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The vast literature and industrial standards state that most solid-state bonding techniques, particularly the diffu- 

sion bonding, are mainly governed first by the plastic crushing of rough surface asperities, and then by volumetric 

inter-diffusion that eliminate the interfacial pores. We shall demonstrate that the first stage plays an insignificant 

role and the second one is not relevant at all. In this work, first, we note that the evolution of interfacial cavities (or 

pores, voids, etc.) under applied thermomechanical loading histories is a reverse process of the high-temperature 

creep fracture of polycrystalline materials by grain-boundary cavities. The well-established knowledge in the lat- 

ter suggests that the interfacial cavity evolution be governed by the Needleman-Rice length scale, dictated from 

the comparison between a lateral diffusive process on the bonded interface and the creep deformation. In this 

regard, we derive a general modeling framework of bonding fraction evolution, which directly depends on the 

stress, strain rate, and temperature fields near the interface. Second, the above bonding model is applied to the 

Friction Stir Welding (FSW) process. The full field information from our prior simulations is used as inputs to 

assess the evolution and extent of bonding fraction at the workpiece-workpiece interface. Based on the stick-slip 

contact analysis, an approximate but analytical solution has been developed to derive the bonding fraction field, 

and the predicted ultimate bonding extent with respect to these parameters becomes a figure of merit for the 

study of processing window for industrial applications and design of the FSW process. 
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. Introduction 

Welding and joining of various components into a strong, durable

nd cost-effective engineering structure is a critical process in many in-

ustrial applications. The conventional fusion welding may reduce the

tress concentration and common fatigue intolerance problem that intro-

uced by fastening and riveting, but the related high temperature could

ramatically change the microstructure of the base material and there-

ore lead to the weakest links for premature failure. In order to overcome

hese drawbacks in fusion welding, there exists a wide range of solid-

tate bonding techniques, such as diffusion bonding where workpieces

re held by compressive force at elevated temperature [ 1 , 2 ], frictional

onding where two abutting workpieces slide against each other for heat

eneration [3] , ultrasonic welding [ 4 , 5 ], impact or explosive welding
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 6 , 7 ], and friction stir welding (FSW) where a spinning and traversing

ool onto two workpieces in butt configuration generates significant heat

nd deformation field [ 8 , 9 ]. Impact welding is motivated from the acci-

ental finding during World War I that pieces of shrapnel were found to

eld to the target armor plates, when these two metallic materials col-

ided under high strain rate. In friction-based welding techniques, heat

s generated from both mechanical friction and severe plastic deforma-

ion. Diffusion bonding derives its name from the belief that interdif-

usion across the two workpieces will promote the formation of atomic

onding. Because of no melting and solidification processes involved in

he above solid-state bonding techniques, the resulting products could

e immune from defect generation and property deterioration such as

olidification cracking and unwanted microstructural evolution. 
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Here we focus on the fundamental understanding of one important

gure of merit in FSW applications, namely, predicting the extent and

uality of the workpiece-workpiece bonding from processing conditions.

o attain such an objective, we first need to understand the depen-

ence of torque and total heat generation ratio on the processing, geo-

etric, and material constitutive parameters, which has been shown to

e critically dictated by the interfacial stick-slip condition on the tool-

orkpiece interface in our prior numerical and theoretical analyses [10–

2] . These results will be used subsequently in this work as prerequisites

or modeling the bonding evolution. A predictive bonding model should

e able to assess various candidate mechanisms and identify the leading

ne with respect to the given temperature and strain rate field. Besides,

y integrating the processing analysis and the bonding model, we aim

o provide a concise and convenient way for application engineers to

orrelate the process, geometric, and material constitutive parameters

o the bonding extent, so as to provide the design capabilities and the

rocess window. 

When brought into contact, any two metallic materials will not im-

ediately bond together unless they are atomically smooth and con-

amination free, i.e., “crack healing ” does not happen in realistic con-

itions. In the cold welding experiment by Lu et al. [13] , two ultrathin

old nanowires were brought to contact in their ends, but the mating

urfaces are at most atomistically faceted/ledged and thus essentially

at. Such successes hardly exist for large objects. Adhesive forces of the

ong-range nature, such as van der Waals interaction or capillary force,

annot deform roughness asperities sufficiently for contact conformity

ecause of the high stiffness of metallic materials. Naturally, it is an-

icipated that the solid-state bonding will be achieved at high compres-

ive loads and high temperatures. It is therefore often believed that the

onding mechanisms include two stages [ 1–3 , 14 ]: (1) plastic crushing

f rough surface asperities under an applied load which establishes an

nitial contact with a high fraction of true contact area, and (2) atomic

nterdiffusion by which atoms transport across the workpiece interface

nd promote the gap closure. Gould [15] emphasizes the critical roles

f thermal dissolution of oxides and contaminants, realignment of the

rain structures for bonding, and breakdown of the interfacial structure,

mong many other factors. These are certainly critical issues but are be-

ond the scope of this work. In Hamilton [16] and Chen et al. [17] ,

urface roughness is regarded as a succession of extended ridges or as-

erities, which are deemed to be flattened by the plastic deformation

nder pressure. However, rough surface contacts, as schematically il-

ustrated in Fig. 1 (a), are usually manifested microscopically by a small

umber of widely separated asperities per unit area. Even if a multi-

ffine or fractal roughness is considered (simply speaking, fine asperities

n top of coarse asperities), the full plastic solutions [18] suggest that

he lateral interactions of neighboring asperities and the additional com-

liance onto fine asperity contacts from the coarse asperity scale make

t extremely difficult to realize a high fraction of true contact area. Be-

ides, any theoretical model along this line suffers the same problem

f ill-posedness of roughness characterization due to the fractal nature,

o the connection between the rough surface contact analysis and the

onding evolution remains largely qualitative [19] . As will be shown

ater in this work, we believe that it is futile to dwell on the rough sur-

ace contact, because the majority time spent in the bonding evolution

s on the creep-dominated cavity closure while different degrees of sur-

ace roughness play a negligible role. Creep solutions are typically very

ifferent from fully plastic deformation fields. 

The bonding evolution at a slightly later stage can be regarded as

he closure of interfacial cavities, which might be long, serpentine and

onnected, or isolated, as schematically illustrated in Fig. 1 (b). Earlier

orks in the solid state bonding suggest the removal of these cavities

y volumetric inter-diffusion between the two workpieces, so that Fick’s

olutions for diffusion couple can be adopted. However, this cannot be

he dominant mechanism unless at extremely high temperature, because

he activation energy for diffusion ranks from high to low for volumet-

ic, interface, and surface diffusion. At the moderate temperature range
2 
n most solid-state bonding techniques, cavity surface diffusion is es-

entially infinite and bulk diffusion is essentially zero when compared

o interface diffusion. Derby and Wallach [ 20 , 21 ] proposed the inter-

ace energy reduction as in the sintering process and the applied join-

ng pressure as the driving forces for the cavity closure, and later Hill

nd Wallach [22] added plastic deformation in the cavity junctions to

hese sintering-like analyses. Similarly, Guo and Ridley [23] divided the

iffusional bonding processes into three subprocesses, which involved

olume and interfacial diffusion coupled with creep, rigid collapse, and

urface diffusion. It should be noted that all these solutions are from

owder sintering, so that cavities are assumed to be closely spaced and

he cavity junctions are treated as necks in their plastic deformation

nalysis. The actual creep deformation field in widely separated cav-

ties will be otherwise different. Many solid-state bonding techniques

re very fast, so that the contribution of diffusional processes might be

imited. It remains rather unclear from these analyses on the competi-

ion between diffusional and creep processes. Additionally, Buffa et al.

24] presented the pressure-time and the pressure-time-flow criteria, by

ntegrating the ratio of pressure and flow strength over the entire course

f processing. However, they only interpreted their criteria as “equiva-

ent time ” and “equivalent length ”, but did not offer a detailed physical

cenario on how bonding is formed. 

