A RCHTIIVES O F

M ETALLURGY A N D M ATERTIALS

Volume 53

2008 Issuc 4

C. HAMILTON*, S. DYMEK**, M. BLICHARSKI**

FRICTION STIR WELDING OF ALUMINUM 7136-T76511 EXTRUSIONS

ZGRZEWANIE TARCIOWE Z MIESZANIEM MATERIALU ZGRZEINY STOPU ALUMINUM 7136-T76511

This research program evaluates the residual properties of 7136-T76511 aluminum extrusions joined through friction
stir welding (FSW). The 7136 alloy is a new aluminum alloy developed by Universal Alloy Corporation for high strength
aerospace applications that also demand good corrosion resistance, such as those on the Boeing 787 or the Airbus A380.
Testing was performed on the baseline material and on panels friction stir welded at 175, 225, 250, 300, 350 and 400 rotation
per minute (all other welding parameters were held constant). Mechanical properties correlated with the energy per unit length
of weld, i.e. the highest joint efficiency, 74% (based on tensile strength, R.), was achieved at the highest welding energy.
For each weld condition, the elongation of the welded material is significantly reduced, 50 — 75%, from the baseline value.
Fracture of the tensile specimens consistently occurred on the retreating side of the weld along the interface between the heat
affected zone (HAZ) and the thermo-mechanically affected zone (TMAZ), independent of the rotational speed. Examination
of fracture surfaces through SEM revealed nucleation and growth of microvoids around secondary phase particles present in
the microstructure.
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W badaniach wyznaczono podstawowe wiasnosci mechaniczne stopu aluminium 7136-T76511 poddanego zgrzewaniu
metoda tarciows z mieszaniem materiatu zgrzeiny (Friction Stir Welding). Stop 7136 jest nowym stopem aluminium zapro-
jektowanym i wytwarzanym przez Universal Alloy Corporation (USA) wykazujacym wysoka wytrzymalo§¢ i dobrg odporno$¢
korozyjna. Stop ten, przeznaczony gléwnie do zastosowari w lotnictwie, znalaz! juz zastosowanie w samolotach Boeing 787 oraz
Airbus A380. Prébe rozciggania przeprowadzono na prébkach z materialu rodzimego oraz zawierajgcego zgrzeing. Zgrzeiny
wykonywano przy réznych szybkoéciach obrotowych narz¢dzia: 175, 225, 250, 300, 350 i 400 obr/min (wszystkie inne para-
metry procesu nie ulegaly zmianie). Najwigkszg “efektywno$é polaczenia” mierzon stosunkiem wytrzymatosci R, potgczenia
do R,, materiatu rodzimego w odniesieniu do dostarczonej energii (na jednostk¢ diugosci zgrzeiny), 74%, otrzymano dla
najwickszej energii zgrzewania. Dla wszystkich warunkéw zgrzewania wydluzenie prébek ulegato znacznemu obniZeniu, 50
- 75% wydluzenia materiatu rodzimego. Pekanie prébek podczas rozciggania zachodzito zawsze po stronie splywu (cofania)
materialu wzdluz granicy pomiedzy strefg wplywu ciepla a stref3 poddana procesom cieplno-mechanicznym, niezaleznie od
szybkosci obrotu narzedzia. Badania powierzchni przetoméw wykazaly obecno$é mikropustek, ktérych zarodkowanie i wzrost
zachodzily na wtraceniach.

1. Introduction to exfoliation corrosion and stress corrosion cracking.
One such alloy and temper combination is 7136-T76511,

an alloy produced by the Universal Alloy Corporation

As the aerospace industry produces new and more
efficient airframes, the need to provide high-strength,
lightweight alloys that meet the more aggressive design
objectives for mechanical performance, manufacturabil-
ity and service life arises. To that end, the aluminum
industry, in particular the extrusion mills, have sought
to develop alloys and heat treatments that combine su-
perior mechanical properties with excellent resistance

(UAC) based in Anaheim, CA, USA. Because of its su-
perior mechanical performance and corrosion resistance,
7136-T76511 extrusions are very attractive to airframe
designers seeking to reduce weight in order to increase
fuel efficiency and aerodynamic performance and also
trying to extend the service life by introducing alloys
more resistant to corrosion. Both Airbus and Boeing uti-
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lize 7136-T76511 extrusions on their new airplanes, the
A380 and the 787.

