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a b s t r a c t

A critical assessment of various solid-state-bonding mechanisms is established for friction stir welding
(FSW) processes of engineering alloys. The commonly assumed sintering-like diffusional-bonding
hypothesis is criticized in this work as not the dominant mechanism. For the wide spectrum of material
constitutive laws and FSW processing conditions examined and employed in realistic applications, the
thermomechanical history on the workpiece–workpiece interface traverses in the creep-dominated
regime for the growth/shrinkage of interfacial cavities. The evolution of the bonding fraction relies
mainly on the creep strain rate in the adjourning workpieces, weakly on stress triaxiality, and negligibly
on interfacial diffusion.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Friction stir welding (FSW) is a quintessential solid-state-
bonding technology, in which the workpieces are metallurgically
bonded at the interface, under significant heating from tool–
workpiece frictional sliding and plastic deformation in the work-
pieces [1,2]. In contrast to the solidification processes involved
in conventional welding techniques, no bulk melting is involved
in friction stir welded joints. An inherent advantage of FSW is
thus its immunity from defects and property deteriorations asso-
ciated with solidification, as solidification cracking, porosity, and
melting and coarsening of strengthening phases are eliminated
in this technique. In addition, the extensive thermomechanical
deformation of FSW refines the microstructure of the weld region,
and may lead to significant enhancement of weld mechanical
properties such as tensile strength and toughness [3]. Hence,
whereas fusion welding generally results in weld property degra-
dation, FSW can produce a weld with mechanical properties
similar to or even better than those of the base metal. This is
particularly a very important aspect of FSW, as the weld region
made by the fusion welding processes are often the weakest
region for a variety of high-performance engineering materials.
From the viewpoint of materials processing, it has been found
that strain rate, temperature, and stress fields are affected both by
thermomechanical processing parameters in FSW such as the tool
geometry, traveling speed, and rotation speed and by the prop-
erties of the joining materials. A multitude of experimental and
numerical studies, including computational fluid dynamics (CFD)
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and finite element method (FEM), have been conducted to un-
derstand the characteristics of the thermomechanical fields [4–6].
A mechanistic understanding of the dependence of bonding evo-
lution on processing parameters and materials behavior is of
critical importance, which will eventually affect the structural
integrity of the weldments. Studies along this line, however,
remains elusive as explained below.

Even though both FSW and conventional diffusion bonding
technologies are solid-state bonding in nature, it takes much
shorter time in FSW to form the bonding at the interface. In
conventional solid-state diffusion bonding processes, it is often
understood that the interface free energy reduction as in the sin-
tering process and the applied joining pressure drive the closure
of gaps (e.g., from isolated adjourning domains, to meandering
tunnels, and to discrete cavities with the increase of the degree
of bonding), while the kinetics is governed by the interfacial
mass transport at elevated temperatures [7,8]. Thus it is found
that pressure, temperature and bonding time are key factors
that could affect the bonding fraction. On the other hand, time
elapses rapidly in FSW processes so that the contribution of
diffusional processes might be limited (as will be proved so in
this paper). Previous experimental studies conclude empirically
that the degree of bonding tends to increase when the applied
force/torque and the resulting temperature field are high, but
does not change much with respect to the increase of the abut-
ting force (i.e., the lateral force that holds the two workpieces
together), which suggest the critical role of creep rather than
diffusion on the bonding evolution. In the criterion developed
in [9], a parameter that controls the final solid-state bonding was
defined to depend on the pressure and the effective stress on the
interface. A sound bonding is believed to be attached when this
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Fig. 1. Finite element setup using the coupled Eulerian–Lagrangian (CEL) approach in the friction stir welding (FSW) process. Representative results of the strain
rate, temperature, and Mises stress fields are given with their corresponding tool locations, where the graininess on the workpiece surface results from plastic flow.

parameter reaches a critical value. However, no clear mechanisms
that control the bonding evolution are clarified in regards to the
evolution of this parameter. Chen et al. [10] suggested that the
interfacial bonding depends on the viscoplastic crushing of the
surface asperities of the two workpieces. Such a model shines key
insights on the bonding evolution, but it requires a knowledge of
surface roughness, its applicable parametric space has not been
given, and the stress triaxiality (i.e., the relative contribution of
pressure and shear) is not included.

