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Abstract. The Friction Spot Welding (FSpW) is a spot-like solid-state joining process that allows to joint two or more
metal sheets in overlap configuration, suitable for welding lightweight materials. The main aim of this work is to study
and develop a Johnson-Cook damage criterion model to represent the crack initiation, coalescence and the final
fracture, allowing a better understanding of the fracture phenomenon in FSpW. The Johnson-Cook (JC) damage
criterion considers no kinematic hardening and expresses rather the equivalent stress as a function of plastic strain,
strain rate and the temperature. The base materials used were AA 2024-T351 and alclad AA 2024-T351 aluminum
alloys. The parameters of JC were calculated and tested numerically. The numerical model results obtained shown
good agreement with the experimental tests.
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1. INTRODUCTION

Nowadays many efforts are being applied in the development of lightweight materials, especially in the
automotive and aircraft industries. The developments point to a better use of the fuel, saving money and complying with
environmental laws that restrict the emission of gases. Consequently, these increase on the use of lightweight materials
result in many mechanicals components produced by different processes, which need to be joined. So far, resistance and
laser spot welding as well as riveting and clinching processes have been the most commonly used joining techniques for
such purposes (Pan et al., 2005).

Two relatively new solid-state spot welding processes called Friction Stir Spot Welding (FSSW) and Friction
Spot Welding (FSpW) are still under development. Both friction based spot processes have proven to be able to produce
high quality spot welds and to have high potential applicability in the industry. Some important characteristics of these
processes are to be environmentally friend (no fumes, spatters or sparks are generated), allow solid-state welding, ease
of automation, possibility of joining dissimilar materials, joining of materials difficult to weld by conventional fusion
welding process, production of low distortion joints with excellent mechanical properties. (Silva et al., 2007).

The FSpW process was developed and patented by GKSS Forschungszentrum. The potential applicability of
FSpW for structural and non-structural components is extremely high and since no bulk melting occurs it becomes an
important alternative to fusion welding techniques. The technological advantages of this process are no need for
additional material, minimal or no waste products, no post processing is necessary due to good surface quality, fast
processing times and ease automation.

From the physical point of view, ductile damage is essentially atomic decohesion following dislocations pilling
in metals, or growth and coalescence of cavities induced by large deformations. From the mechanical point of view, the
fracture is the growth of a spherical or elliptical hole in a plasticity medium subjected to large strains, and the problem
can be solved analytically or numerically. From the Continuum Damage Mechanism point of view, this is a reduction of
the resisting area in any plane of a Representative Volume Element that is governed by the elastic energy and the
Accumulate Plastic Strain. From this point of view various fracture models have been proposed to quantify the damage
associated with material deformation and are used to predict fracture initiation.

2. FRICTION SPOT WELDING
2.1. Friction Spot Welding Characteristics
The FSpW process is performed by pressing a three-part rotating tool, composed by pin, sleeve (or shoulder) and

clamping ring, into the workpieces producing frictional heat. The FSpW welding process consist of four steps, as can be
seen in the Fig 1, in the first stage the sheets are fixed by pressing the clamping ring against the upper sheet surface,
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while the pin and the sleeve start to rotate. On the second stage one of the spindles plunges into the sheets while the
other one moves upwards creating space (reservoir) for a accommodating the plasticized material being squeezed by the
plunging spindle. On the third step the process is reversed and both pin and sleeve retract back to the surface of the
upper sheet. Doing so, the spindle moving downwards brings the plasticized material initially displaced back to its
original position, refilling the hole left by the plunging spindle. On the fourth step the clamping load is released and the
entire welding tool is withdrawn. The advantage of the shoulder plunge over the pin plunge variant is a bigger joint area
which leads to a stronger joint. On the other hand the pin plunge is easier to perform since demands less power form the
welding machine (Rosendo et al., 2007, Silva et al., 2007a, Silva et al., 2007b).

Clamping Pin

load Sleeve

Clamping nng

Stage | Stage 2 Stage 3 Stage 4

Figure 1 — The FSpW Equipment - Stages of the friction spot welding sleeve plunge variant.