Aluminum 7136 contains higher levels of zinc than
typical 7XXX alloys (8.4 — 9.4 wt%) and primarily
utilizes chromium (0.05 wt%) to control grain growth
and recrystallization, akin to the popular 7075 chem-
istry. The alloy, however, also contains zirconium (0.10
- 0.20 wt%) as a microstructural modifier, similar to

the 7X5X family of alloys (the chemical composition of
aluminum 7136 is summarized in Table 1 [1]). Produced
in a conventional, i.e. the heat treatment is not patented
or proprietary to the supplier, - T76511 temper, 7136 of-
fers superior mechanical properties to 7075-T6511 with
an excellent and guaranteed exfoliation corrosion rating
of EB per ASTM G 34 standard.

TABLE 1
Chemical composition of aluminium 7136
Element Weight Percent
Minimum Maximum
Zn 8.4 9.4
Mg 1.8 25
Cu 1.9 2.5
Zr 0.10 0.20
Fe - 0.15
Si - 0.12
Ti - 0.10
Mn - 0.05
Cr - 0.05
Other, Each 0.05
Other, Total 0.15
Al Remainder

The impact of friction stir welding (FSW) on the
structure and properties of 7136-T76511 is of primary
importance. Invented in 1991 by The Welding Institute,
friction stir welding is a novel solid-state joining process
that is gaining popularity in the manufacturing sector
[2, 3]. FSW utilizes a rotating tool design to induce
plastic flow in the base metals and essentially “stirs”
the pieces together. During the welding process, a pin,
attached to the primary tool, is inserted into the joint
with the shoulder of the rotating tool abutting the base
metals. As the tool traverses the joint, the rotation of the
shoulder under the influence of an applied load heats the
metal surrounding the joint and with the rotating action
of the pin induces metal from each workpiece to flow and
form the weld. The microstructure resulting from the in-
fluence of plastic deformation and elevated temperature
is characterized by a central weld nugget surrounded by
a thermo-mechanically affected zone (TMAZ) and heat
affected zone (HAZ). The welded joint is fundamentally
defect-free and displays excellent mechanical properties
when compared to conventional fusion welds [4 — 7].
Over the last fifteen years, numerous investigations have
sought to characterize the principles of FSW and to mod-
el the microstructural evolution. The current status of
FSW research has been well summarized by Mishra

and Ma ([8]. Since no melting occurs during FSW,
the process is performed at much lower temperatures
than conventional welding techniques and circumvents
many of the environmental and safety issues associated
with these welding methods. In addition, due to these
benefits, the aerospace industry is embracing FSW tech-
nology and implementing new welding capabilities into
their manufacturing sectors.

The goal of this research was to characterize the
mechanical behavior of 7136-T76511 extrusions joined
by friction stir welding conducted at different rotation
speeds and its correlation with an energy expenditure
per unit length of weld. To identify the optimum weld
condition, the evaluation of joint efficiency (defined here
as the ratio of tensile strength of the weld and base ma-
terial) was estimated for particular rotation speeds.

2. Experimental procedure

2.1. Friction stir welding

Aluminum 7136-T76511 extrusions produced in ac-
cordance with an internal specification from UAC with
a thickness of 6.35 mm and a width of 101.6 mm were
obtained and welded by the Edison Welding Institute



(EWI, Columbus, OH) in the butt-weld configuration
represented in Figure 1. As shown in the diagram, FSW
occurs along the L-direction of the extrusions with a
clockwise tool rotation. On the advancing side of the
weld, rotation of the tool is in the same direction as the
weld direction, but on the retreating side, rotation of the
tool is in the opposite direction of the weld direction
(the advancing and retreating sides are indicated in the
figure). The diameter of the FSW tool shoulder was 17.8
mm, the pin diameter tapered linearly from 10.3 mm at
the tool shoulder to 7.7 mm at the tip and the pin depth
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Tool
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Tool

