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ABSTRACT

The influences of the tool rotation speed (denoted @) and the welding speed (denoted v) on
the impact energy at the representative zones in the friction stir welding (FSW) of AA7075-T6
were investigated. Here, the standard V-Notched specimens were applied in which the notches
were addressed at the stirred zone (SZ), the heat affected zones (HAZ) in both the advancing
side and the retreating side and the mixed zone (MZ). The experimental results showed that, in
all cases, the lowest impact energy is located at the stirred zone and that energy seems to be
increased from the SZ to the HAZ across the welding. Furthermore, it is also found that the
impact energy is decreased when the ratio of rotation speed to welding speed (@) is increased.
The microstructure, the temperature distribution, and the hardness in and around the welded
zone were considered and discussed.

Keywords: fiiction stir welding, welding speed, temperature distribution, microstructure, hardness,
impact energy.

1. INTRODUCTION

Aluminum alloy 7075-T6 has a very high ultimate tensile strength of 572 MPa and yield
strength of 503 MPa [1], and is used extensively in the aerospace industry along with others in
the AA2xxx series (Fig. 1). They are, however, aluminum alloys which are considered
unsuitable for arc welding. This is one of their weaknesses.

In 1991, The Welding Institute (TWI) in the UK invented new technology — “friction stir
welding” (FSW) (Fig. 2). This is a welding process executed in the solid state by the heat
friction and the application is mainly for non-ferrous metals, especially aluminum and its alloys
[2]. This welding technology can overcome weaknesses as well as improve the strength at the
weld which is essential. Compared to fusion weldings, the friction weld technique possesses
several advantages such as high strength, defect free, low distortion, etc. [3].
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Figure 1. Application AAT075 in structural aeroplane [4].

Since the advantages of FSW to aluminum alloys Axial force
have b PP , many 1 have o
investigated the parameters of this new joining Rs'de
hnology, that affect welding qualities. In addition, Shoulder >
they are conducting research to find the best regimes
to apply.

In order to research the applied abilities of the
FSW of AA7075-T6 to the aerospace industry as well
as shipbuilding, the 5.0 mm sheets are fabricated and
investigated for the effect of the tool rotation speed
and the welding speed on the Charpy impact energy in
and around the welded zone, i.e. the stirred zone (SZ),
heat affected zones (HAZ) in both the retreating side
and the advancing side, and the mixed zone (MZ).

Figure 2. Schematic diagram of
friction stir welding [5].

2. MATERIALS AND EXPERIMENTAL PROCEDURES
2.1. Materials

The chemical composttion, and mechanical and thermal properties of the base metal
(AA7075-T6) are presented in Tables 1 and 2, respectively [1].

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

Element Al Zn Mg Cu Si Fe Mn Ti Cr
Base Max | Max | Max | Max
87.1-914 | 5.1+61 112! 2= 0.18-028
metal 229 | 1272 04 | 05 0.3 0.2
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Table 2. Mechanical and thermal properties of the base metal.

Ultimate Modulus of .
4 tensile Yield Elongation Hardness ok O Poisson’s | Solidus | Liquidus
Material | onorh | Strensth | =" @™ | Rociowel By | 29 | ke | o o
MpPa) | (MPD) (GPa) 0 | €O
I
Base
@ metal 572 503 11 87 71.7 033 477 635

2.2, Experimental procedures

In the process of welding (Fig. 3a), the tool geometry that was applied was a scrolled
shoulder tool and a truncated cone pin with a pin height of 4.8 mm, the pin diameter of being 5.0
mm at the middle pin length, and a screw pitch of 1.0 mm (Fig. 4). The pin was aligned at a tilt
angle of 2.0 deg. in the plane describing the pin axis and the center weld line (the tilt angle is
defined as the angle between the pin axis and the direction perpendicular to the workpieces). The
tool tip was kept at a distance of 0.2 mm from the backing anvil. Various regimes of welding
parameters were performed by varying the tool rotation speed (denoted @, revolving/min) and
the welding speed (denoted v, mm/min).

e b

@ (b)

[\ t Figure 4. Dimension (a) and geometry of tool (b) used in this study.