2.2. Material Properties

The materials used were the aluminium alloy AA 2024-T351 with and without a corrosion protection clad layer.
The AA 2024 has copper and magnesium as the alloying elements. It is used in applications requiring high strength to
weight ratio, as well as good fatigue resistance, but it is not readily weldable by conventional arc welding processes.
The T351 temper heat-treatment increases the mechanical properties. In aluminium with high purity the corrosion
resistance due to thin surface layer of aluminium oxide that forms when the metal is exposed to the air effectively
prevents further oxidation. However, in aluminium alloys where copper is the major alloying element, for
electrochemical effects the corrosion can be strong because of two main factors: greater change in electrode potential
with variations in amount of copper in solid solution and, under some conditions, presence of no conformities in solid-
solutions concentrations. The general resistance to corrosion reduction with increasing copper content is primarily due
to galvanic cells created by formation of minute copper particles or films deposited on the alloy surface as a result of
corrosion. To increase the corrosion resistance they are often clad with high-purity aluminium, a low magnesium-silicon
alloy. The cladding usually from 2.5 to 5% of the total thickness on each side, not only protects the composite due to its
own inherently excellent corrosion resistance, but also exerts a galvanic effect which protects more the material (Weast,
1981, Ross, 1991, Nayer, 1997).

2.3. Experimental Results

In this work several AA 2024-T351 FSpW overlap joints were produced using different process parameters. The
microscopic investigations along the cross section of all weld joints indicated distinct weld zones: the Stir Zone (SZ) the
Thermo-Mechanical Affect Zone (TMAZ), the Heat Affected Zone (HAZ), and the Base Metal (BM), as shown in the
Fig. 2.

Figure 2 - Cross section of FSpW joint to Unclad AA 2024-T351, showing the limits of the weld zones.

The SZ is a refined and rather equiaxied grains region, this typical microstructure appearance indicates that
dynamic recrystallization takes place in this weld zone. The high deformation level and high peak temperature during
welding in the SZ characterize such final grain structure. The TMAZ microstructure is characterized by grains distorted
in comparison to the base material due to the high strain rate associated to a lower peak temperature in comparison to
the weld centre. A higher magnification of this weld zone revealed elongated grains bended upwards along the vicinity
of the SZ.
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The microhardness profile at the weld specimens cross section reveals changes in mechanical properties, as can be
seen in the Fig. 3. The base material presents an average of 135HV, s which decreases in the HAZ to a minimum of
120HV 5 in the interface between the TMAZ and HAZ. The hardness loss at the outer limits of the HAZ is associated
mainly to recovery of the base material as rolled microstructure since the temperature at this region is not so elevated
during the welding. The more close to the center of the weld, the higher is the peak temperature reached and the
strengthening precipitates can be subject to coarsening and even solubilization. Coarsening is expected to be
predominant in the TMAZ due to the thermocycle in this wed zone. (Rosendo et al., 2008, Rosendo et al., 2007, Silva et
al., 2007a, Silva et al., 2007b, Schilling, 2000, Ramos, 2008).
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Figure 3 - Microhardness of Unclad AA 2024-T351 FSpW welding.

For the aluminium alloy with corrosion protection, the clad influence is evident, as can be seen in the macrograph
shown in Fig. 4. The zones present in the joint were the same observed in the weld of the alloy without clad layer.

Figure 4 - Cross section of FSpW joint, to Alclclad AA 2024-T351, is showing the limits of the weld zones.