Shoulder =~ Welding
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Fig. 1. Schematic of butt-weld geometry and FSW orientation

Fig. 2. Typical microstructure of the weld produced at 250 RPM

2.2. Mechanical testing

From the welded panels of each tool rotation speed,
full thickness (6.35 mm) tensile samples were excised
perpendicular to the friction stir weld with the weld, it-
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was 6.1 mm. More specific details of the tool design are
proprietary to EWI, but Mishra and Ma have reviewed
many of the common FSW tool designs that are indica-
tive of that utilized in this investigation [8]. With a con-
stant weld velocity of 2.1 mm/s and a constant applied
force of 26.7 kN, unique welds were produced at the
following tool rotation speeds: 175, 225, 250, 300, 350
and 400 rotation per minute (RPM). The microstructure
of all welds was uniform without any voids and other
inhomogeneities (Fig. 2). In particular, no characteristic
“nugget”, found in other works [7, 8] was observed.

Advancing
Side

Retreating
Side

self, centered along the tensile specimen in the reduced
section, as shown in Figure 3. In this orientation, the load
is applied transverse to the weld direction and across
all microstructural regions associated with the welding

_ process, i.e. weld nugget, HAZ and TMAZ. In addi-

tion to the welded tensile specimens, tensile bars of the
same geometry and dimensions were also excised from
an area well away from the weld region for baseline
property comparison. All tensile tests were performed
in accordance with ASTM E 8 utilizing an Instron 5867
screw driven test frame with a 30 kN load cell and a
0.001 — 500 mm/min speed range. Specimen extension,
crosshead deflection and load were recorded throughout
the test duration. Specimen extension was measured by
means of an extensometer attached to the reduced section
that spanned the width of the weld. The extensometer
remained attached to the specimen through yielding, but
was removed prior to specimen failure to prevent dam-
age to the equipment. The yield strength was obtained
by the 0.2% offset method (Rp02) and the elongation,
e, was determined by scribing marks with known sep-
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aration within the reduced section prior to testing and
measuring their separation after testing.

Advancing Side

Excise orientation of
welded tensile
specimens

Retreating Side

Weld
Direction

Tensile specimens
for baseline testing

@

=

Fig. 3. Excise location of tensile specimens and corrosion coupons
from FSW panels

Tool
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3. Results and discussion
3.1. Mechanical properties

Six different tool rotation speeds were examined in
order to assess the impact of changing weld parameters
on the mechanical properties and to identify the optimum
weld condition leading to the highest joint efficiency.
Since the weld velocity and the applied force were held
constant during FSW and only the tool rotation speed
was varied, the tool RPM does provide a relative mea-
sure of the energy imparted into the aluminum extrusions
due to changes in the process parameters. It is, however,
more appropriate to evaluate the influence of the process
parameters, weld velocity (v,,), tool rotation speed (w)
and applied force (F), during friction stir welding in
terms of the total heat or energy imparted to the work
pieces during welding, rather than the impact of a single
parameter. Since varying any of the identified parameters
changes the heat input of the system, correlating the heat

input with the resultant material behavior gives greater
insight into the friction stir welding process.

To that end, Arbegast et al. [11] defined the
pseudo-heat index as the ratio of the square of the an-
gular velocity (rotation speed) and the weld velocity,
ie. w?/v,, as a quantitative assessment of the heat in-
put during FSW. On the other hand, Ren et al. [12]
have simply utilized the weld ratio, w/v,,, as a mea-
sure of the heat index. During their study of aluminum
6061-T651 plate, however, Ren et. al determined that
neither the pseudo-heat index or the weld ratio could
be successfully correlated with the observed mechani-
cal properties or fracture behavior Khandkar et
al. [13, 14] introduced a more comprehensive model of
heat input based on torque that they successfully utilized
to model the temperature history and profile of friction
stir welded aluminum 6061-T651 plate. Similarly,
Heurtier et. al [15] utilized a torque based model
to evaluate the mechanical and thermal behavior of the
friction stir welded aluminum 2024-T351 plate.

