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Abstract

In this work, we propose a model for predicting fatigue damage in
friction stir spot welded (FSSW) joints made of Mg AZ31 alloy.
In this modeling approach, an attempt is made to capture failure
mechanisms due to the influence of variation in welding
parameters including tool plunge depth, tool rotation speed, and
tool pin diameter. As such, the fatigue model presented here is a
deterministic approach, where fatigue lifetimes are estimated
based on specific geometrical and microstructural information. In
particular, the model addresses the observed variation in failure
mechanisms commonly observed in Mg FSSW coupons under a
range of applied loading. Further, a distinction is made between
fatigue crack incubation, microstructural small and physically
small fatigue crack growth, and finally long crack growth of the

coupon. The fatigue model presented here showed good
correlation for fatigue lifetimes for variation in welding
conditions.

Introduction

In order to meet and exceed federal standards regarding fuel
economy, the automotive industry is exploring lightweight
designs. Lightweight metals, such as magnesium alloys, provide
substantial weight savings over traditional structure metals, i.e.
steels. However, industrial joining techniques for magnesium
alloys are not well established compared to more established
metals and this is especially true for spot joining. One possible
alternative spot joining technology is friction stir spot welding.
Friction stir spot welding (FSSW) is a variant of friction stir
welding (FSW) and is an attractive spot welding technique due to
its solid state process and its low energy requirements.

FSSW is a thermo-mechanical process for spot lap-joing of sheet
[1,2] and Fig. 1 shows a schematic of the process. The rotating
tool comprises a probe pin that is plunged into two sheets of metal
to be joined. The probe pin typically penetrates the upper sheet
completely and then passes into the bottom sheet to various depths
depending on process conditions. Here, the downward force and
rotational speed of the tool generates localized friction as the pin
interacts with the upper sheet. The heat generated by friction
softens the sheet materials adjacent to the tool and deforms
plastically to form a solid state bond between the surface of upper
and bottom sheet [3]. A longer dwell period typically provides
the driving force for the upwards displacement of lower sheet
material which promotes good bonding [2]. Since the dwell time
in a manufacturing setting is relatively short, ¢.g., 2 to 5 seconds,
the tool rotation speed and plunging motion largely determines the
heat generation [4], joint formation and weld mechanical
properties [5]. In general, FSSW is free of defects commonly
associated with fusion welding, largely because the temperature
attained during FSSW is less than the melting point of base
materials. The other advantages of FSSW include no need of
cooling agent, filler materials, or post weld treatment. In addition,

197

FSSW is more energy efficient and clean when compared to other
types of spot welding techniques.
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Figure 1. A schematic illustrating the friction stir spot welding
process.

While fundamental relationships governing the static strength of
FSSW in magnesium alloys have been investigated, only a few
studies exist regarding fatigue behavior and performance in Mg
alloys [8-10]. In fact, Rao and Jordon [10] analyzed the influence
of microstructural and geometrical features on fatigue lifetimes of
FSSW on AZ31 Mg alloy. Fractography analysis conducted in
this study suggested that the effective top sheet thickness largely
determined the failure mode, which in turn influenced the final
number of cycles to failure. While the height of the interfacial
hook was greater in the process with better fatigue performance, it
was the larger effective top sheet thickness that promoted crack
propagation modes more favorable to greater fatigue resistance.
Furthermore, scanning electron microscopy (SEM) of striation
spacing confirmed differences in crack growth rates.

The current state of fatigue modeling of spot welds is successful
in correlating the number of cycles to failure for various types of
joining methods. The most common approaches use some
variation of linear elastic fracture mechanics (LEFM), where the
variation in methods is on the determination of the stress intensity
solution. However, a deterministic approach to correlate fatigue
lifetimes based on specific microstructure and geometrical
features of a specific welding process does not currently exist. As
such, the purpose of this paper is to establish a microstructure
sensitive fatigue model for FSSW joints in Mg alloys. The
premise of this model is to capture the classical defined stages of
fatigue: incubation; microstructurally small/ physically small
crack growth; and long crack growth. To the best of the authors’
knowledge, this type of approach has not been applied for FSSW
or other similar spot welds.