The microhardness of the joint evidences the clad presence by the occurrence of a zone with extremely low
hardness in the middle the joint (interface between the two plates), as can be seen in the Fig. 5. It is possible to see the
same different weld zones — SZ, TMAZ, HAZ, and BM. In the BM the hardness is 145HV ) s, this value decreases in the
HAZ and TMAZ, while in the SZ there is an increase on the hardness, reaching the maximum value.
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Figure 5 - Microhardness of Alclad AA 2024-T351 FSpW welding

For the numerical analysis two models were developed, one of them considering the clad influence and another
without the clad layer. The sketch, shown in Fig. 6, was based in the macrograph images and microhardness profiles
seen before, and has similar dimensions to both numerical models.
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Figure 6 - The Sketch with dimensions used in the numerical model.
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As described before, the joints of unclad aluminium plates have produced three different zones — BM, SZ, TMAZ,
with different mechanical properties. The properties of base material were obtained by mechanical tests, while the
properties of the other zones were defined based in the microhardness values observed in each zone. In the SZ an
increase of 7.5% in resistance in relation to the BM was considered, while for TMAZ the resistance a decrease of 7.5%,
when compared to BM, was adopted. In the model that considers the presence of the clad layer, the properties assigned
to that region were the same of pure aluminium (1xxx series). Fig.7 presents the ultimate tensile strength values
assigned to each zone for both material used.
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Figure 7 — Tensile Strength assigned to each zone of the joint; a) Unclad AA 2024-T351 b) Alclad AA 2024-T351.

3. DUCTILE DAMAGE

The ductile failure of a structure usually consists in three phases: (a) accumulation of damage; (b) initiation of
fracture; (c) crack propagation. One way to think about fracture initiation is to consider it as result of the accumulation
of ductile plastic damages. Microscopically, such damages are associated to void nucleation, growth and coalescence,
shear ban movement and propagation of microcracks. Microscopically, degradation of the material exhibits decrease of
the material stiffness, strength and reduction of the remaining ductility. These physical changes are often used as
indicators to predict the onset of fracture, either based on the current value or in a cumulative fashion. In continuum
damage mechanism, the material deterioration is described by an internal variable of the damage. In many applications,
the damage can be considered isotropic but still gives good predictions and, therefore, is assumed as a scalar quantity
herein. Damage should be distinguished and cannot be measured directly. To use cumulative damage as a criterion to
predict the onset of fracture, the relationship between damage and some measurable parameters has to be established.

3.1. Ductile Criterion Model

The Ductile criterion is a phenomenological model for predicting the onset of damage. The model assumes that the
equivalent plastic strain at the onset of damage, s_gl, is a function of stress triaxiality and strain rate: égl(n, égl), where
n= %p, is the stress triaxiality, p is there pressure, q is the Mises equivalent stress, and §Dpl is the equivalent plastic

strain rate. The criterion for damage initiation is met when the state variable, wp, exceeds 1,

dep!
* =~ o

the state variable increases monotonically with plastic deformation. At each increment during the analyses the
incremental increase wp, is computed as, (Johnson and Cook, 1985, Lemaitre and Desmorat, 2005).

Awn = AsP! >0 )
Wp = Egl(négl) = Y ( )

3.2. JOHNSON-COOK DAMAGE MODEL

Johnson and Cook have extended the damage model of ductile damage, presented in item 3.1, Eq. 1. They extended
this strictly triaxial ratio dependent model so as to considerer high strain rates and high temperature effects on the strain
to fracture of ductile metals, because plasticity and damage are impossible to distinguish during a tensile test.

The model is an accumulative-damage model that takes into account the loading story, which is represented by the
strain to fracture, expressed as a function of the strain rate, temperature, and stress. This model is an instantaneous
failure model, which means that no strength or stiffness remains after failure and failure is dynamic model is based on
the value of the equivalent plastic strain at element integration points, failure assumed to occur when the damage
parameter exceeds 1. The damage parameter, w, is defined as
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w=Y (A—) 3)
f

where AgP! is an increment of the equivalent plastic strain, s_]f ! is the strain at failure, assumed to be dependent on a
nondimensional plastic-strain rate

p £pl ~
&= [dl + dze(d34)] [1+ dan(Z)] (1 + d:0) @)
=pl
where gg— is a nondimensional plastic-strain rate, Spressure-stress ratio (where p is the pressure stress and q is the Mises
0

stress) measures a triaxiality of the stress rate, d; — ds are failure measured constants, and & is the reference strain rate
and the nondimensional temperature 6,

-0 0 ) fOT'9 < etransition
~ -0 iti
6 = 9 _;anSL “_"_1 fOT' etransition s6< gmelt (5)
(Omett transztwn)
1 fOT 0 > Omerr

where 6, is the current temperature, 0,,,;, is the melting temperature, and 6;,qnsition 1S the transition temperature
(ABAQUS Documentation Version 6.8, 2009, Holmquist and Johnson, 1991, Traiia, 2007).