The unique view in this work is motivated by the deformation
and failure mechanism maps in polycrystalline materials [11,
12]. Grain boundary diffusional processes are only important at
low stress and high temperature, in contrast to the dislocation
creep at high stress. The closure of the workpiece–workpiece
gap field is a reverse process of intergranular fracture due to
cavity growth; the latter may be determined by the interfa-
cial diffusion in the classic Hull–Rimmer model [13], or by the
creep-driven growth, or by their competition as governed by the
Needleman–Rice length scale [14]. Consequently, a quantitative
understanding of the solid-state bonding in FSW relies on a

quantitative assessment of the temporal evolution of the stress,
strain rate, and temperature fields on the workpiece–workpiece
interface, and thus the rigorous determination of the compet-
ing roles of interfacial diffusion and creep in the surrounding
workpieces. In this work, we will first report our simulated tran-
sient temperature, stress, and strain rate fields in FSW by using
the Coupled Eulerian–Lagrangian (CEL) finite element method in
the commercial software, ABAQUS [15]. The thermomechanical
histories of four representative reference points on the inter-
face are compared to both the deformation mechanism map and
the contour plots of the Needleman–Rice length, which upholds
that creep-dominated cavity closure be the solid-state bonding
mechanism. A quantitative prediction of the bonding fraction will
be presented for these four reference points, and implications
on FSW processing parameters and materials parameters will be
discussed.

2. Friction stir welding simulation

As shown in Fig. 1, the finite element setup using the CEL
method includes the sample domain (only the workpiece on the
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retreating side of the tool is shown here) and the ‘‘empty’’ domain
(not shown for clarity; for heat transfer analysis only). It should
be noted that the commonly used CFD simulations for FSW face
difficulties in modeling the tool–workpiece frictional behavior
since pressure has to be specified a priori (such as through the
user-defined function in a commercial CFD software, FLUENT).
How and what kind of interface boundary condition is applied
will significantly change the final simulation results. FEM sim-
ulations avoid this problem by directly simulating the Coulomb
friction, but the severe plastic deformation cannot be handled
in the standard Lagrangian approach, which can be resolved by
the CEL approach. The CEL approach divides the entire control
volume into Eulerian and Lagrangian domains, thus overcoming
the difficulty in frictional modeling in CFD and the difficulty in
large deformation in computational solid mechanics. In Fig. 1,
since our objective is devoted to the bonding analysis, for the
sake of simplicity, the rotating tool is modeled without pin. The
entire FSW process includes plunging, dwelling, and welding, for
which the spin rate and welding speed are 1000 rpm and 2 mm/s,
respectively. We choose four reference points (A–D in Fig. 1)
on the workpiece–workpiece interface, with the corresponding
times when the tool reaches them correspondingly. A steady state
obviously is reached upon arriving at Point C.

Considering the extremely high stress and temperature, the
power-law creep breaks down, and the hyperbolic sine law is
used [11],

ε̇creep = An

[
sinh

(
σe

σref

)]n

exp
(

−
Q
RT

)
, (1)

where σe is the effective Mises stress, σref is the reference stress,
An is a pre-factor, n is the stress exponent, Q is the activation
energy for dislocation creep, R is the gas constant, and T is
the absolute temperature. The material of interest is precipitate-
strengthened aluminum alloy, Al6061-T6, and the corresponding
material parameters include: An = 2.41 × 107s−1, n = 3.55,
σref = 22.22 MPa, Q = 145 kJ/mol, and Tm = 856 K [16,17].