Materials and Experiments

In order to provide the foundation for the develop of a multi-stage
model for FSSW in Mg alloys, results from a recent study [10]
and are summarized here. Two sets of FSSW coupons, made
using 2.0 mm thick AZ31 Mg alloy sheets, were welded in an
overlap configuration. For process #1, the individual sheet
dimensions were: length of 100 mm, width of 35mm, and a
welded overlap area of 35 x 35 mm. For process #2, the



individual sheet dimensions were: length of 100 mm, width of 38
mm and a welded overlap area of 38 x 38 mm. For process #1, the
FSSW tool was made from standard tool steel (H13) material with
a shoulder diameter of 12mm and a cylindrical pin having a
diameter of 5 mm, pin length of 3.2 mm, and left hand threads
(M3), as shown in Fig. 2a. For process #2, the FSSW tool is
identical to the tool used in process #1; however the tool had a
triangular pin as shown in Fig. 2b. Both tools had a 10° concave
shoulder as shown in Fig. 2c.
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Figure 2. Schematic of the FSSW tool geometry employed for (a)
process #1 and (b) process #2.

Table 1. lists the process conditions used to join the two sets of
lap-shear coupons employed in this study. Figure 3 shows
representative lap-shear samples from both process #1 and #2. For
the fatigue tests, the lap-shear coupons were cyclically tested in an
MTS 810 servo-hydraulic load frame under load control with a
sinusoidal waveform at three different load ratios (0.1, 0.3, and
0.7). The fatigue tests were tested at frequencies that ranged from
5-30 Hz. While most of the tests were conducted at 10 Hz, higher
frequencies were employed for the low load amplitudes to
expedite failure. Steel shims were employed in the test frame to
prevent additional bending forces. The grip-to-grip distance
employed for each coupon was 110 mm.

Table I. FSSW welding process parameters used in current study.

Welding Parameters Process #1 | Process #2
Tool rotation (RPM) 1000 750
Tool Plunge Speed (mm/min) 20 20
Shoulder Plunge Depth (mm) 0.5 0.1
Dwell Time (sec) 2.5 2.5

For weld characterization, samples were sectioned through the
center of the weld nugget coupon and parallel to the loading
direction. Samples were cold mounted in epoxy and then ground
and polished. Using a Keyence VHX-1000 digital optical
microscope, key features of the weld were characterized including
size and shape of the interfacial hook, the bond width, and
effective sheet thickness. Representative fatigued coupons from
process #1 and process #2 were also observed under the Keyence
microscope to identify the failure modes at different cyclic load
levels.
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Interfacial Hooks

In typical FSSW joints, the faying surface oftentimes exhibits a
hook-like shape as shown in Fig. 3. This hooking of the faying
surface is a result of trapped oxide films are that displaced upward
due to the plastic flow of the material resulting from the
downward plunge of the pin into the bottom sheet. In fact, the
degree of oxide distribution at the faying surface is greatly
influenced by the tool geometry and tool rotation speed.

By

Figure 3. Magnified views of the primary and secondary hooks
formed in (a) process #1 and (b) process #2.

Consequently, the link between the sheet thickness, T (see Fig. 4),
and hook height are directly related to the shoulder plunge depth
achieved during FSSW. If the tip-to-tip distance of the primary
interfacial hooks is used to define the bond width, D2 (refer
Fig.4), process #2 had a slightly larger bond width. Dimension
nomenclature of the various weld geometry measured are
indicated in Fig. 4 and the quantified results are shown in Table II.
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Figure 4. Schematic of key geometrical features of FSSW coupon
with dimension nomenclature. (Refer to Table II for dimensions)

Table 11. Summary of dimensions of the FSSW features for
process #1 and process #2 (refer Figure 5. for nomenclature).

Nomenclature Process #1 (mm) | Process #2 (mm)
DI 10.8 11.0
D2 10.6 9.5
Hl 0.15 0.63
H2 0.28 1.04
T 1.20 1.90

Optical Fractography

Figure 5 shows an overview of representative fractured FSSW
coupons from both process #1 and #2. Several macroscale
observations were made regarding the failure modes. It can be
seen that the dominant crack originated from the interfacial hooks
in coupons from the two processes. The mode of failure varied
from nugget pullout, top sheet pullout, nugget shear failure and
bottom sheet pullout for different loading conditions in the FSSW
coupons of the two processes. Table III summarizes the failure
modes for the FSSW Mg AZ31 coupons subjected to cyclic




loading for both process #1 and process #2 based on the optical
fractography conducted in this study.
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Figure 5. Representative fractured coupons tested at a range of
maximum cyclic loads of 1-3 kN at R=0.1, 0.3, and 0.7 (Refer to
Table III for a summary of failure modes).

Table III. Summary of failure modes in coupons of process #1 and
process #2 (ID correlates with specimens shown in Figure. 5).

Dominant crack grew from primary
hook into the top sheet, then halfway
around the outer circumference of the

nugget, finally failing by nugget
pullout.

Process#1: Mode A
(Low Cycle Fatigue
Regime)

Dominant crack grew from primary
hook into the top sheet, halfway around
the outer nugget circumference and
then along the width of the top sheet.