3.2.1.1. Damage model’s constants determination

To determine the damage model’s constants, the strain to failure is established as a function of the triaxial state
process, allowing to obtain the constants d;, d,, and d. After that, the parameter d, and temperature parameter, ds, can
be found. All parameters need characterization tests and numerical simulations.

3.2.1.1.1.  Triaxial Stress State (d4, d5, and d3)

At least, three tests must be made to build the exponential curve of the strain to fracture as a function of the
triaxiality, 5, and establish the corresponding parameters. In this study, the triaxiality characterization tests are made on

isothermal condition.

Three different axissymetric tensile tests were performed to find the different stress triaxiality values to failure. To
do so, specimens of different shapes, but with the same minimum cross section’s diameter, were tested.

The state of stress that prevails inside the specimen at its failure is impossible to measure directly during the
experiment. It is also hard to calculate it analytically from experimental measurement in uniaxial tensile test
axissymmetric specimens. Even more, the triaxial state of stress changes during the loading process due to the notching.

After the triaxial states of stress are reached for each specimen, a best strain to failure versus triaxial ratio curve fit
should be draw. The parameters that provide the best fit curves are then found by least square regression.

3.2.1.1.2.  High strain rate stress state (d )

For the calculation of parameter d,, only torsion tests at different shear strain rates are performed. Tests should
cover the high strain rate regime that is experimented during the simulated phenomenon. Then few data points of shear
strain to fracture at different strain rates are converted into equivalent strain to fracture with the Von Mises factors.
With the equivalent strain at fracture data collected from quasi-static tests, a curve of the strain at fracture versus the
strain rate can be drawn from quasi-static to high strain rates.

To obtain parameter d,, a curve of a “reduced” strain failure ((sf - (dy + dz))) /(dy + d;) versus the strain rate

should be drawn in natural semi-log graph. d, is then obtained as the slope of the curve. Note that this curve should be
built from tests carried out at transition temperature.

3.2.1.1.3.  High temperature environment (ds)

The ds parameter is defined using the same technique used to define d,, except that the shear strain to failure
versus the shear strain rate curve must be generated at different temperatures. This experiment should be performed at
temperatures that are close to that encountered in the problem to be modeled.

The temperature parameter ds, is found by drawing a reduced strain to failure

((ef - (d, + dz)) (1 + dyln (%)))/((dl +d;)1+ dyln (i—?)) versus temperature. All those should be
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collected at high strain rates (ABAQUS Documentation, 2009, Holmquist and Johnson, 1991, Trafia, 2007, Johnson and
Cook, 1985).

3.2.1.2. Experimental results

To both studied materials, three different geometries were used to determine the strain to fracture at different state
of stresses. The specimens that can be seen in the Fig. 8 exhibit a notch with different radius. Table 1 shows the most
important parameters for the different specimens.

Table 1 - Dimensions of the specimens

R(mm) | ®(mm) | ®n(mm)
A 12 15 8
B 6 15 8
C 4 15 8

Figure 8 — Dimensions of the specimens tested

Simulations of tensile tests were performed to establish the pressure and the triaxial stress in the notch located in
the middle of the specimens at instantaneous lengths. The results allow to plot the triaxial ratio as a function of the time,
as can be seen in Fig. 9 to unclad AA 2024-T351. The stress values were obtained until they reach the maximum values
before fracture in the uniaxial tensile test.
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Figure 9 - Triaxial Ratio x Time for unclad AA 2024-T351.