Representative results given in Fig. 1 are for strain rate, tem-
perature, and Mises stress fields when the tool arrives Points A,
B, and D, respectively. The temperature field extends to a much
wider regime than the strain rate and stress fields. The thermo-
mechanical histories of these four traced positions are given in
the deformation mechanism map in Fig. 2(a). The background
contours are for the strain rate by the dislocation creep law in Eq.
(1). The trajectories for all four points, except the early stage of
that of Point A, almost collapse onto one another. The stress rises
up to high flow strength at low temperature, and then heating
from both tool–workpiece friction and plastic deformation leads
to the increase of temperature and the corresponding stress de-
crease due to thermal softening. Even after the tool passes these
reference points, the temperature still remains high (as can be
seen from the third row in Fig. 1), but the stress drops rapidly due
to the departure of the spinning tool. The boundaries between
dislocation creep in Eq. (1) and Coble creep that arises from
grain boundary diffusion are also shown in Fig. 1(a) for grain
sizes of 10 and 100 µm. Can we now conclude that diffusional
processes do not contribute noticeably to the bonding process?
This answer is no, since the interfacial cavity closure is gov-
erned by the competition by interfacial diffusion and creep in the
surrounding materials, which can only be determined from the
Needleman–Rice length scale in Fig. 2(b).

We should also point out that these trajectories are universal
for other materials as well, because the thermal softening will
eventually slow down the heat generation rate by plastic flow,
and thus these trajectories plummet at the final stage.

Fig. 2. (a) Thermomechanical histories of the four reference points are plotted
on top of the deformation mechanism map of Al6061-T6 alloy. These histories
are located in the dislocation creep regime. (b) Contour plot of the Needleman–
Rice length scale, LNR , with respect to the normalized stress and the homologous
temperature. The thermomechanical histories are schematically overlaid on this
plot. The discrete squares indicate the occurrence of full bonding for the four
reference points.

3. Cavity closure as the bonding process

A unit process during the interfacial bonding is the shrinkage
of the interfacial cavities in Fig. 3, which is the reverse process
of the cavity growth in high temperature fracture. These cavities
are lens-like because of the surface tension balance at the high
temperature. The bonding fraction is given by fb = 1 − fh, where
fh = (a/b)2 is the area fraction of these cavities/holes, and a
and b are cavity size and cavity spacing, respectively. Based on a
modification by Cocks and Ashby [18] to the classic Hull–Rimmer
model, the evolution of interfacial cavity is
dfb
dt

= −
2 (1 − fb)

a3 ln [1/(1 − fb)]
·
DBδBΩ

kBT
· σn = −

2 (1 − fb)
ln [1/(1 − fb)]
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Fig. 3. Schematic illustrations of bonded and unbonded regimes on the workpiece–workpiece interface. Cavities tend to be lens like because of the balance of surface
tensions, but they may coalescence into meandering stripes at a low degree of bonding.

× ε̇eff
creep

(
σn

σe

)(
LNR
a

)3

, (2)

where DB is the interfacial diffusion coefficient, δB is the interface
boundary thickness (usually several atomic sizes), Ω is atomic
volume, and kB is the Boltzmann’s constant. The combination of
diffusivity and kBT arises from the Nernst–Einstein relationship.
When the applied normal stress is tensile/compressive, the bond-
ing fraction decreases/increases accordingly. The conversion to
the use of the effective creep rate, ε̇eff

creep, and the Needleman–Rice
length, LNR, will be discussed shortly.

The cavity can growth or shrink when there is a creep de-
formation in the surrounding material. Under the multiaxial
stress state, extensive numerical simulation results by Sham and
Needleman [19] can be fitted to
1
fb

·
dfb
dt

= − (1 − fb) ε̇eff
creep

×

⎧⎪⎪⎨⎪⎪⎩
[
αn

⏐⏐⏐⏐σm

σe

⏐⏐⏐⏐ + βn

]n

sgn
(

σm

σe

)
, if

⏐⏐⏐⏐σm

σe

⏐⏐⏐⏐ > 1

[αn + βn]n
σm

σe
, if

⏐⏐⏐⏐σm

σe

⏐⏐⏐⏐ ≤ 1
(3)

where dimensional parameters are αn = 3n/2 and βn = (n − 1)
(n + 0.4319) /n2, sgn () is the sign function, and σm is the mean
stress. We have added a multiplicative factor of 1/fb to the
left hand side of Eq. (3), without which the original Sham–
Needleman equation only works when fb is larger than a critical
value (e.g., 0.4). The comparison between the diffusional and
creep processes in Eqs. (2) and (3) defines the Needleman–Rice
length scale,

LNR =

[
DBδBΩ

kBT
·

σe

ε̇e
creep

]1/3

. (4)

This can also be viewed as a kinematic constraint, that is, if
the interfacial diffusion is not divergence free, the surrounding
materials must creep to ensure continuity.