2\

The temperature distribution is at the end weld center and at the shoulder limit area in both
] the advancing side and the retreating side (1.0 mm far from the shoulder limit line) were
measured by thermal couplings attached to the weld surface with a computer software interface
during the welding (Fig. 3b). After welding, the samples were sectioned normal to the welding
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v

direction, and were then prepared by grinding disks, polished, and finally etched with a reagent:
150 ml H,0, 3 ml HNOs, 6 ml HCI, and 6 ml HF (6]. The microstructure was observed by
Scanning Electron Microscope. The hardness in and around the welded zone was measured by a
Rockwell machine with a ball indenter, 100 kg loading [7]. The impact test specimens were
prepared according to ASTM E023 [8]. There are five specimens that are investigated in this
paper. The impact energy was measured in the weld center (SZ), the heat-affected zone (HAZ),
and the thermo-mechanically affected zone (TMAZ) or mixed zone (MZ) in both the advancing
(AD) and retreating (RE) (Fig. 5). The energy tests were performed by a Charpy impact of
Tinius Olsen — Model 84.

275 45° 4

gy, I
-
~ - N
>
s 45 .
SI AD RE aﬁ

55

Figure 5 Dimensions of the sub-size specimens used in this work.

3. RESULTS AND DISCUSSION
3.1. Influence of welding parameters on temperature distribution

Temperature distribution within and around the stirred zone is important in explaining the
mechanical properties of the welds. It directly influences the microstructure of the welds, such as
grain size, grain boundary character, coarsening and dissolution of precipitates [9 - 12]. The
results of the temperature distribution measured at the heat-affected zone and the end weld
center are shown m Fig. 6. The dependence of the peak temperature distribution on the ratio of
rotation speed to welding speed /v is shown in Fig. 7. This figure shows that the temperature
increases with an increase in the ratio of rotation speed to welding speed a/v. This increase can
be generated by a combination of friction and plastic dissipation during the deformation of the
metal. Therefore, when the ratio of rotation speed to welding speed @/v decreases, the friction
that is created by the tool shoulder increases. In all cases, the peak temperature distribution was
found at the weld center and this temperature was lower than the melting temperature of the base
metal as is shown by the dash-lines in which Figure 7.
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Figure 6. Effect of welding parameters on the thermal cycle at (a) the heat-affected zone

and (b} the end weld center.
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Figure 7. Relation of the peak temperature distribution with the ratio
of tool rotation speed to welding speed ().

3.2. Microstructure of the friction stir welded joints

After polishing, the microstructures of the friction stir welded joint were observed by both
the naked eye and the microscope, and some defects were found. These defects occurred in the
regimes of @ = 3.0 and of 15.0 rev/mm the defect size being approximately 500 pum (Fig. 8).
From this view, it is reasonable to choose the ratio of tool rotation to welding speed, @, as a
welding parameter covering both tool rotation speed and welding speed, and their interaction.
The typical microstructure of a FSW AA7075-T6 when fabricated at v = 10.0 rev/mm is
characterized by the dynamic recrystallization as seen 1 Fig. 9. In general, grain size in the base
metal (about 10-35 um, (region (IV) in Fig. 9d) where the material is far enough from the center
of the weld should not be affected by this process. The grain size in the region (I) where the
material has undergone a heat cycle without plastic deformation is the same as in the base metal
(see region (I} in Fig. 9a). The grain size in region (II) where the material underwent plastic
deformation due to the heating friction is created by the shoulder tool, is finer than that in zone
(I). The grain size here is about 15-20 um (see region (II) in Fig. 9b). Finally, in the stirred zone
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(IIT), the deformed material was the most severe during soldering at the highest heat. Therefore,
grain size is the smallest (about 5 — 8 pum) when compared with other regions (see region (III) in
Fig. 9¢).