In this work, we propose a novel view on the solid state bonding by

reating the bonding process as a reverse one to the intergranular frac-

ure in polycrystalline materials. The latter has been well understood

n a vast number of literature (e.g., [25–30] and references therein).

t moderate temperature and stress, the dominant mechanisms include

iffusive and creep-driven growth of grain boundary cavities, and these

olutions can be used with some modifications for our cavity shrink-

ge problem. This viewpoint has many noteworthy differences from the

onventional solid-state-bonding models. First , the mere consideration

f interface energy reduction for the diffusive shrinkage of cavities is

nsufficient. In the classic Hull-Rimmer model [31] , the applied stress

eld biases the chemical potential and thus drives the self-diffusion as

escribed onto the third cavity in Fig. 1 (c). Compression increases chem-

cal potential while tension decreases it, and the resulting diffusion is

long the bonded interface, as opposed to the widely accepted model

f volumetric inter-diffusion in the direction normal to the interface.

econd , creep deformation of the surrounding workpiece materials also

ontributes to the volume change of the cavity, as shown schematically

y the first cavity in Fig. 1 (c). The competition between interface dif-

usion and bulk creep determines a length scale, according to Needle-

an and Rice [32] . If this Needleman-Rice length is larger than the

avity size, then the cavity growth/shrinkage is governed by diffusive

rocess; the opposite limit corresponds to the creep dominant behav-

or. Consequently, a complete understanding of bonding mechanisms

equires a thorough knowledge of the applied thermomechanical trajec-

ories for this Needleman-Rice-type analysis. Our preliminary calcula-

ions for FSW processes have been given in [33] . Third , as individual

avities are subjected to different thermomechanical loading histories,

t is not amenable to track all these cavities in a discrete manner. As

hown in Fig. 1 (c), we can homogenize these cavities and design an or-

er parameter field as proposed by Tvergaard [27] . All the above details

eeded for the establishment of our bonding model will be elaborated

n Section 2 . 

For the FSW process, most literature studies on the effects of opera-

ion parameters on final bonding quality of the end products are mainly

xperimental and empirical. The most widely investigated parameters

nclude the tool rotational speed, welding speed, and axial force. It has

een found that the increase in rotational speed is favorable for enhanc-

ng joint strength [34–36] . Shen et al. [37] found that a higher pene-

ration depth over a wide range of traveling speeds helps increase the

eld strength. For the tool geometry, Boz and Kurt [38] and Zhao et al.

39] found that an improved bonding performance could be obtained

sing screw-pitched and tapered sir pin. However, numerical and ana-

ytical investigations on how these operation parameters affect the final
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Fig. 1. Schematic illustration of various solid- 

state-bonding models. (a) Rough surface contact 

between two workpieces is usually supported 

by isolated and widely separated asperities. (b) 

Bonding two workpieces is equivalent to the 

shrinkage and closure of interfacial cavities. (c) A 

discrete array of cavities, which can be closed by 

creep-controlled or diffusive processes, is homog- 

enized into a field of bonding fraction, 𝑓 𝑏 ( 𝑥 𝛼 , 𝑡 ) . 
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onding condition at interface is still limited. In our recent works [10–

2] , the relationship between these fields and the processing, geomet-

ic, material constitutive parameters has been thoroughly investigated,

nd an analytical solution based on the interfacial stick-slip behavior

as been proposed and the predicted torque and total heat generation

ate agree well with the numerical simulations. Because our bonding

odel in Section 2 depends directly on the temperature, strain rate,

nd stress fields and their histories, numerical simulation results of the

SW process will be directly used to predict the evolution of workpiece-

orkpiece bonding fraction with respect to varying input parameters,

s will be presented in Section 3 . 

With so many controlling parameters involved in the FSW process,

 better strategy that can find great applications in realistic problems

ill be the development of an analytical solution to predict the ulti-

ate bonding extent. Our recent work [12] has developed an analytical

olution to determine the dependence of torque and total heat gener-

tion rate on the interfacial stick-slip condition, which can be further

xtended to predict the full strain-rate and temperature fields. Combin-

ng these results with our findings in Sections 2 and 3 , a flowchart of

uccessive steps is proposed to first use the processing, geometric, and
3 
aterial constitutive parameters as input to determine the peak temper-

ture and the stick-slip ratio, and then to use the resulting strain-rate

eld to determine the extent of full bonding, as will be explained in

etails in Section 4 . When comparing the prediction from this analyt-

cal approach to the numerical simulation results in Section 3 , we can

dentify the most critical input parameters, together with their ranges to

hich the final bonding extent is sensitive. These comparisons will be

ade for both FSW and friction stir cladding problem. A process win-

ow can be established from the finding that the bonding extent changes

apidly when traversing in the map of major processing parameters, as

ill be discussed in Section 5 . 

. The solid ‐state bonding model 

Referring to the processes in Fig. 1 (c), we will first discuss the be-

avior of individual cavities under various closure mechanisms (top

gure), and then formulate the homogenized model that can be readily

sed with finite element simulations (bottom figure). 
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Fig. 2. (a) The contour plot of the Needleman-Rice length scale, 𝐿 𝑁𝑅 , with 

respect to the homologous temperature and normalized stress, which dictates 

the relative significance of diffusive and creep-controlled processes for cavity 

closure. (b) The corresponding contour plot of strain rates for AA6061-T6 alu- 

minum alloy. Overlaid on these plots are the thermomechanical histories of 

three reference points (B, D, and E) from Fig. 3 (b). The orange markers denote 

the instant of tool front reaching these points, and the purple ones denote the 

condition of reaching full bonding for B and D and the condition of tool leaving 

point E. 
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Table 1 

Constitutive parameters used in our CEL simula- 

tions of AA6061-T6 [ 44 , 45 ]. 

A n (s 
− 1 ) 𝜎ref (MPa) n Q (kJ/mol) 

2.41 × 10 8 22.22 3.55 145 
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The interfacial cavities are of the lenticular shape, and the half dihe-

ral angle is determined from the Young-Dupré equation, 

os 𝜓 = 

𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

2 𝛾𝑐𝑎𝑣𝑖𝑡𝑦 
< 1 , (1)

here 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the workpiece-workpiece interface energy per unit

rea, and 𝛾𝑐𝑎𝑣𝑖𝑡𝑦 is the cavity surface energy per unit area. The Laplace
4 
ressure inside the cavity modifies its chemical potential by 

𝜇𝑐𝑎𝑣𝑖𝑡𝑦 = −Ω𝜎𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 = −Ω
2 𝛾𝑐𝑎𝑣𝑖𝑡𝑦 − 𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

𝑅 

(2)

here Ω is the atomic volume of the (self) diffusing species, 𝜎𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 
positive according to Eq. (1) ) is the sintering stress, and 𝑅 is the ra-

ius of the spherical cap which relates to the cavity half size of 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 
y 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑅 sin 𝜓 . Now, as Δ𝜇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0 , we have Δ𝜇 = Δ𝜇𝑐𝑎𝑣𝑖𝑡𝑦 −
𝜇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 < 0, and thus self-diffusion will be directed from the bonded

nterface to the cavity surface and close the cavity accordingly. 