Contours of LNR are given in Fig. 2(b) for our aluminum alloy.
When LNR is larger than cavity size, the cavity closure is governed
by interfacial diffusion. A small LNR corresponds to the creep dom-
inant closure of cavities, as shown by the term of (LNR/a)3 in Eq.
(2). The stress–temperature trajectories in Fig. 2(a), if plotted on
top of Fig. 2(b), will indicate that our reference point will only en-
ter the large-LNR regime when the tool passes it (i.e., temperature
still remaining high but stress decreasing dramatically).

Thermomechanical history data for these four reference points
are used as inputs to Eq. (3), which is then integrated implicitly
to predict the evolution of fb. Two initial values are chosen, with
fb|t=0 = 0.8 representing finely polished workpieces and 0.01
for rough surfaces. Such a choice helps avoid the need to conduct
experimental characterization of interface morphology. As shown
in Fig. 4, along with the movement of the tool, the area fraction
of cavities, fh, remains almost unchanged until the reference point
falls into the thermomechanical process zone. Referring back to
Fig. 1, one can see that although the temperature field extends
to a much larger zone, the strain rate field is rather narrowly
localized near the tool. The evolution of fb is directly governed
by ε̇

eff
creep, but not by T. Before the tool moves right to the top

of the reference point, fb rapidly increases to unity even with a
very small fb|t=0, indicating that a full degree of bonding can be
achieved mainly by creep before the reference point falls into the
wake of the tool. An additional calculation is presented by the
dashed line in which Eq. (2) is added onto the evolution of fb.
Before a full bonding is reached, both the temperature and stress
at this reference point D are high, corresponding to the regime in
Fig. 2(b) with LNR being around several microns. Even with the
choice of a = 1 µm, the diffusion-driven reduction of fb has little
contribution to the overall evolution.

The generality of our model can also be confirmed from the
discrete squares in Fig. 2(b), which indicate the occurrence of
full bonding for these four reference points. The Needleman–Rice
contour plots are quite universal with respect to the normalized
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Fig. 4. The evolution of fb (i.e., the area fraction of bonding and no cavities) for the four reference points, with two initial values representing smooth and rough
workpiece–workpiece interface. All these curves rapidly drop to zero, indicating that the full bonding is roughly accomplished when the tool arrives roughly above
the reference point. The addition of diffusional contribution, as shown by the dashed line, has little effect on this solid-state-bonding process.

stress and temperature, as this length in Eq. (4) is primarily dic-
tated by the stress exponent and the difference between the creep
activation energy in Eq. (1) and the diffusion activation energy
of DB in Eq. (2). During the friction stir welding, the temperature
rise softens the material and thus decreases the heat generation
rate by plastic flow, and then the temperature rise slows down,
which naturally leads to the universal trajectory in Fig. 2(b).
Full bonding occurs at locations with very low Needleman–Rice
length values, so that diffusional bonding plays a secondary role
as compared to creep-induced cavity closure.

4. Conclusion

In summary, from the simulated thermomechanical histories
of a number of reference points on the workpiece–workpiece
interface, we find out the interface traverses in regimes with very
low LNR, thus indicating the dominance of creep-controlled cavity
closure. The evolution rate of the interfacial bonding depends
primarily on the creep strain rate in the surrounding workpieces
abutting at the interface, but not on the far-reaching temperature
field. This study helps reveal design strategies in promoting the
solid-state bonding in FSW by entering and staying in the creep-
dominant interfacial cavity closure through tuning materials con-
stitutive parameters, thermomechanical processing parameters,
and geometric shape factors.
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