@/v=15.0 rev/mm

Figure 8. The cross-sectional shape of the weld defect.

Figure 9 Microstructure in the cross section of FSW at ay/v = 10.0 rev/mm.
(2) region (1), (b) region (1),
© region (11T}, and (d) base metal (IV).

3.3. The hardness distribution in the FSW AA7075-T6

Hardness distributions in the cross section of the FSW at @v = 7.5 rev/mm were
investigated at location 1 and location 2. The result indicates that the position of the minimum
hardness is a heat-affected zone (HAZ) at both location 1 and location 2 (see Fig. 10). Hardness
in the stirred zone is higher than in the HAZ but still lower than that of the base metal (located
away from the weld center). This may be related to the grain size of the welding zone. The
hardness at location 1 is higher than that at location 2 however the difference is not statistically
significant. The hardness distributions measured at the middle-line in the cross sections are
shown in Fig. 11, as a function of the welding parameter, a/v. In general, a softened area around
the welded zone is observed in all FSWs. The Fig. 11 also shows that the width of the soft zone
increases with an increase of @/v. The softening appearing in and around the welded zone could
be related to the dissolution and/or coarsening of the precipitates in this alloy [12]. It was also
found, in all cases, that the lowest hardness in the cross section of the FSW is located in the heat
affected zone (HAZ) in the advancing side and/or the retreating side, and outside the stirred
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zone. The fact that the hardness in the stirred zone is higher than that in HAZ might be

lon - " " " . el - < »
Pl associated with a high density of grain boundaries in the stirred zone or the “Hall Petch Effect
[71.
100
Diameter shoulder
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Figure 10. Hardness in the cross section of the FSW at /v = 7.5 rev/mm.
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Figure 11. Hardness distributions measured at the middle-line.
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Survey resuit shows that the fracture locations of the weld joints took place inside the notch
of specimens except in the case of @ = 15.0 rev/mm (see Fig, 12). As such, the qualitative weld
in this mode was defected and was investigated in Fig. 8. The impact energy of the regimes in
the weld zones are showed and compared to that of the base metal in Fig. 13. In all cases, the
lowest energy value was in the stirred zone (SZ) and this value was smaller than that of the base
metal. The impact energy absorption of the weld zone increased when its locations were away
from the weld center. This result relates to the input heat and the hardness of the weld zones
which are presented in Fig. 6 and Fig. 11, respectively. According to i igati the stirred
zone may be the most brittle in the weld zone due to the greatest hardness. Therefore, the heat-
affected zone will be the smallest.

Figure 14 shows the effect of the tool rotation speed to transverse speed on the impact
energy value of FSWs AA7075-T6. G Ily, there is a relationship between the ratio of tool
rotation speed to welding speed /v and the impact energy. When the ratio of rotation speed to
welding speed increased, the impact energy absorption decreased from 5.7 J to 3.7 J. This result
may relate to the input heat and grain size in the weld regimes. When the ratio of rotation speed
to welding speed @/v increased, the friction that was created by the tool shoulder also increased,
therefore, the input heat and grain size in the weld were raised. The reduction of the impact
energy here may be associated with the coarser of the grain size in this case {7].
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Figure 13. Impact energy absorption in the weld zones.
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Figure 14. Bffect of welding parameters on impact energy.
4. CONCLUSIONS

From this investigation the following important conclusions can be derived:
1. Friction stir welds of aluminum alloy AA7075-T6 were successfully fabricated and the

effects of welding parameters on its thermal cycles, hardness, and impact energy were
investigated.

2. The heat input was found to be proportional to the ratio of tool rotation speed to welding

speed a'v. The weld joint is fabricated successfully when the ratio of rotational speed to welding
speed @V is in the range from 4.0 rev/mm to 10.0 rev/mm.