The mean values obtained during the test until rupture are the triaxial ratio considered for the determination of
the JC model constants. The failure strain is obtained by the best fit curve with the exponential adjustment method, as
can be seen in the Fig. 10, thus the stress state constants dy, d, e dz can be defined. With the values of these constants it
is possible to determine the constant d4 and, as this work does not consider the temperature influence, the constant ds is
considered 0.
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Figure 10 - Failure Strain x Triaxial Ratio for unclad AA 2024-T351.

The same method was used to determine the constants for Alclad AA 2024-T351. The relation between triaxial
ratio and time is shown in Fig. 11-a, and the failure strain versus the triaxial ratio is presented in Fig. 11-b. Table 2
summarizes the JC parameters obtained to both materials.
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Figure 11 — a)Triaxial Ratio x Time to Alclad AA 2024-T35; b) Failure Strain x Triaxial Ratio to unclad AA 2024-T351

Table 2 - JC damage parameters.

dy d, ds d, ds Reference Strain Rate
AA 2024-T351 0.15 0.18 -1.02 -0.011 0 1
AA Alclad 2024-T351 0.13 0.15 -1.112 -0.0678 0 1

To evaluate how the calculated constants represent the materials behaviour, the numerical model analysis of a
tensile test was compared to the actual uniaxial tensile test. The results can be seen in the Fig.12-a, to AA 2024-T351
and in the Figure 12-b, to AA Alclad 2024-T351. A very good agreement between test and numerical results was
observed, confirming that the parameters calculated represent well the phenomenon, therefore the constants can be used

to analyse the fracture.
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4. FSPW JOINT MECHANICAL BEHAVIOUR

A numerical model was built to represent the lap-shear test specimen according to the standard DIN EN ISO
14272, as can be seen schematically in Fig. 13. In the test two plates welded by FSpW in overlap configuration are
submitted to a uniaxial tensile load. The 3D solid is modeled as three different parts: an upper plate, a lower plate and a
Stir Zone, assuming the properties shown in Fig. 7.

Figure 13 — Geometry of FSpW joint parts used in numerical model.

For the simulation of lap-shear test, just one half of the the actual specimen was modeled once there is symmetry of
geometry and load across the vertical x-y plane as can be seen in Fig. 14. As shown in the figure, the extremity of the
lower plate was pinned, what means that the displacement in the orthogonal x, y and z directions were set equal to zero.
Also, the vertical movement of the external portion of both plates was not allowed, to reproduce the effect of shims that
prevent out of load direction movements. To simulate the actual load condition experimented during the test a
displacement of the external surface of upper plate in the x axis was specified. The surfaces of SZ in contact with the
upper and lower plates were considered tied constrained, what means that there is no relative motion between them.
This type of constrain fuses two regions even thought the meshes created on the surface of the regions may be
dissimilar (Mazzaferro, 2008).

s Y-avis movement
Pinned

Uyg=Uy=Iz= restriction

Symmetry

Y-uxis movement

restriction

Displacement
Figure 14 - Boundary conditions adopted for the shear test model.

4.1. Damage evolution

The damage evolution assumes that damage characterized by the progressive degradation of the material stiffness
leading to material failure. For elastic-plastic material with isotropic hardening, the damage manifests itself in two
forms: softening of the yield stress and degradation of the elasticity. The overall damage variable w, Eq. 3, captures the
combined effect of all damage mechanisms and is computed in terms of the individual damage variables, d;. The value
of the equivalent plastic strain failure, 5}’ L Eq. 4, depends on the characteristic length of the element and cannot be used
as a material parameter for the specification of the evolution law, instead, the damage evolution law is specified in
terms of equivalent plastic displacement, P!, or in terms of fracture energy dissipation, Gy, this energy is required to
open a unit area of crack, and it is a material parameter. With this approach, the softening response after the damage
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initiation is characterized by a stress-displacement response rather than a stress-strain response. The fracture energy is
then given as,

o 1 a?! —pl
Gy = fgopl Loyde? = [/ o, du? (6)

where L, is characteristic length.