Process#1: Mode B
(High Cycle Fatigue
Regime)

Dominant crack grew across the weld
nugget and parallel to loading direction

Process#2: Mode C . .
in mode II propagation.

(Low Cycle Fatigue
Regime)

The Dominant crack grew from root of
the secondary hook into the bottom
sheet, propagated around the outer

circumference of the nugget region and
then along the width of the bottom

sheet.

Process#2: Mode D
(High Cycle Fatigue
Regime)

Multi Stage Fatigue Modeling

The multistage fatigue (MSF) model is a microstructure-sensitive
model that considers the various experimentally observed stages
of fatigue damage evolution such as crack incubation,
microstructurally small crack (MSC), physically small crack
(PSC), and long crack growth [11]. While the model was
originally developed for a cast A356 Al alloy, it has been
modified to extend its application to other materials and other
processing methods (e.g. processing of wrought materials) [12].
The MSF model is based on three distinct stages of fatigue
damage, where total fatigue life Ny, is given by

(M

NTmal =N, + NMS(,'/PS(,' + Nu,‘

Inc

where N, is the number of cycles to incubate a crack near or at a
micro-notch that includes the nucleation of crack-like damage and
early crack propagation through the zone of the micronotch’s root
influence [11]. The Nyscpse term is the number of cycles required
for propagation of a microstructurally small crack (MSC) and
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physically small crack (PSC), and N;¢ is the number of cycles
required for long crack propagation.

Crack incubation involves nucleation plus small crack growth at
the micronotch of the order of %2 D, where D is the micronotch
size. Small crack growth (MSC) comprises propagation of
microstructural cracks with lengths that fall within a; < a < k MS,
where MS is a characteristic length scale (defined as the smallest
grain size) of interaction with microstructural (MS) features, and
is a multiplier where / <k < 3[11, 12]. The PSC range consists of
crack propagation with a crack length in the interval of £k MS < a
<~10 MS). Depending on the micronotch and texture of the
matrix, the PSC regime may extend from 300 pm to ~2-3 mm in
length.

Crack Incubation Regime

The fatigue damage incubation life, N,,. is characterized by the
cyclic damage at the micronotch root and takes on a modified
Coffin-Manson law form [11] in the microscale as follows:

A‘Vmaxp»
CincNi[ﬁc =p= -5 (2)

where f8 is the nonlocal damage parameter around a micronotch,
and Cij,. and o represent the linear coefficient and exponent,
respectively in a modified Coffin-Mason approach for the fatigue
crack incubation life. The numerical value of the exponent o was
selected to be in the range of the macroscopic Coffin-Mason law
[11, 12]. The coefficient in the Coffin-Manson equation,Cj,. =
¢y + z(c,, — ¢,), is modified [11] to include a coefficient for
nucleation of small cracks at micronotch in the high cycle regime
() and a coefficient for the low cycle regime (c,,). We further
note that z = (1/0.7) (é —0.3) is a localization multiplier [11]
that is nonzero below the microplasticity percolation limit. Just
beyond the percolation limit, the localization multiplier transitions
to unity as the plastic shear strain localizes interdendritically [11].
Above that point, incubation is negligible because of the high
strain level that localizes at the micronotch [11]. Note that the

== . .
plastiezone is defined as the square root of the ratio of
Anotchroot

the plastic zone over the micronotch root area. We further note

L1
ratio —
D

that % ratio is typically determined through micro-mechanical

simulations. In this study, however, no such simulations were
available, and as such, C;,. is assumed to be constant for both the
high cycle and low cycle regime. The S parameter is related to

the local average maximum plastic shear strain amplitude, Ay’”‘”p»,
and is estimated by the following relations:

AYmax®” X
B = == Y100[e, — 0.00025(1 — R)] 3

Here, &, is the remote applied strain amplitude, the parameter Y
[12] is correlated asY = y; + (1 + R)y,, where R is the load
ratio, and yy, ¥, x are model constants. For completely reversed
loading cases, Y = y;.