When an arbitrary stress field is applied from faraway, the bonded

egment is now stressed, so that the chemical potential change is there-

ore Δ𝜇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = −Ω𝜎𝑛 where 𝜎𝑛 is the applied normal stress. If neglect-

ng the Laplace pressure in Eq. (2) , an applied tensile stress will reduce

he chemical potential at the bonded interface, thus leading to the self-

iffusion from cavity to the interface and to the cavity growth. This is

he classic Hull-Rimmer model [31] . Combining the Laplace pressure

nd the applied stress, we have 

𝜇 = Δ𝜇𝑐𝑎𝑣𝑖𝑡𝑦 − Δ𝜇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = Ω
(
𝜎𝑛 − 𝜎𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 

)
. (3)

If the applied tensile stress is larger (or lower) than the sintering

tress, cavity grows (or shrinks). A more rigorous analysis for the Hull-

immer model should consider the chemomechanical equilibrium over

he entire interface/surface, as solved by Chuang and Rice [40] and

huang et al. [41] , which will be used later in this section for our bond-

ng fraction evolution equation. In our solid-state-bonding problem, 𝜎𝑛 is

egative, so that the diffusion flux is always directed towards the cavity

s depicted in Fig. 1 (c). This is the diffusive process for cavity closure. 

The other process for cavity growth/shrinkage is the creep deforma-

ion in Fig. 1 (c). No analytical solution can be found in general, except

or the Newtonian viscous solid for it is analogous to the elasticity prob-

em when making the replacement of strain rates by strains. Just from

 simple dimensional argument, one can see that the magnitude of the

olume growth rate will be proportional to the effective creep strain

ate in the surrounding material, with its sign governed by the mean

tress. But the detailed dependence on the creep stress exponent and

tress multiaxiality has to be determined from finite element simula-

ions, as performed extensively by Needleman and Rice [32] and Sham

nd Needleman [42] . Their solutions can be used to establish curve-

tting equations for our bonding fraction evolution equation, as will be

hown shortly below. 

In the homogenization model by Tvergaard [27] , a square array of

avities with size 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 and spacing 𝑏 𝑐𝑎𝑣𝑖𝑡𝑦 extends over the entire inter-

ace, so that we can define the degree of bonding by 

 𝑏 = 1 − 

𝑎 2 
𝑐𝑎𝑣𝑖𝑡𝑦 

𝑏 2 
𝑐𝑎𝑣𝑖𝑡𝑦 

. (4)

Therefore, our bonding model will be based on the spatiotemporal

volution of the bonding fraction field, 𝑓 𝑏 ( 𝑥 𝛼, 𝑡 ) , where 𝑥 𝛼 are the two
oordinates spanning the interface. 

For the diffusive process, we take a slight modification from the ref-

rences discussed in the above, given by 

𝑑 𝑓 𝑏 

𝑑𝑡 
= − 

2 
(
1 − 𝑓 𝑏 

)
𝑎 3 
𝑐𝑎𝑣𝑖𝑡𝑦 

ln 
[
1∕ 

(
1 − 𝑓 𝑏 

)] (𝜎𝑛 − 𝑓 𝑏 𝜎𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 
)𝐷 𝐵 𝛿𝐵 Ω

𝑘 𝐵 𝑇 
, (5)

here 𝐷 𝐵 is the interfacial diffusion coefficient, 𝛿𝐵 is the interface

oundary thickness of several atomic sizes, 𝑘 𝐵 is the Boltzmann con-

tant, and 𝑇 is the absolute temperature. The factor of 1 − 𝑓 in the
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Fig. 3. Finite element setup using the Coupled Eulerian-Lagrangian (CEL) approach for the FSW process. (a) Delineation of various Eulerian and Lagrangian domains 

in the model. (b) Cross-sectional view of the two workpieces with the dashed box being the tracking area. (c) The cladding-substrate interface with the dashed box 

being the tracing area. 

n  

d

 

m

w  

fi  

e  

t  

𝜎  

o  

t  

o  

c

 

i  

W

 

w

𝐿  

 

t

 

f  

c  

t  

t  

p  

i  

O  

r  

a  

s  

s  

O  

1  

b

3

3

 

w  

t  

u  

4  

1  

8  

w  

r  

p  

t  

t  

c  

i  

t  

t

 

fi  

l  

b  

t  

i  

t  

t  
umerator at the right hand side is introduced merely to regularize the

ivergence problem at 𝑓 𝑏 → 1 . 
For the creep-controlled process, the solution of Sham and Needle-

an [42] is modified slightly to 

1 
𝑓 𝑏 

𝑑 𝑓 𝑏 

𝑑𝑡 
= − 

(
1 − 𝑓 𝑏 

)
𝜀̇ 𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 

×
⎧ ⎪ ⎨ ⎪ ⎩ 
[ 
𝛼𝑛 
|||| 𝜎𝑚 𝜎𝑒 

|||| + 𝛽𝑛 

] 𝑛 
sgn 

(
𝜎𝑚 

𝜎𝑒 

)
, 𝑖𝑓 

|||| 𝜎𝑚 𝜎𝑒 

|||| > 1 [
𝛼𝑛 + 𝛽𝑛 

]𝑛 𝜎𝑚 
𝜎𝑒 
, 𝑖𝑓 

|||| 𝜎𝑚 𝜎𝑒 

|||| ≤ 1 

(6) 

here two dimensionless parameters are introduced for curve fitting to

nite element simulations, 𝛼𝑛 = 
3 
2 𝑛 and 𝛽𝑛 = 

( 𝑛 −1 )( 𝑛 +0 . 4319 ) 
𝑛 2 

, 𝑛 is the stress

xponent in a power-law creep constitutive law, sgn ( ) is the sign func-
ion, 𝜀̇ 

𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 is the effective creep rate ( J 2 component, positive definite),

𝑚 is the mean stress, and 𝜎𝑒 is the Mises stress. Whether the cavity grows

r shrinks depends on if 𝜎𝑚 > 0 or 𝜎𝑚 < 0 . We have added a multiplica-
ive factor of 1∕ 𝑓 𝑏 to the left hand side of Eq. (6) , without which the
riginal Sham-Needleman equation only works when 𝑓 𝑏 is larger than a

ritical value (e.g., 0.4). 

In realistic FSW conditions, the sintering stress can be neglected as

t is usually too low (e.g., a few MPa) as compared to the applied stress.

e can now rewrite Eq. (5) in a similar way to Eq. (6) , given by 

𝑑 𝑓 𝑏 

𝑑𝑡 
= − 

2 
(
1 − 𝑓 𝑏 

)
ln 
[
1∕ 

(
1 − 𝑓 𝑏 

)] 𝜀̇ 𝑒𝑓𝑓 𝑐𝑟𝑒𝑒𝑝 

( 

𝜎𝑛 

𝜎𝑒 

) ( 

𝐿 𝑁𝑅 

𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 

) 3 
, (7)

here 𝐿 𝑁𝑅 is the Needleman-Rice length scale, 

 𝑁𝑅 = 

[ 

𝐷 𝐵 𝛿𝐵 Ω
𝑘 𝐵 𝑇 

⋅
𝜎𝑒 

𝜀̇ 
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 

] 1∕3 

. (8)

Neglecting a weak dependence on 𝑓 𝑏 and stress triaxiality, we have

he following (
𝑑 𝑓 𝑏 ∕ 𝑑𝑡 

)
𝑑𝑖𝑓 𝑓 𝑢𝑠𝑖𝑣𝑒 (

𝑑 𝑓 𝑏 ∕ 𝑑𝑡 
)
𝑐𝑟𝑒𝑒𝑝 

∝
( 

𝐿 𝑁𝑅 

𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 

) 3 
, (9)

rom the comparison between the diffusive and creep-controlled pro-

esses. It should be noted that 𝐷 𝐵 has an Arrhenius dependence on

emperature, and so is the creep rate. But their corresponding activa-

ion energies are very different, leading to a representative 𝐿 contour
𝑁𝑅 

5 
lot in Fig. 2 (a) for AA6061-T6, with the constitutive parameters given

n Table 1 and the diffusion parameters from Frost and Ashby [43] .

verlaid on Fig. 2 are the thermomechanical histories of several rep-

esentative points on the workpiece-workpiece interface during FSW,

s will be discussed later in the next section. Moving towards higher

tress and temperature, 𝐿 𝑁𝑅 decreases dramatically, so that the relative

ignificance from diffusive process drops sharply according to Eq. (9) .

ur preliminary calculations in Wang et al. [33] uses a small 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 of

 μm, which already finds little difference between the creep-controlled

onding evolution and the one governed by both processes. 

