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Softened zone formation and joint strength
properties in dissimilar friction welds
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The mechanical properties of dissimilar MMC/AISI 304 stainless steel friction welds with
and without silver interlayers were examined. The notch tensile strengths of MMC/AISI 304
stainless steel and MMC/Ag/AISI 304 stainless steel friction welds increased when high
friction pressures were applied during the joining operation. The higher notch tensile
strengths of dissimilar MMC/AISI and MMC/Ag/AISI 304 stainless steel friction welds
resulted from the formation of narrow softened zones in MMC material immediately
adjacent to the bondline. The influence of softened zone width and hardness (yield
strength) on the notch tensile strengths of dissimilar welds was analysed using finite
element modelling (FEM). FEM in combination with the assumption of a ductile failure
criterion was used to calculate the notch tensile strengths of dissimilar joints. The key
assumption in this work is that dissimilar weld failure wholly depended on the
characteristics (mechanical properties and dimensions) of the softened zone formed in
MMC material immediately adjacent to the bondline. The modelling results produced
based on this assumption closely correspond with the actual notch tensile strengths of
dissimilar MMC/Ag/AISI 304 stainless steel and MMC/Ag/AISI 304 stainless steel friction

welds. © 2002 Kluwer Academic Publishers

1. Introduction

Friction welding provides a straightforward and highly
controllable means of joining dissimilar metal sub-
strates. However, much prior research has indicated
that the mechanical properties of completed joints are
largely determined by the formation of intermetallic
layers at the dissimilar joint interface. For example,
FeAl, Fe,Als, and FeyAl; formation have been con-
firmed at the bondline of dissimilar A16061-T6 10 vol%
Al,O3/AISI 304 stainless steel friction welds [1]. It
has been suggested that the mechanical properties of
dissimilar friction welds are markedly decreased when
a critical intermetallic layer width is exceeded [2—4].
However, in addition to intermetallic layer formation,
the friction welding operation also produces other met-
allurgical changes in the heat-affected zone, changes
that also have a markedly detrimental effect on the
mechanical properties of completed welds. In partic-
ular, softened zones are formed adjacent to the bond-
line when age-strengthened aluminium alloys are fric-
tion welded. The formation of wide softened regions
adjacent to the bondline have been associated with low
notch tensile strength properties in A1 6061 T6/Al 6061
T6 and A1 6061 T6 MMC/AI 6061 T6 MMC welds [5].
With this in mind, the mechanical properties of dissimi-
lar welds involving age-strengthened aluminium alloys
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will be determined by both intermetallic layer forma-
tion and on the presence of softened regions adjacent
to the bondline.

The present paper examines the mechanical proper-
ties of dissimilar A1 6061-T6 10 vol% Al,O3/AISI 304
stainless steel and A1 6061-T6 10 vol% Al,O3/Ag/AISI
304 stainless steel friction welds produced using arange
of friction pressures. In the present paper, the influence
of softened zones on joint mechanical properties is eval-
uated using finite element modelling. Almond et al. [5]
previously used finite element modelling when they in-
vestigated the tensile strengths of brazed steel/Cu/steel
joints. The stress and strain distributions in the copper
interlayer were calculated using FEM analysis and sat-
isfactorily predicted the stress/strain relations in joints
that had different interlayer thickness/diameter ratios
[6]. Also, Henshall et al. [7] used FEM when examin-
ing the mechanical properties of brazed dissimilar AISI
304/Ag/AISI 304 stainless steel joints. Although they
suggested that finite element method could be used to
calculate the final strength of brazed joints they did not
suggest a failure criterion that could be used to accom-
plish this task. For these reason, FEM modelling is used
in the present study to investigate the mechanical be-
haviour of dissimilar Al 6061-T6 10 vol% Al,O3/AISI
304 stainless steel friction welds produced with and
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TABLE I Chemical composition of materials (wt%)

MMC Al Mg Si C Cu Fe Zn
9776 1.15 0535 0.099 0225 0.121 0.022

AISI304 C Si Mn Ni Cr Mo \Y
0.040 0.006 1.15 95 179 0540 0.08

without silver interlayers. It is confirmed in this work
that the tensile strength properties of dissimilar friction
welds can be satisfactorily calculated by assuming that
they are wholly determined by the yield strength and
dimensions of the softened zone produced adjacent to
the dissimilar joint interface.