Small Crack Growth

Similar to modeling efforts in wrought aluminum alloys [12], we
combine the mathematical expressions for the MSC and PSC
regimes into a single mathematical form. Crack growth in the
MSC/PSC is governed by the range of crack tip displacement,
ACTD, which is proportional to the crack length, and the n®




power of the applied stress amplitude, ¢™,, in the high cycle
fatigue (HCF) regime and to the macroscopic plastic shear strain

»
range, Ay'z”‘“‘, in the low cycle fatigue (LCF), and it is given by the
following,

da
(52) = x(aCTD = ACTD,), (4)

an/msc ; 5

_ GS\? [uAG GS\® (AYh ax )

ACTD = Cy (G_So) [sut] @+ ¢ (G_So) ( 2 ) )

Here, 7 is a constant for a given microstructure, typically less than
unity and usually taken as 0.32 for several different alloys [12],
and a; is the initial crack length. The C; and Cj, and T are
material dependent parameters which capture the microstructural
effects on MSC growth [11, 12]. The threshold value for crack
tip displacement was defined on the order of the Burger’s vector
for the Mg-rich matrix [14], ACTDy, = 3.2 * 10~*um. The term
AG is the combination of the uniaxial effective stress amplitude,
3Aai'j Aai'j . L

>S5 5 and the maximum principal stress range, Ao, ,
and is given as A8 = 2606, + (1 — 0)Ac,, with 0 < 6 < 1 as the
path dependent loading parameter after [12], where 8 is a
weighting parameter such that & = 0 gives the von Mises stress
state, and 6 = 1 gives the maximum for principal stress state. The
parameter U is employed to capture the load ratio effects and is

Oq =

defined as U = ﬁ [12]. In order to capture the effect of grain
size on small crack growth, we employ the ratio of grain size to
w
the reference size (%) for each of the three materials in this
0

study, where GS; is the reference grain size, GS is the specific
grain size, and w is a material parameter [12].

Long Crack Growth

Linear elastic fracture mechanics is used to model long crack
growth in the FSSW coupons. The general expression of the
number of cycles were calculated using the relation

(Gr)., = CCKY™ = ki)™

(6)

where for Mg AZ31, M ~ 3.68 and C ~ 3 x107° [15] and the
intrinsic threshold is given by AKy~ 0.91 MPavm for Mg AZ31
[16], as determined from the threshold for long cracks with grains
in longitudinal direction. We assume the long crack grows once
the MSC/PSC reaches the free surface of the coupon and/or a
threshold length of 2mm. Since final separation of the joint in the
high cycle fatigue (HCF) regime for both processes occurs
through the sheet and not the weld, we assume the following
stress intensity solution [17]:

Kegy = ovma.F (%) Y

where o is the applied stress, a is the crack length at full
separation, 5 is half the width of the specimen. For process#1 and
process#2 in the low cycle fatigue (LCF) regime, the coupons
failed due to shear overload in the nugget. Based on work of
Jordon et al. [9] for FSSW joints in Mg AZ31 alloy, the following
relation is used to estimate the crack growth rate in LCF:

K = %[0.314 (2{)0'397]

®)
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0.710
Ky, = %[0.282 +0.162 () ] ©9)

Kerr = (K2 + Ki?) (10

Where K; and Kj; are global stress intensity solutions, P is the load
(N), r is the radius of the weld and ¢ is the thickness of the sheet.
Table IV (Appendix) lists the MSF model parameters employed in
this study.

Modeling Results and Discussion

The MSF model used in this current study for the FSSW joints is
an adaptation from the model developed for base materials. The
modifications and assumptions were made to closely relate
conditions in the FSSW joints that were experimentally observed
in [10]. Figure 6 shows the correlation of the MSF model to the
experimental load-life results for the FSSW Mg AZ31 alloy for
the two sets of processes. It is important to note that the model
correlated to the distinct failure modes as listed in Table III.
Furthermore, the MSF employed the three distinct stages of
fatigue damage: incubation, small crack (MSC/PSC)) and long
crack growth (LC) to capture the long crack growth.

Process#1 Mode A
Process#1 Mode B
Process#2 Mode C
Process#2 Mode D

ww - Progess#1- MSF
A = Process#2- MSF

DBbkE

0.8

0.6

Load Amplitude (kN)

0.4

0.2

0.0 ; : : ‘
102 108 104 108 108
Cycles to Failure (Nf)
Figure 6. A comparison of experimental fatigue life results with
crack growth model prediction of fatigue life of FSSW Mg AZ31
alloy.
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The primary inputs to the model include the load amplitude, load
ratio, weld geometry such as the hook height and weld radius.
The remaining constants are based on assumptions and
micromechanical simulations and other accepted values pertaining
to microstructure used prior MSF work [11-13]. However, we
note that future work is needed to validate some of the model
parameters, in particularly the incubation and small crack growth
parameters. In fact, as mentioned earlier, micromechanical
simulations are planned to validate the parameters employed in
this study. However, the results of the MSF correlation to the
experimental results suggest that the model framework is well
adapted to predicting the fatigue damage in FSSW joints.