. Bonding prediction from CEL ‐based numerical simulations 

.1. Model setup 

The coupled-Eulerian-Lagrangian (CEL) finite element simulations

ere performed to compute the strain rate and temperature fields under

he FSW process. As shown by the three-dimensional (3D) CEL model

sing Abaqus Explicit in Fig. 3 , the Eulerian part has a dimension of

0 × 30 × 14.5 mm, including the workpiece domain (thickness of

3 mm) and the “void ” domain (thickness of 1.5 mm), with a total of

5,760 EC3D8RT elements. The tool is modeled as a Lagrangian body

ith a circular bottom of radius 𝑎 = 6.5 mm. Our work here focuses on the

elationship between a novel bonding model ( Section 2 ) and the FSW

rocess, so that our initial efforts here adopt an idealized setup, i.e., the

ool having no pin or tilt. Certainly, these are important geometric fea-

ures when comparing our predictions to experimental results. Velocity

onstraints are applied at model boundaries to avoid material escap-

ng, while the connection between Lagrangian and Eulerian domains is

hrough the Coulomb friction with a fixed friction coefficient of 𝜇𝑓 = 0.5

hroughout this study. 

The workpiece material can be divided into two parts in butt con-

guration for modeling the FSW process in Fig. 3 (b), or into a cladding

ayer on top of a substrate in Fig. 3 (c). The cladding thickness can also

e varied systematically, and the example in Fig. 3 (c) corresponds to a

hickness of 1 mm. All three stages of FSW process were modeled, includ-

ng plunging of the tool, dwelling, and welding (i.e., laterally moving

he tool). The processing parameters are varied in the range of the rota-

ional speed of 𝜔 from 600 to 1400 rpm, the welding speed of 𝑉 from
𝑡 
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Fig. 4. Representative results from our CEL finite element simulations. Mises stress, strain rate and temperature fields are given, respectively, when the tool center 

moves right above the locations of A, B and C. 

Table 2 

Thermomechanical properties for AA6061-T6 [ 46 , 47 ]. 

Temperature (K) Specific heat (Jkg − 1 K − 1 ) Young’s modulus (GPa) Poisson’s ratio Thermal conductivity (Wm 
− 1 K − 1 ) Thermal expansion (10 − 6 K − 1 ) 

298 945 66.94 0.33 162 23.5 

373 978 63.21 0.334 177 24.6 

422 1000 61.32 0.335 184 25.7 

477 1030 56.8 0.336 192 26.6 

533 1052 51.15 0.338 201 27.6 

589 1080 47.17 0.36 207 28.5 

644 1100 43.51 0.4 217 29.6 

700 1130 28.77 0.41 229 30.7 

755 1276 20.2 0.42 243 - 
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 to 3 mm/s, and the plunging depth of ℎ 𝑝 from 0.065 to 0.075 mm.

he axial force, 𝑃 , can be calculated afterwards. Additional simulations

ere also performed without the lateral motion, in order to validate

n analytical solution (in Section 4 ) for the relationship between 𝜔 and

orque. 

The material is modeled by the hyperbolic-sine creep law, given by

̇  𝑐𝑟𝑒𝑒𝑝 = 𝐴 𝑛 

[ 
sinh 

( 

𝜎

𝜎𝑟𝑒𝑓 

) ] 𝑛 
exp 

( 

− 

𝑄 𝑐𝑟𝑒𝑒𝑝 

𝑅𝑇 

) 

, (10)

here 𝐴 𝑛 is a pre-factor, 𝜎𝑟𝑒𝑓 is the reference stress, 𝑛 is the stress

xponent, 𝑄 𝑐𝑟𝑒𝑒𝑝 is the activation energy, and 𝑅 is the gas con-

tant. The test material of interest is a precipitation-strengthened alu-

inum alloy, AA6061-T6, with the corresponding parameters given

n Table 1 [ 44 , 45 ]. Density of AA6061-T6 is taken as 2690 kg m 
− 3 .

ther thermomechanical properties used in the simulation are listed in

able 2 [ 46 , 47 ]. The Taylor-Quinney factor that describes the fraction

f plastic work to be converted to heat is taken as 0.6. 
r  

6 
.2. Predicted bonding evolution in abutting workpieces 

The computed strain rate, stress, and temperature fields from CEL fi-

ite element simulations are given by representative examples in Fig. 4 .

hese results are then used as inputs to integrating the bonding evolu-

ion equations in Eqs. (5) and (6) . The temperature field over the contact

one varies very slowly, but the strain rate and stress fields concentrate

ear the tool edge and are very sensitive to the interface stick-slip behav-

or. Therefore, a fine time step (practically found to be less than 1/100 of

 𝑎 ∕ 𝑉 𝑡 ) needs to be adopted when integrating Eqs. (5) and (6) explicitly.
eferring back to Fig. 2 , we have plotted the stress/temperature histo-

ies of points B, D, and E (see their locations in Fig. 3 ), overlaid with the

eedleman-Rice length scale contours in Fig. 2 (a) and with the strain-

ate contours in Fig. 2 (b) in a similar manner to the Ashby deformation

ap. Before the tool approaches this column of points, the deforma-

ion is regular elastoplasticity at room temperature, then followed by

apid heating and thermal softening, and finally reached a steady-state

emperature roughly of about 0.7 T m . The final temperature will not

each or even get close to the melting point; if so, the material will be
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Fig. 5. The evolution of bonding fraction, 𝑓 𝑏 , for the five reference points in 

Fig. 3 (b), based on the calculated strain-rate and temperature fields from CEL 

simulations. Two initial values, 𝑓 0 
𝑏 
= 0.01 and 0.2, represent initially smooth and 

rough workpiece-workpiece interface.(a) Reference points A, B, and C, moving 

away in 𝑥 direction. (b) Reference points B, C, and E, moving away in the depth 

direction. 
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xtremely soft, and there will be no heating from inelastic deformation

ue to little resistance to deformation or from frictional heating since

he material will be easily moving with the tool. The observed trajecto-

ies are therefore universal, as long as thermal softening is incorporated

n the constitutive law, e.g., Eq. (10) or the Johnson-Cook law tested

efore in our work [12] . 

For the five reference points marked in the rectangular tracking

egime on the workpiece-workpiece interface in Fig. 3 (b), the evolu-

ion of their bonding fractions is presented in Fig. 5 , with 𝜔 = 1000 rpm,

 𝑝 = 0.07 mm, 𝑉 𝑡 = 2 mm/s, and two initial bonding-fraction values of

 
0 
𝑏 
= 0.01 and 0.2 (qualitatively representing a rough surface and a well-

olished one). As reference points A-C are on the same height but at

ifferent x location, their responses are essentially the same except for

he corresponding delay in time. As reference points B-E are at different

epths, the deepest point E never reaches a meaningful bonding frac-
7 
ion, primarily due to the rapid decay of the strain field with respect

o the depth. The final bonding fraction distributions in the tracking

rea under different rotational speeds are shown in Fig. 6 with the same

rocessing parameters as in Fig. 5 and 𝑓 0 
𝑏 
= 0.2. 