2. Experimental procedure

2.1. Materials

All dissimilar friction welds were made using 19-mm
bars of Al 6061-T6 base material containing 10 vol%
of reinforcing Al, O3 particles. The MMC base material
displayed some evidence of particle clustering and had
a banded morphology as a result of particle alignment
and agglomeration that occurred during processing.
This created a slightly inhomogeneous and anisotropic
composite base material. The chemical compositions of
the MMC and AISI 304 stainless steel base materials
are indicated in Table I. For simplicity the Al 6061-T6
10 vol%Al,03 material will be referred to as MMC
base material and dissimilar welds with and without
silver interlayers will be referred to as MMC/AISI 304
stainless steel or MMC/Ag/AISI 304 stainless steel
joints.

Silver interlayers were electrodeposited onto the
stainless steel substrate, which had been previously
coated with a nickel strike layer. The nickel strike
served as a base for subsequent silver coating; this ap-
proach has been applied previously during both dissimi-
lar friction welding and dissimilar diffusion bonding in-
vestigations [8—10]. The electroplating procedure [10]
comprised surface degreasing and cleaning in 10 vol%
NaOH for 2 minutes, followed by deposition of an 8§ um
thick nickel barrier layer in a nickel chloride bath for
5 minutes. The current density was 538 A/m?, the bath
temperature was 25°C and the plating time was 20 min-
utes in a silver potassium cyanide plating solution. The
current density was 50 A/m? and the average thickness
of the silver interlayer was 20 pum.

The contacting surfaces of the stainless steel and
MMC substrates were machined perpendicular to the
longitudinal axis of the as-received bar. The stainless
steel sections were polished using 1 um diamond paste
prior to friction joining while the MMC substrate was
polished using 1200 grade emery paper. Prior to fric-
tion welding, the electroplated stainless steel and the
MMC sections were cleaned using acetone. Adhesion
between the nickel barrier layer and the stainless steel
substrate substrates was improved via vacuum heat
treatment of the electroplated stainless steel samples
at 650°C for 1 hour and at 800°C for 15 minutes [11].
The microstructure of an MMC/AISI 304 stainless steel
friction weld containing a silver interlayer and nickel
barrier is shown in Fig. 1.
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Figure 1 Secondary electron SEM micrograph showing the silver in-
terlayer at the bondline of dissimilar MMC/Ag/AISI 304 stainless steel
friction joints.

2.2. Welding procedure
All welds were produced using a continuous-drive ma-
chine rated at 15 kW transmission power with a maxi-
mum axial thrust of 110 KN. The friction pressure (P1)
was varied from 30 MPa to 240 MPa with the rotational
speed held constant at 1500 rpm. The forging pressure
and forging time were 240 MPa and 1.0 s respectively.
Fig. 2 shows the design of the notch tensile test spec-
imen employed when examining the mechanical prop-
erties of dissimilar friction welds. The tensile strengths
of the as-received MMC and AISI 304 stainless steel
base materials were evaluated using standard round ten-
sion test specimens. The aluminium alloy material was
tested following the ASTM B 557M standard, while the
stainless steel material was tested using following the
ASTM A 370 standard. Table II shows the mechanical
properties of the as-received materials. The dimensions
of the softened zones formed in the aluminium-based
MMC substrate were measured from microhardness
traverses made using a 100 g load, with all hardness
traverses being made at the component half radius.

2.3. Finite element modelling
Commercial software (ANSYS 5.5™) was used when
modelling the mechanical situation in notch tensile
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Figure 2 U-notch tensile testing specimen configuration.