3. The lowest and highest impact energy absorption of the welding joint are in the stured

zone (SZ) and heat affected zones (HAZ), respectively.

4. The impact energy is decreased when the ratio of rotation speed to welding speed are

increased.

REFERENCES

. ASM Handbook: Properties and Selection: Nonferrous Alloys and Special-Purpose

Materials, ASM International Handbook Committee 2 (1990) 450-462.

. Rowe C. E. D. and Thomas W. M. - Advances in tooling materials for friction stir welding,

(Cedar Metals Ltd, TWI Cambridge), Materials Congress — Disruptive Technologies for
Light Metals (2006) 2.

. Mishra R. S. and Mahoney M. W.  Friction Stir Welding and Processing, ASM

International, (2007) 1-5.

. http://www.altek-mhd.com/en/articles/overview7k2
. Thomas W. M., Nomis I. M., Staines D. G., and Watts E. R. - Friction Stir Welding:

Process Developments and Variant Techniques, Paper presented at SME Summit,
Oconomowoc Milwaukee USA (2005) 1.

107

o TR p————



Duong Dinh Hao, Tran Hung Tra, Vu Cong Hoa

o

. Metals Handbook 8" Edition - Metallography, Structures and Phase Diagrams, American
Saciety for Metals 8 (1973) 124.
. William D. C. and David G. R. - Materials Science and Engineering 8" John Wiley & Sons
Inc (2010) 175.
. Standards ASTM - E023: Test Methods for Notched Bar Impact Testing of Metallic
Materials (2004).
. Field D. P., Nelson T. W., Hovanski Y., and Jata K. V. - H ity of crystall hi
texture in friction stir welds of aluminum, Metallurgical and Materials Transactions A:
Physical Metallurgy and Materials Science 32 (2001) 2869-2877.
10.Ponda R. W. and Bingert J. F. - Precipitation and grain refinement in a 2195 Al friction stir
weld, Metallurgical and Materials Transactions A: Physical Metallurgy and Materials
Science 37 (2006) 3593-3604.

11.Oosterkamp A., Qosterkamp L.D., and Nordeide A. - Kissing bond' phenomena in solid-
state welds of aluminum alloys, Welding Journal (Miami Fla) 83 (2004) 225.

12.Sato Y. S., Kokawa H., Enomoto M., Jogan S., and Hashimoto T. - Precipitation seq

in fnctxon stir weld of 6063 aluminum during aging, Metallu:glcal and materials

transactions 30 (1999) 3125-3130.

=y

o0

]

TOM TAT

NGHIEN CUU ANH HUGNG CUA THONG SO HAN MA SAT KHUAY DEN
NANG LUGNG VA DAP CUA HOP KIM NHOM 7075-T6
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Anh huéng cia téc d6 quay dung cu (ki higu @) vi téc d6 han (ki higu v) dén ning lugng va
dap o cac ving clia mébi han ma sat khudy hop kim nhdm AA7075-T6 dugc khéo sat. Trong 4o,
dang mfu thir vét khia chit V theo tiéu chuin dugc 4p dung cho vimg khudy (SZ), ving anh
huéng nhiét (HAZ) cho ca bén tién va bén Iui va v'ung hon tap (MZ). Két qua thi nghiém chi ra
ring, trong moi trudng hop néng luong va dip thap nhét ndm & ving khuay va ting tir vang SZ
dén ving HAZ theo mit cit ngang mbi han. Hon nita, két qua ciing cho thdy ring, nang luong va
dap gidm khi ti s8 @ ting. Cu tric t vi, sy phén bb nhiét d6 va do cimg trong va xung quanh
ving han ciing duoc xem xét va théo lugn.

Tir khda: han ma sat khudy, t5c 45 han, sy phan bd nhiét 46, chu tric té vi, dd cing, nang lrong
va dap.
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