The first critical observation from the bonding fraction evolution in

ig. 5 and the final distribution in Fig. 6 lies on the effects of 𝑓 0 
𝑏 
. The

onding fraction does not change until the material points enters into

he severe thermomechanical process zone. From Fig. 5 (a), if a full bond-

ng can be reached, not only the transition from 𝑓 0 
𝑏 
to unity is fast, but

lso the time for its occurrence is insensitive to 𝑓 0 
𝑏 
. From the depth pro-

le in Fig. 6 (b), there exists a Heaviside-like behavior of “on ” and “off”

onding. Correspondingly in Fig. 6 (a), the transition from full bonding

yellow) to no bonding (blue with the initial value 𝑓 0 
𝑏 
) is sharp. The lo-

ation of this on/off interface is insensitive to 𝑓 0 
𝑏 
, but a lower value of 𝑓 0 

𝑏 

ends to lead to a long tail that extends far from the on/off interface. As

entioned in Section 2 , our model does not have an explicit treatment

f surface roughness. Although this appears to be a limitation of our

odel, various degrees of surface roughness only affects 𝑓 0 
𝑏 
, and 𝑓 0 

𝑏 
has

egligible effect on the predicted bonding extent. Consequently, these

esults conclude that the rate-determining process in bonding analysis

hould be the cavity closure step, but not the rough surface contact anal-

sis (which is otherwise sensitive to 𝑓 0 
𝑏 
). 

The second critical observation from these results pertains to the com-

etition between diffusive and creep-controlled cavity closure processes.

ll these calculations in Figs. 5 and 6 are based on integrating Eq. (6) .

nder realistic processing, geometric, and material constitutive param-

ters used in this FSW analysis, the corresponding results by summing

he integrations of Eqs. (5) and (6) have indistinguishable differences

rom Figs. 5 and 6 when using 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 > 1 μm. Cavities smaller than this

ize actually fall into the sintering behavior. A mechanistic understand-

ng of such insignificant contribution from diffusive process can be de-

ived from Fig. 2 , in which the thermomechanical histories experienced

y reference points B, D, and E (different depths) are plotted on top of

 𝑁𝑅 . The corresponding 𝑓 𝑏 evolution of these three points is given in

ig. 5 (b). Reference point B is the first one to reach the full bonding

tate, followed by reference point D. On the three trajectories, orange

arkers indicate when the tool front reaches the x coordinate of these

hree reference points, and purple markers indicate when the full bond-

ng is reached for B and D and when the tool end leaves E. If a material

oint experiences a long period of time in high temperature and high

train rate like B and D in Fig. 2 (b), it rapidly reaches the full bond-

ng. But reference point E never reaches the full bonding, essentially

ecause the corresponding strain rate field experience by this point is

oo low. Also the entire thermomechanical trajectory is needed; knowing

he start and end points is certainly insufficient as bonding is predicated

rom integrating Eqs. (5) and (6) . For the successful bonding in referent

oints B and D, the corresponding 𝐿 𝑁𝑅 is extremely low. As the relative

ignificance of diffusive and creep-controlled cavity closure processes is

ictated by ( 𝐿 𝑁𝑅 ∕ 𝑎 𝑐𝑎𝑣𝑖𝑡𝑦 ) 3 in Eq. (9) , it now becomes obvious that dif-

usive process has almost no contribution to the chosen FSW processing

arameters. In other words, “diffusion bonding ” as suggested by almost

ll solid-state-bonding studies is actually creep-controlled, but not gov-

rned by diffusive process. 

For the sake of practical consideration and also noting the mesh size

imitation, the critical value for the full bonding to take place is adopted

s 0.8, as shown by the example in Fig. 6 (b). From results in Fig. 6 (c)

nd Fig. 7 , it is found that the bonding extent in the depth direction in-

reases with the increase of tool rotational speed 𝜔 (mainly because of

he corresponding increase of the strain-rate level), with the decrease of

ool traveling speed 𝑉 𝑡 (for a longer time in the severe thermomechani-

al process zone), and with the increase of plunging depth ℎ 𝑝 (due to the

ncreased stress level). These trends agree qualitatively with the experi-

ental discussions in the introduction section. A question that naturally

rises is the maximum bonding depth, as these predicted values are still

ess than half of the tool radius (6.5 mm here). The answer will be ad-

ressed from our analytical solution in Section 4 . 
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Fig. 6. (a) Contour plots of the final bonding fraction with respect to varying 𝜔 for the FSW process in Fig. 3 (b), with 𝑉 𝑡 = 2 mm/s and ℎ 𝑝 = 0.07 mm. (b) The 
corresponding bonding fraction distribution in the depth direction. (c) The bonding extent with respect to varying 𝜔 when taking the critical bonding fraction for 

full bonding as 0.8. 
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.3. Predicted bonding evolution in cladding configuration 

A variant form of FSW that also finds widespread applications is the

onding for the cladding-substrate configuration in Fig. 3 (c). The calcu-

ation procedure is the same as the above subsection, with the results

iven in Figs. 8 and 9 for a cladding thickness of 𝑑= 1 mm. Results in

ig. 8 (a) correspond to the instant when the tool center arrives the right

oundary of the rectangular tracking zone in Fig. 3 (c), so that the adja-

ent area has not reached the full bonding because of insufficient time

n the high strain-rate state. The bonding distribution along the y direc-

ion again shows a Heaviside-type transition with long tails extending

o faraway whereas the sensitivity to 𝑓 0 
𝑏 
is found. With the increase of 𝜔

r ℎ 𝑝 , or with the decrease of 𝑉 𝑡 , the bonding extent in lateral direction

ncreases, but all these results are close to the tool radius of 6.5 mm for

he range of processing parameters used in these studies. Increasing the
 t  

8 
ladding thickness will reduce the bonding extent dramatically, which

ill be elaborated later in Section 5 . 

. An analytical model for the prediction of bonding extent in 

SW 

Based on the Hill-Bower similarity analysis [48–50] , we notice that,

or a pure-creeping solid, the instantaneous deformation field is the same

s a nonlinear elastic contact problem if the correspondence between

train rates in the former and strains in the latter is made. Furthermore,

ased on the solution analogy between Newtonian viscous material and

ookean solid, we have developed an approximate yet analytical solu-

ion to relate the resulting torque and total heat generation rate to the

tick-slip ratio of 𝑐∕ 𝑎 [12] . In the next, we will give a concise review of

he contact solutions, and then extend this line of analysis to derive an
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Fig. 7. The final bonding extent for the FSW process in Fig. 3 (b). (a) Varying 

𝑉 𝑡 with 𝜔 = 1000 rpm and ℎ 𝑝 = 0.07 mm. (b) Varying ℎ 𝑝 with 𝜔 = 1000 rpm and 

𝑉 𝑡 = 2 mm/s. 
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pproximate yet analytical solution to relate the final bonding extent to

he processing parameters (such as the axial load and the tool rotational

peed). 

As shown in Fig. 10 , the interface shear stress is limited by the

oulomb friction stress, 

′
𝜃𝑧 

= 

𝜇𝑓 𝑃 

2 𝜋𝑎 2 
1 √ 

1 − ( 𝑟 ∕ 𝑎 ) 2 
, (11)

here 𝜇𝑓 is the friction coefficient. For infinite friction ( 𝜇𝑓 = ∞), the
hear stress distribution that generates a rotational displacement field

f the form of 𝑢 𝜃 = 𝑟𝜃 (i.e., exactly following the spinning rigid indenter)

s given by 

𝜏𝜃𝑧 
||𝜇=∞ = 

3 𝑀 
∗ 

4 𝜋𝑎 3 
𝑟 ∕ 𝑎 √ 

1 − ( 𝑟 ∕ 𝑎 ) 2 
, (12)

here the torque parameter 𝑀 
∗ remains to be determined. Under finite

riction, the shear stress distribution can be taken as the lower one of the

bove two solutions, as shown by the dashed red curve in Fig. 10 . Equat-

ng these two solutions at 𝑟 = 𝑐 determines the value of 𝑀 
∗ . Therefore,
9 
he shear stress solution is approximately, 

𝜏𝜃𝑧 
||𝜇< ∞ = 

𝜇𝑓 𝑃 

2 𝜋𝑎 2 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝑎 

𝑐 

𝑟 ∕ 𝑎 √
1− ( 𝑟 ∕ 𝑎 ) 2 

, 𝑟 ≤ 𝑐 ∶ stick 
1 √

1− ( 𝑟 ∕ 𝑎 ) 2 
, 𝑐 ≤ 𝑟 ≤ 𝑎 ∶ slip 

(13) 

