted weld on
the back of the weld plate shows obvious
equiaxed grain structure, and no "onion”
appearance occurs, but there are some
lumpy aluminum base solid solution struc-
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tures at the bottom of the weld, and the
weak connection defects are scattered. This
weld structure has the best back bending
performance, but the tensile strength of the
weld bead is decreased by 2.3% relative to
the back plate type, and the existence of the
horizontal weak connection could lead to de-
terioration of the fatigue and corrosion per-
formance of the weld. The weak connection
defect of the welding seam for this proce-
dure can only be identified by the metal-
lographic analysis and the conventional
back coloring experiment can not be identi-
fied, which is not conducive to the produc-
tion application. In addition, due to the
shoe plate slotting, the material loss of
welded joint is large, which leads to further
reduction of weld performance.
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