TABLE II Mechanical properties of materials

Ultimate

tensile Yield

strength  strength Poisson’s
Material (MPa) (MPa)  Elongation (%) E (GPa) ratio (v)
MMC 322 290 7.9 81.4 0.332
AISI 304 698 333 69 196 0.3

specimens extracted from dissimilar friction welds. All
calculations were performed using triangular 6-node
elements. The geometry and meshing of the finite el-
ement model are shown in Fig. 3A and B. A two di-
mensional analysis of one half of the specimen was
employed because of the axy-symmetrical shape of
the notch tensile test specimen. The left-hand edge in
Fig. 3A (at r =0) corresponds with the central axis of
the notch tensile specimen. The mesh contained 2257
elements and 4694 nodes and at r =0, the nodes were
allowed to move only in the axial direction. The bot-
tom edge was fixed at z=—15 mm and the axial dis-
placement, Uz =0. Simulated tensile loads were ap-
plied at z =415 mm during FEM modelling, with the
applied stress continuously increasing with time from
0 to 400 MPa.

Elastic behaviour was represented using linear
isotropic elasticity theory, while time-independent plas-
tic deformation was represented using isotropic Von
Mises plasticity theory. Both base materials (MMC and
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Figure 3 (A) Half of the notch tensile specimen. (B) Finite element
idealisation of the notch tensile specimen.

AISI 304 stainless steel) were assumed to behave as bi-
linear kinematic hardening materials.

3. Results

3.1. Joint mechanical properties

Fig. 4 shows the relation between friction pressure and
the notch tensile strengths of dissimilar MMC/Ag/AISI
304 stainless steel and MMC/AISI 304 stainless steel
welds. During these tests, all other welding parame-
ters (friction time, rotational speed, forging pressure,
and forging time) were held constant. Higher notch
tensile strengths were produced when increased fric-
tion pressures were applied during MMC/Ag/AISI 304
stainless steel and MMC/AISI 304 stainless steel weld-
ing. The effective plastic strain measured on the frac-
tured section of the tensile test specimen in the MMC
substrate was also higher in dissimilar joints produced
using silver interlayers. The effective plastic strain pro-
duced during notch tensile sample failure was evaluated
using Equation 1 [11, 12]:

£, —2In (%) M

where &, = the effective plastic strain; d, = the origi-
nal specimen diameter; d =the final diameter of the
specimen at the neck.

The effective plastic strain increased from 0.25% to
5.0% in dissimilar MMC/Ag/AISI 304 stainless steel
friction welds and from 0.1% to 0.25% in dissimilar
MMCY/AISI 304 stainless steel friction welds when the
friction pressure increased from 30 to 240 MPa (see
Fig. 5).

Quite different failure modes were observed in
MMC/Ag/AISI 304 stainless steel friction welds. Fail-
ure in MMC/Ag/AISI 304 stainless steel welds pro-
duced using a low friction pressure (30 MPa) occurred
via a combination of brittle, interfacial and ductile
fracture, i.e. brittle failure through regions containing
AgsAl, interfacial failure at the silver/aluminium inter-
face, and ductile fracture through the MMC base mate-
rial. However, when the friction pressure was raised to
240 MPa the failure mode was wholly ductile through
the MMC base material. In dissimilar MMC/AISI 304
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Figure 4 Influence of friction pressure on the notch tensile strength of
MMC/AISI 304 and MMC/Ag/AISI 304 stainless steel friction joints.
Friction time, 4s; forging pressure, 240 MPa; forging time, Is.
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Figure 5 Relationship between the effective plastic strain and the notch
tensile strengths of MMC/AISI 304 and MMC/Ag/AISI 304 stainless
steel friction joints. Friction time, 4 s; forging pressure, 240 MPa; forging
time, 1 s.

stainless steel friction welds produced using a friction
pressure of 30 MPa, failure resulted from a combination
of ductile and brittle failure. Brittle failure became the
dominant mode of fracture when the friction pressure
increased from 30 MPa to 240 MPa [14].

In the present research, the softened zone is the re-
gion extending from the bondline to the location where
the MMC material reaches a hardness of 117.5 HYV, this
is the hardness value of the MMC base material prior to
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Figure 6 Vickers hardness distribution across the joint interface. Fric-
tion pressure, 240 MPa; friction time, 4 s; forging pressure, 240 MPa;
forging time, 1 s.
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Figure 7 (A) Influence of friction pressure on the softened zone width
and (B) Relation between softened zone width and the notch tensile
strengths of dissimilar MMC/AISI 304 and MMC/Ag/AISI 304 stainless
steel friction joints. Friction time, 4 s; forging pressure, 240 MPa; forging
time, 1 s; rotational speed, 1500 rpm.

the friction welding operation, Fig. 6 shows the hard-
ness distribution of dissimilar MMC/Ag/AISI 304 and
MMC/AISI 304 friction welds produced with a friction
pressure of 240 MPa. Fig. 7A shows that the widths of
the softened zone decreased in welds made using high
friction pressures. The relation between softened zone
width and the notch tensile strength properties is shown
in Fig. 7B.