The resulting torque on the tool, as given by 𝑀 𝑧 = ∫ 𝑎 

0 𝜏𝜃𝑧 |𝜇< ∞2 𝜋𝑟𝑑𝑟 ,
an be written in a dimensionless function, 

2 
3 
||||𝑐∕ 𝑎 =1 ≤ 

𝑀 𝑧 

𝜇𝑃 𝑎 
= Π𝑀 

( 𝑐∕ 𝑎 ) ≤ 0 . 78 |𝑐∕ 𝑎 =0 . (14)

Now because the main processing parameters are 𝜔 , ℎ 𝑝 , and 𝑉 𝑡 , we

eed to find the dependence of the normalized torque, 𝑀 𝑧 ∕ 𝜇𝑃 𝑎 , on 𝜔
which certainly needs an appropriate way to normalize). As 𝑉 𝑡 << 𝜔𝑎 ,

e conduct additional numerical simulations in Fig. 3 with the re-

oval of the lateral moving of the tool. The resulting relationship of

 𝑧 ∕ 𝜇𝑃 𝑎 ∼ 𝜔 is given in Fig. 11 , showing a reduction of torque with

he increase of tool rotational speed, but the ordinate range falls within

redictions in Eq. (14) . 

The elastic twisting contact solution for infinite friction is of the form

n Eq. (12) , leading to the following relationship between the rotation

ngle Θ and the torque [51] : 

Θ|𝜇𝑓 =∞ = 

3 𝑀 𝑧 

16 𝐺 𝑎 3 
, (15)

here G is the shear modulus. This solution works for 𝜇𝑓 = ∞ and thus

∕ 𝑎 → 1 . In general, we need to multiply Eq. (15) by a dimensionless
unction Φ( 𝑐∕ 𝑎 ) , 

Θ|𝜇𝑓 < ∞ = 

3 𝑀 𝑧 

16 𝐺 𝑎 3 
Φ( 𝑐∕ 𝑎 ) . (16)

The friction coefficient does not explicitly enter into this dimension-

ess function due to the dependence of 𝑐∕ 𝑎 on 𝜇𝑓 . From the solution

nalogy between Newtonian viscous material and Hookean solid, strains

n elastic solution will be replaced by strain rates, and shear modulus

y viscosity, so that the corresponding solution for our problem is 

 = 

3 𝑀 𝑧 

16 𝜂𝑎 3 
Φ( 𝑐∕ 𝑎 ) . (17)

here the shear viscosity can be evaluated from the material constitu-

ive law in Eq. (10) . 

Results from CEL simulations are given in Fig. 12 for five different

alues of 𝜔 . In the elastic solution of Eq. (16) , when 𝑐∕ 𝑎 → 0 , the rotation
ngle approaches infinity. Therefore, from the two limits: Φ( 𝑐∕ 𝑎 = 1 ) = 1
nd Φ( 𝑐∕ 𝑎 → 0 ) → ∞, Fig. 12 can be fitted to a tangent function of the
orm of (

𝑐 

𝑎 

)
= 6 . 98 tan 

[
𝜋

2 

(
1 − 

𝑐 

𝑎 

)]
+ 1 . (18)

Substituting Eq. (18) into Eq. (17) , we now make a connection be-

ween 𝑐∕ 𝑎 and 𝜔 . 

In Section 3 , we have already shown that the diffusive process in

q. (5) contributes insignificantly as compared to the creep-controlled

rocess in Eq. (6) . As the mean stress is negative in our FSW process, we

ewrite Eq. (6) into a simplified form, 

𝑑 𝑓 𝑏 

𝑑𝑡 
= 𝑓 𝑏 

(
1 − 𝑓 𝑏 

)
𝜀̇ 𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 

𝐶 0 

( 

𝑛, 
||||𝜎𝑚 𝜎𝑒 

||||
) 

, (19)

ith 𝐶 0 being a dimensionless function. Rearranging and integrating

his equation gives 

𝑓 
𝑓𝑖𝑛𝑎𝑙 

𝑏 

𝑓 0 
𝑏 

1 
𝑓 𝑏 
(
1 − 𝑓 𝑏 

)𝑑 𝑓 𝑏 = ∫
𝑡 = 𝑡 ∗ 

𝑡 =0 
𝐶 0 ̇𝜀 

𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 

𝑑𝑡 . (20)

As shown by the strain rate and temperature fields in Fig. 4 , the

ight-hand-side integrant is only large when the material point enters

elow the tool (or into the thermomechanical process zone). Thus the
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Fig. 8. (a) Contour plots of the final bonding fraction with respect to varying 𝜔 for the cladding problem in Fig. 3 (c), with 𝑉 𝑡 = 2 mm/s and ℎ 𝑝 = 0.07 mm. (b) The 
corresponding bonding fraction distribution along the dashed line in Fig. 3 (c). (c) The bonding extent with respect to varying 𝜔 when taking the critical bonding 

fraction for full bonding as 0.8. In these calculations, the cladding thickness is 𝑑= 1 mm. 
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lapsed time can be approximated by 2 𝑎 ∕ 𝑉 𝑡 , and 𝜀̇ 
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝 ( 𝑥 𝑖 , 𝑡 ) can take the

ighest value, 𝜀̇ 
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝, max ( 𝑥 𝑖 ) , over this entire elapsed time, leading to 

 

ln 
( 

𝑓 𝑏 

1 − 𝑓 𝑏 

) ] 𝑓 𝑓𝑖𝑛𝑎𝑙 
𝑏 

𝑓 0 
𝑏 

≈ 𝐶 0 ̇𝜀 
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝, max 

2 𝑎 
𝑉 𝑡 

. (21)

For the FSW process, one primary interest is the prediction of bond-

ng depth. For the steady state problem in Fig. 13 (a), we only need to

nd 𝜀̇ 
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝, max ( 𝑧 ) . Contact problems have an inverse square root decay of

he deformation fields, so that we introduce the following 

̇  
𝑒𝑓𝑓 
𝑐𝑟𝑒𝑒𝑝, max ≈

𝜔 (
𝑧 

𝑐 

)2 
𝐸 

(
𝑐 

𝑎 

) , (22)

here the dimensionless function 𝐸( 𝑐∕ 𝑎 ) is introduced to consider the
ependence on interface stick-slip condition (which does not permit an-

lytical solution, thus requiring curve fitting for this dimensionless func-
10 
ion). Combining all the above equations, we now have the final bonding

raction at a given depth of 𝑧 by 

n 

[ 

𝑓 
𝑓𝑖𝑛𝑎𝑙 

𝑏 
( 𝑧 ) 

1 − 𝑓 
𝑓𝑖𝑛𝑎𝑙 

𝑏 
( 𝑧 ) 

] 

≈ ln 

( 

𝑓 0 
𝑏 

1 − 𝑓 0 
𝑏 

) 

+ 𝐶 0 
𝜔 

( 𝑧 ∕ 𝑐 ) 2 𝐸 ( 𝑐∕ 𝑎 ) 
2 𝑎 
𝑉 𝑡 

. (23)

Similarly, for the FSW cladding problem in Fig. 13 (b), the bonding

xtent in the lateral direction is derived as 

n 

[ 

𝑓 
𝑓𝑖𝑛𝑎𝑙 

𝑏 
( 𝑦 ) 

1 − 𝑓 
𝑓𝑖𝑛𝑎𝑙 

𝑏 
( 𝑦 ) 

] 

≈ ln 

( 

𝑓 0 
𝑏 

1 − 𝑓 0 
𝑏 

) 

+ 𝐶 0 
𝜔 

𝑦 2 + 𝑑 2 
𝑐 2 

𝐸 

(
𝑐 

𝑎 
, 
𝑑 

𝑎 

) 2 𝑎 
𝑉 𝑡 

, (24)

n which the dimensionless function 𝐸 ( 𝑐∕ 𝑎 , 𝑑 ∕ 𝑎 ) again needs to be curve
tted by comparing this equation to the bonding fraction calculations

ased on the actual strain-rate and temperature fields in CEL numerical

imulations. 
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Fig. 9. The final bonding extent for the FSW cladding process in Fig. 3 (c). (a) 

Varying 𝑉 𝑡 with 𝜔 = 1000 rpm and ℎ 𝑝 = 0.07 mm. (b) Varying ℎ 𝑝 with 𝜔 = 1000 rpm 

and 𝑉 𝑡 = 2 mm/s. 