The current investigation of 7136-T76511 extrusions
determines the energy input per unit length of weld
through Khandkar’s torque based model and corre-
lates this quantity with the observed material properties
at various tool rotation speeds. The total torque, Ty
can be expressed as the sum of torque contributions from
the tool shoulder against the workpiece (Tspouider), the
bottom of the tool pin against bottom material thickness
(T pinborrom) and the pin surface against thickness material
(Tpinsurface), such that:

€y

Introducing 7 as the shear stress during welding, then
the total torque becomes:

Ttotal = Tshoulder + Tpinbottom + Tpinsurface-

To r
Tiotal = f (tr)Qnrr)dr + f (‘rr)(271r)dr+2m'r,-2h, )
ri 0

where r, is the radius of the tool shoulder, r; is the
radius of the pin at the tool shoulder, r;; is the radius
of the pin at the pin bottom and & is the pin height.
To simply the evaluation of Equation 2, the taper of the
welding pin is ignored, i.e. r;j = rp = r;, thus

2 L r?
Tyoral = T(-3-7rr2 +2nr2h) = 2,uF(% +50, @)

where F is the applied force and y is the coefficient of
friction between the tool and the extrusions. The energy
per unit length of weld, E;, is found by dividing the
average power, P, by the weld velocity to ultimately
yield the expression in Equation 5:
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P avg = Tioraw

Pavg = w
. Ttotal .
Vw w

E =

®)

Though the applied force during FSW was set at
26.7 kN, real time data from the welding trials revealed
‘hat the load oscillated as the machine continuously cor-
cected the load toward the set point. Consequently, the
average load during welding deviated from the desired
set point; therefore, the average load was determined
from the recorded data for each weld condition and was
atilized in the analysis of that condition. The recorded
data did verify that the weld velocity remained constant
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at 2.1 mm/s for all welding trials. Using a coefficient of
sliding friction between aluminum and mild steel of 0.47
[16], Table 2 summarizes the average mechanical proper-
ties and the energy per unit length of weld determined for
each tool rotation speed. The baseline material, in both
the L and LT orientations, displayed tensile strengths in
excess of 635 MPa. Most notable is that the maximum
joint efficiency, 74.6%, is obtained at the highest energy
level of 1768 J/mm, corresponding to 350 RPM. Under
this condition, not only is the highest tensile strength
obtained, but the yield strength and elongation are also
greater than those of the other weld conditions. In con-
trast, the conditions corresponding to 175 RPM produced
the lowest joint efficiency, 69.1%, which is obtained at
the lowest energy level of 810 J/mm.

TABLE 2
Summary of energy and mechanical properties for each weld condition

ReM | G g | BP0 | @

L - - 641 614 10.5 -
LT - - 635 607 10.9 -
175 24.3 810 443 354 55 69.1
225 29.0 1245 449 354 53 70.0
250 20.9 997 448 340 4.1 69.9
300 294 1684 465 355 52 72.5
350 26.5 1768 478 362 6.6 74.6
400 21.1 1606 454 352 54 70.8

Figure 4 displays the relationship between the
strength properties and the energy/length. For the tensile
strength, a correlation with the energy/length is revealed
for which the tensile strength increases with increasing
energy/length. For energy levels corresponding to 175,
250 and 225 RPM, the tensile strength appears somewhat
insensitive to the energy/length as the tensile strength ris-
es only 6 MPa as the energy increases from 810 J/mm to
1245 J/mm. For energy levels corresponding to 400, 300
and 350 RPM, the tensile strength is more sensitive to
the energy level with the tensile strength rising 24 MPa
as the energy increases from 1684 J/mm to 1768 MPa.
If each of these data sets represents a distinct region of
material behavior, then an energy/length of 1600 J/mm
marks the transition between the two regimes. It is sig-
nificant to note that correlating the tensile strength with

the weld ratio [11] or the pseudo-heat index [12] would
have masked this relationship and simply shown a local
maximum occurring at 350 RPM. As suggested by Ren
et al. [12], these welding parameters are not suitable for
correlating welding conditions with mechanical proper-
ties. The relationship between the yield strength and the
energy/length, however, is not as clearly defined, though
the highest yield strength is still achieved at the highest
energy level examined. For energy levels corresponding
to 175, 250 and 225 RPM, the yield strength appears
insensitive to the energy, showing no net increase as
the energy level rises from 810 J/mm to 1245 J/mm.
For energy levels corresponding to 400, 300 and 350
RPM, however, the yield strength, much like the tensile
strength, rises sharply (10 MPa) over a 84 J/mm increase
in energy.
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Fig. 4. Ultimate and yields strengths as a function of the energy per unit length of weld