The mechanical properties of MMC base material
immediately adjacent to the bondline have a critical
influence on the tensile strength of dissimilar joints.
The hardness measurements close to the bondline are
affected by the steel substrate, for this reason, the mi-
crohardness values at the location 0.125 mm from the
dissimilar joint interface were considered to be repre-
sentative of the mechanical properties of MMC mate-
rial adjacent to the bondline. Fig. 8 A shows the relation
between friction pressure and microhardness values at
this location in completed welds, while Fig. 8B shows
the relation between notched tensile strength and the
hardness of the softened region. Higher hardness val-
ues were found in dissimilar friction welds produced
using high friction pressures.

3.2. Finite element modeling results
The mechanical properties of MMC base material in the
softened zone immediately adjacent to the dissimilar
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Figure 8 (A) Influence of friction pressure on the hardness of the ad-
joining MMC substrate. (B) Relationship between the hardness of the
adjoining MMC substrate and the notch tensile strengths of dissimilar
MMC/AISI 304 stainless steel and MMC/Ag/AISI 304 stainless steel
friction joints. All hardness measurements at the located at 0.125 mm
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joint interface were calculated using Equations 2
and 3:

oy(MPa) = 3.0HVN — 58.5 2)
or(MPa) = 2.8HVN + 16.5 3)

These equations are adapted to the current MMC base
material of the regression relations developed by Myhr
and Grong [15] and relate microhardness values with
yield and tensile strength properties. The unnotched
failure stress (oyp) was assumed to be equal to the ten-
sile strength of the as-received metal matrix composite
material.

Microhardness traverse results are transformed into
yield strength values using Equation 2. Since the as-
sumption was made that the MMC and the stainless
steel substrates behave as bilinear kinematic materi-
als, the value of the tangential modulus in the soft-
ened zone (ET) equalled the tangential modulus of
the MMC base material prior to friction welding. This
assumption is supported by the results produced by
Hval et al. [16] showing that the tangential modu-
lus was unchanged when the yield strength of sim-
ulated softened regions increased in aluminium alloy

Al 6083 base material. The tangential modulus (ET)
value was calculated by combining Equation 4 with the
stress/strain output produced during mechanical testing
of as-received MMC and AISI 304 stainless steel base
materials:

. EEr 4
O'E—Gy+E_ET8 4)
where, &g =equivalent plastic stress, oy =yield
strength, E = Young’s modulus, E1 = tangential mod-
ulus, & = equivalent plastic strain.

For a true strain of 0.1 the tangential moduli for the
MMC and stainless steel substrates are 375 MPa and
2260 MPa respectively.

The effects of the softened zone formation on the
equivalent (Von Mises) stress, the total equivalent strain
and the triaxiality factor are evaluated along lines par-
allel to the dissimilar joint interface. The calculated
results are expressed as function of the r/a ratio, where
r is the radial distance measured from the centreline of
the tensile test specimen to the location considered and
a is the sample radius in the notch region.

The equivalent stress distribution in dissimilar
MMC/AISI 304 welds is evaluated along a horizontal
line located at a distance of 1 mm from the joint in-
terface when an applied stress of 160 MPa is assumed
during FEM modelling. Fig. 9A indicates that the equiv-
alent stress for r /a values from 0 to 0.8 is much lower in
MMC/AISI 304 stainless steel welds made using high
friction pressures (240 MPa). In the MMC/AISI 304
stainless steel welds produced using a friction pres-
sure of 30 MPa the equivalent stress (191.32 MPa)
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Figure 9 (A) Equivalent stress distribution and (B) Total equivalent
strain distribution. Calculated along a line located at a distance of 1 mm
from the bondline (for an applied stress of 160 MPa).
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Figure 11 (A) Equivalent stress distribution and (B) Triaxiality factor
distribution along lines parallel to the bondline in a dissimilar MMC/AISI
304 stainless steel friction joint. P1 =240 MPa and softened zone
width =4.80 mm. For an applied pressure =200 MPa.

exceeds the calculated yield strength (180.6 MPa) at
r/a=0.85. The softened zone is therefore plastically
deformed at this location (see Fig. 9B). In contrast, in
dissimilar MMC/AISI 304 welds produced using high
friction pressures (240 MPa), an applied stress exceed-
ing 160 MPa is needed to produce yielding at a similar
location.