Fig. 11. From CEL finite element simulations Fig. 3 (but with the lateral mo- 

tion turned off), the normalized torque, 𝑀 𝑧 ∕ 𝜇𝑓 𝑃 𝑎 , is plotted against the tool 

rotational speed, 𝜔 . 
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Fig. 10. Our analytical model of the interface stick-slip behavior and the shear str

theoretical shear stress at infinite friction is larger than the Coulomb friction as deter

our approximate yet analytical solution. The resulting strain rate field in the substrat

11 
The key steps for the bonding fraction prediction are now summa-

ized into the flowchart in Fig. 14 , as discussed below. 

1) Given all the processing parameters ( 𝜔 , 𝑉 𝑡 , and ℎ 𝑝 or 𝑃 ), material

constitutive parameters in Eq. (10) , and geometric parameters ( a and

tool shape). The most important ones are 𝜔 and 𝑃 , as they are easily

and practically accessible in the FSW technique. 

2) As the stick-slip ratio is not known a priori, an iterative procedure

in the shaded box is needed. 

a At the beginning of the ( 𝐾 + 1 ) -th iteration, we know ( 𝑐∕ 𝑎 ) |𝐾 . 
b Determine the normalized torque from 

𝑀 𝑧 

𝜇𝑃𝑎 
= Π𝑀 

( 𝑐∕ 𝑎 ) , and the
total heat generation rate from 𝑄 𝑡𝑜𝑡𝑎𝑙 = 𝜔 𝑀 𝑧 (true only when the

Taylor-Quinney factor is 𝛼𝑇𝑄 = 1). 

c Numerical simulations in Fig. 4 exhibit a large thermally affected

zone, so that the temperature near the tool can be calculated from

𝑇 max = 𝑇 0 + 

𝑄 𝑡𝑜𝑡𝑎𝑙 

2 𝜋𝑘𝑎 , where 𝑘 is the thermal conductivity, based on

the Rosenthal solution for a circular zone of heat source on a half

space [52] . 

d Based on the mean contact pressure (because P is given) and

the above temperature, we determine the corresponding mate-

rial viscosity from the material constitutive law in Eq. (10) . 
ess distribution. There exists an annular sliding zone ( 𝑐 ≤ 𝑟 ≤ 𝑎 ) in which the 
mined from the normal pressure distribution. The red dashed curve represents 

e provides the critical input for bonding analysis. 
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Fig. 12. A dimensionless parametric group, combining 𝜔 , 𝑎 , 𝑀 𝑧 , and workpiece 

material viscosity of 𝜂, is plotted against the stick-slip ratio of 𝑐∕ 𝑎 . Blue diamonds 
are CEL simulation results with five different values of 𝜔 . Blue asterisk is the 

analytical solution at 𝑐∕ 𝑎 = 1. The red dashed curve represents a fitting equation, 
to be used to construct our flowchart in Fig. 14 . 

Fig. 13. Schematic illustrations of the coordinates, stick-slip behavior, and in- 

terfaces in our bonding analysis, in which (a) corresponds to Fig. 3 (b), and (b) 

corresponds to Fig. 3 (c). 

 

 

(  

 

 

S  

𝑐  

e  

y  

E  

w

5

 

c  

t  

i

 

F  

w  

i  

h  

t  

𝑐  

a  

o  

n  

i

𝐸  

 

9  

d  

t  

d  

m  

F  

t  

u  

a  

t  

z  

w  

c

 

fl  

s  

i  

F  

a  

t  

a  

b  

a  

i  

F  

C  

s  

a  

s  

t  

t  

t

 

f  

t  

b  

p  

q  

h

e Using the normalized function Φ( 𝑐∕ 𝑎 ) in Eqs. (17) and (18) to
obtain a new stick-slip ratio of ( 𝑐∕ 𝑎 ) |𝐾+1 . 

f Check the convergence of |( 𝑐∕ 𝑎 ) 𝐾+1 − ( 𝑐∕ 𝑎 ) 𝐾 | and determine if
next iteration is needed. 

3) Upon the determination of 𝑐∕ 𝑎 , we can use Eq. (23) or Eq. (24) to
calculate the final bonding fraction of a given material point. The

fitting equation for 𝐸( 𝑐∕ 𝑎 ) will be given later in Fig. 16 . 

It should be pointed out that the fitting equations presented in this

ection are primarily functions of the interface stick-slip parameter,

∕ 𝑎 , but are insensitive to material constitutive parameters and others,
12 
ssentially because of the universality of the similarity contact anal-

sis and the Newtonian-Hookean analogy. Admittedly, E functions in

qs. (22) and (24) will depend on tool pin and other geometric features

hich can nevertheless be easily incorporated. 

. Comparisons between numerical and analytical models 

This section aims to validate the bonding extent prediction from

omparing the analytical solution (using the flowchart in Fig. 14 ) to

he detailed calculations in Section 3 (using the CEL-simulated fields as

nputs to the bonding fraction evolution equations in Section 2 ). 

For the FSW process in Fig. 3 (b) and the results in Figs. 5-7 , plotted in

ig. 15 are the final bonding fraction distributions in the depth direction

ith a wide range of 𝜔 values. The numerical results are the same as

n Fig. 6 (b). As explained in the previous section, the strain rate fields

ave a dependence on 𝑐∕ 𝑎 that does not permit analytical solution. To
his end, for each of these five 𝜔 values, we can read their corresponding

∕ 𝑎 values from CEL simulations, adjust the E value in Eq. (23) to find

greements between the solid and dashed curves in Fig. 15 , and thus

btain a relationship between E and 𝑐∕ 𝑎 , as presented in Fig. 16 . Also
oting the form of Φ( 𝑐∕ 𝑎 ) , we can curve the discrete diamond markers
n Fig. 16 by 

 

(
𝑐 

𝑎 

)
= −2250 tan 

[
𝜋

2 

(
1 − 

𝑐 

𝑎 

)]
+ 3070 . (25)

This fitting equation completes the flowchart in Fig. 14 . 

For the FSW cladding process in Fig. 3 (c) and the results in Figs. 8 and

 , plotted in Fig. 17 are the final bonding fraction along the lateral

irection for different cladding thickness values. In Eq. (24) , the par-

icular form of ( 𝑦 2 + 𝑑 2 ) ∕ 𝑐 2 is assumed because of the inverse square
ecay of the deformation fields upon contact. In spite of tuning the di-

ensionless function of 𝐸 ( 𝑐∕ 𝑎 , 𝑑 ∕ 𝑎 ) , predictions from our flowchart in

ig. 14 show the same trends as the numerical results, especially for the

hickness dependence. We choose a total of six different thickness val-

es, and keep other processing parameters as 𝜔 = 1000 rpm, 𝑉 𝑡 = 2 mm/s,

nd ℎ 𝑝 = 0.07 mm. It can be seen that there is a sudden “on/off” transi-

ion when d increases from 2 to 3 mm, exactly in the same manner as the

 -axis distributions of bonding fraction in Figs. 6 and 7 . Consequently,

e can directly use the bonding extent in the FSW process as the critical

ladding thickness in the FSW cladding process. 