Figure 7 and 8 show the contribution of incubation, small crack
growth and long crack growth for process #1 and process #2,
respectively. As shown in Fig. 7 and Fig. 8 the MSC/PSC is the
dominant stage in both the processes in the LCF conditions,



whereas the crack incubation cycle is negligible in both of the
process for LCF and HCF. This trend correlates with the
experimentally observed conditions of crack propagation
dominated damage [10] as compared to some base materials
where total fatigue is dominated by incubation [11]. In FSSW,
the notch root at the faying surface promotes a short incubate life
and thus the majority of total life is spent in internal crack
propagation.

Process#1 incubation - MSF
e Process#] MSC/PSC - MSF
== Process#1 long crack - MSF

0.8

Load Amplitude (kN)

0.6

0.4

0.2

T T T T T
100 101 102 108 104 10° 108

Cycles to Failure {Nf)

Figure 7. Crack life cycles as predicted by the fatigue model in
process#1 under different loading conditions.
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Figure 8. Crack life cycles as predicted by the fatigue model in

process#1 under different loading conditions.

Experimentally, we observed that the MSC/PSC propagated
through the primary interfacial hook in coupons from process #1,
which is in thermomechanically affected zone of the weldment.
This region of the weldment is characterized by larger grains
which has the least resistance to crack growth. In coupons from
process #2, the crack propagated through the root of the secondary
hook and traversed to the bottom sheet in the stir zone of the
weldment which is characterized by finer recrystalized grains [9,
10]. This crack growth regime contributed to ~ 94% of the total
life of the coupons from process #1in LCF and ~ 50% of the total
life in HCF. In coupons from process #2, the MSC/PSC
contributed to ~ 95% of the total life in LCF and ~ 89% in HCF.
This trend indicates that in LCF, the microstructure of the
weldment does not contribute much to crack growth resistance
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and final failure. However, in HCF, the microstructure of the
weldment is more crucial in resisting the crack growth and thus as
has more of an effect on the final number of cycles as compared
to the LCF regime.

Once the MSC/PSC reached the surface of the top sheet in process
#1 and bottom sheet in process #2 in HCF, the crack grew along
the width of the respective sheet. This growth along the width of
the sheets is assumed to be the long crack regime for the fatigue
modeling purpose. The long crack growth in process #l
contributed to about ~ 50% of the total life and ~ 11% of the total
life in coupons from process #2 in the HCF as predicted by the
MSF model. In process #1, the long crack negotiated through the
nugget surface and along the width of the top sheet. The grain
structure of the nugget and top sheet may contribute to the
inhabitation of the growth of the crack. As in coupons from
process #2, the long crack propagated in the bottom sheet away
from the weld nugget which is not exposed to high physical
deformation by the welding process. Hence the grains in this
region of the coupon are not recrystalized and do not inhibit crack
growth. For coupons in process #1 and process #2 in LCF, the
long crack regime contributed to ~ 6% of the total life in
process#1 and ~ 11% of the total life in coupons from process #2.
Under high loads, the shear stresses are large enough for the long
crack to grow through the weld nugget. The MSC/PSC and long
crack together constitute to the final shear failure of the nugget in
coupons from both the process.

Conclusions

In this paper, we present the formulation of a multi-stage fatigue
(MSF) model for friction stir spot welding in Mg alloy. This
model not previously applied to joints, was adapted to the lap-
shear spot welded coupon to capture the incubation, small crack,
and long crack growth stages observed experimentally. In general
the MSF model showed good correlation to experimental results.
In particular, the model correlated the differences in process
conditions employed in fabricating the lap-shear coupons and
their effect on the number of cycles to failure. This is a
significant development since the results presented here suggest
that the MSF model can be used to help elucidate the effect of a
particular welding process and loading condition on fatigue
lifetimes and help design future friction stir welds based on
fatigue requirements.
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Appendix

Table IV. Microstructure-sensitive fatigue modeling parameters
for AZ31 magnesium alloy

Constant | Parameters Description
Cine 9 Linear coefficient (Eq. 2)
0.65 Ductility exponent in Modified
¢ ) Coffin Manson Law (Eq. 2)
Y 3 Exponent in remote strain to local
plastic shear strain (Eq. 3)
E 155 (MPa) | Elastic Limit
K’ 494 (MPa) | Cyclic strain strength coefficient
N’ 0.14 Cyclic strain hardening exponent
x 0.28 Crack growth rate constant (Eq. 4)
HCF constant in small crack
G 0.00007 growth (Eq. 5)
LCF constant in small crack growth
C 0.002
! (Eq. 5)
w 2 Omega (Eq. 5)
c 12 Exponent in Small crack growth
' (Eq. 5)
t 2 (mm) Sheet thickness (Eq.8 & 9)