Since the energy/length is an indication of the weld-
ing temperature, the relationship between the mechani-
cal properties and energy/length suggests that a similar
relationship must exist between the mechanical proper-
ties and the welding temperature. It is well known that
the temperature has a great impact on microstructure
of age-hardenable Al alloys. As the energy rises, the
welding temperatures will also increase, and the high-
est welding temperatures will occur directly beneath
the tool shoulder. A comprehensive computational flu-
id dynamics model by Sato et al. confirms this as-
sertion and demonstrates that typical welding temper-
atures under the tool shoulder and around the pin can
exceed 500°C, temperatures sufficient to solution heat
treat 7136 (aluminum 7136-T76511 extrusions are so-
lution heat treated at 471°C) and dissolve the strength-
ening phases [17]. The increase in mechanical proper-
ties that begins at 1600 J/mm, therefore, may be due
to the partial dissolution of the hardening phases under
the tool and re-precipitation of these phases after the
tool passes and the work pieces cool. The degree of
dissolution/re-precipitation will increase with increasing

energy input and will display the greatest sensitivity near
the solution temperature.

3.2. Fracture behavior

Fracture surfaces from baseline tensile specimens,
both L and LT, displayed ductile rupture as the primary
failure mechanism. Figure 5a shows a typical baseline,
7136-T76511 fracture surface and reveals the microvoid
growth around the secondary phase particles. An unusu-
al characteristic of this fracture surface are the facets
of cleavage fracture that are also present. Though this
behavior is not normally associated with aluminum al-
loys, it is commonly observed in other high strength alu-
minum alloy extrusions, such as 7150-T77511 [18]. In
these high strength extrusions, the heat treatment that
ultimately combines mechanical performance and corro-
sion resistance promotes a high density of strengthening
participates within the grains, and the grains, themselves,
become significantly oriented during the extrusion pro-
cess. The resulting fracture surface is primarily charac-
terized by ductile rupture with laminar facets coincident
to the LT orientation.
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Fig. 5. Representative fracture surface: (a) baseline and (b) friction stir welded

All welded tensile specimens, regardless of the tool
rotation speed, fractured on the retreating side of the
weld at the interface between the TMAZ and HAZ. The
fracture path initiated at the top surface, i.e. the surface
of tool contact, of the tensile specimens, approximate-
ly 9 mm (the radius of the tool shoulder) from the weld
centerline. Tensile failure on the retreating side is a com-
mon phenomenon in friction stir welding, just as other
research studies on aluminum alloys 6063-T5, 6061-T6,
6101-T6 and 7075-T651 have also observed [7, 19, 20].
As with the baseline specimens, the fracture surfaces
of the welded specimens are primarily characterized by
ductile rupture, as the representative fracture surface in
Figure 5b shows.

4. Conclusions

1. Mechanical testing revealed that the highest joint ef-
ficiency occurred at an energy level of 1768 J/mm,
corresponding to 350 rotation per minute. The cor-
relation between the mechanical properties and the

energy/length demonstrates that the tensile strength
is relatively insensitive to energy levels below 1600
J/mm, but rises sharply with energy levels beyond
this threshold.

2. Since the energy/length is indicative of the welding
temperature, the correlation of tensile strength with
the welding energy is related to the re-precipitation
and aging of strengthening phases under the tool
shoulder as the welding temperature approaches the
solution heat treat temperature of the alloy.

3. Examination of fracture surfaces for weld conditions
reveals ductile rupture as the primary failure mech-
anism. Rupture of the tensile specimens consistently
occurred along the retreating side of the weld at the
interface between the heat affected zone and thermo-
mechanically affected zone.
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