Upon the fitting and validation of our analytical solution and the

owchart in Fig. 14 , we now aim to construct a bonding map with re-

pect to the processing parameters. That is, with varying 𝜔 and 𝑃 like

n the actual applications, what is the corresponding bonding extent in

SW? Do we also see a sudden “on/off” transition between full bonding

nd no bonding? Can a process window be determined with respect to

hese input parameters? Answers to these questions are given in Figs. 18

nd 19 . In our CEL simulations, the tool plunging depth is prescribed,

ut the axial pressure can be calculated as a result. The predicted 𝑐∕ 𝑎
nd bonding extent for the FSW process with respect to 𝜔 and 𝑃 is given

n Figs. 18 and 19 , respectively, where surfaces are from our flowchart in

ig. 14 and discrete triangles correspond to five different 𝜔 values from

EL simulations in Fig. 3 (b). The collapse of discrete triangles onto the

urfaces validates the success of our analytical solution and flowchart

nalysis. These 3D plots resemble cliffs on a terrain map, indicating the

harp “on/off” transition as exactly have been seen in Figs. 6 and 8 . With

he increase of 𝜔 and 𝑃 , the bonding extent sees a rapid jump from zero

o almost half of the tool radius. This upper bound is essentially due to

he rapid decay of strain rate fields in the depth direction. 

The bonding map in Fig. 19 can be used to find the process window

or the design and improvement of FSW processes. As a rule of thumb,

he bonding extent sees a binary “on/off” transition, and the maximum

onding extent lies within the thermomechanical process zone, or sim-

ly half of the tool radius. Further validation of this bonding map re-

uires additional FSW experiments as most of them in literature do not

ave direct bonding measurements. 
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Fig. 14. A flowchart representing our approximate yet analytical solution from the processing, geometric, and material constitutive parameters to the bonding 

fraction evolution. 
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. Further comparisons to experiments 

The FSW community has been fully aware of the shallow bond-

ng depth, regardless of the energy input. As reviewed extensively in

 8 , 9 ], the use of pins on the tool bottom, together with their complex

hapes and patterns, aims partially to extend the deformation fields in

he depth direction. For the first time, a mechanistic bonding model is

roposed here that relates the bonding evolution to the thermomechani-

al fields, particularly strain rate and temperature, through Eqs. (5) and

6) that are general for any type of solid-state bonding techniques.

pecifically, for the FSW process, based on our stick-slip contact anal-

sis, we can derive an analytical expression of such thermomechanical

elds in Section 4 , so that the dependence of bonding extent on pro-

essing parameters can be predicted and validated by our simulated

hermomechanical fields. The resulting figure or merit in Fig. 19 can

e qualitatively justified by nearly all FSW experiments, i.e., the need
13 
o increase rotation speed and axial force for an extended bonding in

epth direction. 

While a quantitative comparison between our prediction in

ig. 19 and experiments awaits further investigation, a few observations

nd some literature works suggest the validity of such predictions. First,

lthough experimentally it is known that the bonding extent does not

o far than the shoulder radius or pin length, this has not been theoret-

cally explained until the model development here, e.g., Eqs. (21) –(24) .

he key reason lies on the rapid decay of the strain rate field from the

ontact problem, which exacerbates further if a small stick-slip ratio is

eveloped. Our model presented in this work presents an upper bound

rediction. Second, there are a few indirect studies that support the

harp rise in Fig. 19 . For example, Panda et al. [53] applied the FSW

rocess onto the top surface of two stacked plates. The top layer was

hin enough for the plate-plate interface to be bonded, and the bonding

uality of the two plates was tested in a two-dimensional lap-shear con-
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Fig. 15. Comparisons between the CEL numerical simulation results in Fig. 6 (b) 

and our analytical model for the bonding fraction distribution along the depth 

direction in the FSW setup in Fig. 3 (b). 

Fig. 16. The dimensionless function, 𝐸( 𝑐∕ 𝑎 ) , in the flowchart of Fig. 14 . 
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Fig. 17. The final bonding fraction distribution on the cladding-substrate inter- 

face along the dashed line in Fig. 3 (c), with respect to various choice of cladding 

thickness of 𝑑. 
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guration. These authors found a dependence of the pull-off force for

racture on the tool axial force and rotation speed in a similar manner

s the sharp rise features in Fig. 19 . Noting that their failure modes are

early all shear failure, the failure force can be estimated by the product

f the shear strength and the bond width. Apparently, their findings on

ailure force agree qualitatively with our predictions in Fig. 19 . Third,

here are further evidences from the friction stir spot welding (FSSW)

rocess [54] . According to predictions in Fig. 17 , if the horizontal inter-

ace moves farther from the contact surface, the bonding width shrinks

ignificantly when the processing parameters remain unchanged. Sim-

larly, given a fixed depth, the bonding width will evolve with respect

o tool rotation speed and axial force (that is, the energy input) in the

ame manner as in Fig. 19 . That is, we will see a sharp rise of the bond-

ng width, but the plateau will never exceed the tool radius/diameter.

reliminary results in [54] also show the detailed information of cavi-

ies and their distributions. A close comparison of these experiments to

ur modeling effort here will be presented in a future study. 
14 
. Summary 

A mechanistic understanding of bonding behavior under various op-

ration conditions of the FSW process is critical in its successful engi-

eering applications. There are three main contributions in this work as

hown below. 

1) Bonding Model : Most solid-state-bonding models rely on rough sur-

face contact and volumetric inter-diffusion for interfacial gap clo-

sure. Here we propose a completely different viewpoint, based on

the well-established knowledge in grain boundary creep fracture of

high temperature polycrystalline materials. The interfacial cavities

will shrink under the combined action of sintering and applied com-

pressive stresses via the Hull-Rimmer diffusive process, or under

the creep-controlled deformation process. The competition between

these two processes is dictated by the Needleman-Rice length scale,

𝐿 𝑁𝑅 . When plotting the thermomechanical histories of materials un-

der FSW tool, one can thus immediately tell that diffusive process

plays a negligible role in the bonding evolution. Thus, the solid state

bonding under FSW relies mainly on the creep strain rate in the ad-

journing workpieces, weakly on stress triaxiality, and negligibly on

interfacial diffusion. 

2) Predicting bonding evolution from CEL simulation results : Using the cal-

culated strain rate and temperature fields from CEL finite element

simulations, we can predict the evolution of the bonding fraction.

These results are insensitive to the initial bonding fraction, suggest-

ing that a rough surface contact analysis be not needed. The bonding

extent increases with the increase of tool rotational speed and plung-

ing depth, or with the decrease of tool welding speed. The maximum

bonding extent in the FSW process, as well as the maximum cladding

thickness that can be made full-bonded in the FSW cladding process,

is found to be about half of the tool radius. 

3) Bonding Map and Process Window : Based on the Hill-Bower similarity

analysis and the solution analogy between Newtonian viscous mate-

rial and Hookean solid, we can derive an approximate yet analytical

solution to predict the bonding extent. The resulting bonding map

shows that the dependence of bonding extent on processing parame-

ters (mainly 𝜔 and 𝑃 ) shows a sharp transition between no bonding

and full bonding. The analytical prediction agrees well with numer-

ical simulations, thus providing a process window for future design

and applications of this FSW technique. 
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Fig. 18. The stick-slip ratio with respect to two processing parameters (axial pressure and tool rotational speed), obtained from the CEL numerical simulations of 

the FSW setup in Fig. 3 (b) and our analytical solution based on Fig. 14 . 

Fig. 19. The final bonding extent on the 

workpiece-workpiece interface with re- 

spect to two processing parameters (ax- 

ial pressure and tool rotational speed), ob- 

tained from the CEL numerical simulations 

of the FSW setup in Fig. 3 (b) and our ana- 

lytical solution based on Fig. 14 . 

15 
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