This expression introduces the definition of the equivalent plastic displacement, #P!, as the fracture work,
conjugated of the yield stress after the onset of damage (work per unit area of the crack). Before damage
initiationwP! = 0; after damage initiation #P! = L£P!. This definition of the characteristic length is used because the
direction in which fracture occurs is not known in advance. The damage evolution based in effective plastic
displacement, i1P!, is defined as

Pl = P! )

The evolution of damage variable with the relative plastic displacement can be specified in tabular, linear, or
exponential form. Instantaneous failure will occur if the plastic at failure ﬁ}’l, is specified 0.
In this work was assumed an exponential damage evolution of the damage variable given as

(_ upPl 5y 'ﬁpl)
w=1—e\ ° ¢ (8)

The exponential formulation of the model ensures that the energy dissipated during the evolution process is
equal to Gy. In theory, the damage variable reaches value of 1 only asymptotically at infinite equivalent displacement. In
practice, when the dissipated energy reaches a value of 0.99G, w will be set equals to on.

5. RESULTS AND DISCUSSION

For the AA 2024-T351 simulation and experimental tests, the fracture mode identified was plug pull-out, as can be
seen in the Fig. 15, where the detail of element mesh separation is represented too.

COB: 2024-TI51-JC odb  Abaqus/Explicit Version 8.8-1 Mol

T Stap: Step-1
| Increment  STAET2: Step Time = 2.2500E-02
2 Primary Var: JCCRT
Dufarmed Var: U Daformation Scale Factor: +1.0000+00
Status Var: STATUS

Figure 15 - The plug pull-out fracture.

In the Fig.16, the failure steps during simulation are represented, to allow a better visualization the upper plate
was not shown. At the Fig. 16-a, the value of Johnson-Cook damage initiation criterion (JCCRT) is very near 1, on the
region around SZ. After, at the Fig. 16-b, the elements that first reached the limit value of JCCRT were deleted. The
crack begins when more elements were deleted as can be seen on the Fig. 16-c. Finally, the plug pull-out fracture occurs
as shown in the Fig.16-d.
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Figure 16 - Fracture steps - a) JCCRT is very close to 1; b) when the JCCRT is 1, some elements were deleted; ¢) some
more elements were deleted; d) the fracture happens.

For the AA Alclad 2024-T351 simulation and experimental tests, the fracture mode identified was through weld
accompanied by circumferential crack, as can be seen in the Fig.17.

ODB: AA2024-T351-)CLodb  Abaqus/Explicit Version 6.8-1

Y Stop: Stap-1
Increment T08030: Step Time = 1.5742¢-01
z x  Primary Var: JCCRT

Delormed Var: U Delormation Scale Factor: +1.000e+00
Status Var STATUS

Figure 17 - Through weld accompanied by circumferential crack

The failure steps are shown in Fig. 17, to better visualization the upper plate was extract. In the Fig. 17-a, the
value of Johnson-Cook damage initiation criterion (JCCRT) is very close to 1 around SZ. After, in the Fig. 17-b, the
elements that first reached JCCRT limit value were deleted. The crack begins when more elements were deleted as can
be seen on the Fig. 17-c. Finally, a through weld accompanied by circumferential crack fracture occurs, as shown in the
Fig. 17-d.
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Figure 17 - Fracture steps - a) JCCRT is very near to 1; b) when the JCCRT is 1, some element were deleted; c) some
more elements were deleted; d) the fracture happens.

6. CONCLUSIONS

The results of numerical model developed correspond to the fracture modes observed in lap-shear actual tensile
tests. The simulations produced very similar fracture geometries when compared with experimental tests.

For unclad AA 2024 — T351 all simulations point to the initiation of the fracture occurring around the joining area,
in the region of contact between the upper and lower plates where occurs the highest stress levels. The mode of fracture
identified is plug pull-out.

To AA 2024 — T351 all simulations produced the through weld and circumferential crack mode of fracture.

To both models the fracture happens and the crack propagates around the SZ, where the higher stress levels occur.
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