The highest triaxiality factor occurs at the joint cen-
treline in dissimilar MMC/AISI 304 stainless steel
welds produced using a friction pressure of 240 MPa,
see Fig. 10. In contrast, the peak triaxiality factor value
occurs at r/a =0.81 in MMC/AISI 304 stainless steel
welds produced using a low friction pressure (30 MPa).

Fig. 11A shows the equivalent stresses acting on lines
located at 0.5 mm, 1 mm, 1.5 mm and 2 mm from the
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dissimilar joint interface in a MMC/AISI 304 stainless
steel friction weld made using a friction pressure of
240 MPa. On the line located 0.5 mm from the bond-
line the peak equivalent stress occurs at the specimen
periphery. However, at increasing distances from the
bondline the peak equivalent stress shifts towards the
centreline of the tensile test specimen. Fig. 11B shows
that the highest triaxiality factors are produced in re-
gions close to the joint interface at the sample center-
line. Lower triaxiality factors are found close to the
periphery of the tensile test specimen. Similar changes
in the location of the peak stress were found when dis-
similar maraging steel/Ag/maraging steel joints were
modelled [17].

3.2.1. Calculating notch tensile strength

The notch acts as a stress concentrator during notch ten-
sile testing and produces localised plastic deformation
in material located at the notch root. For this reason
a triaxiality factor is required and this depends on the
relation:

L Om
triaxiality factor = — 5)
OE

where, oy, is the average stress given by,

oy = LT 2108 U; + 03 ©6)

and 01, 07, and o3 are principal stresses. The equivalent
stress (og) is calculated from the relation:

2
o = %[(al — ) (02— 03 + (03— )] (7)

The triaxiality factor has a value of 1/3 at the pe-
riphery of notched tensile test specimens and has a
maximum value at the notch centreline [12, 13]. The
maximum value of the triaxiality factor is determined
by the relation:

Im LTI Y G 8)
- — — nl —
OE / MAX 3 2R

where, a =d/2 is the radius of the minimum cross-
section of the notched specimen, R = the profile radius
of the notched specimen.

Although, Equation 8 can be used to calculate the
maximum triaxiality factor inhomogeneous specimens,
it cannot be applied to dissimilar MMC/AISI 304 stain-
less steel friction joints since the mechanical properties
of the MMC and AISI 304 stainless steel substrates
are markedly different. Also, the softened zone formed
in MMC base material adjacent to the dissimilar joint
interface will make the analytical situation even more
complex. With this in mind, the mechanical heterogene-
ity (strength mis-match) during failure of notched ten-
sile specimens from dissimilar friction welds was inves-
tigated using FEM. However, although FEM modelling
allows determination of stress and strain distributions in
notch tensile specimens, it does not indicate the applied
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MMC/AISI 304 stainless steel friction joints. Friction time, 4 s; forging
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stress at which specimen failure will occur. A satisfac-
tory failure criterion must consider both the material
mechanical properties and the test specimen geometry.
The present paper uses the failure criterion assumed
by Teirlinck et al. when calculating notched tensile
strength properties [18], i.e. it is assumed that failure
occurs as result of void formation and void coalescence
in the MMC substrate and this requires calculation of
the volume change parameter D prior to calculating the
failure stress. In this connection the observation of duc-
tile failure on the fracture surfaces of tensile test spec-
imens from MMC/Ag/AISI 304 stainless steel friction
welds provides strong support for the assumption that
the mechanical properties of the MMC material imme-
diately adjacent to the joint interface have an important
influence on the joint strength [14].

The volume change parameter D is determined by
the relation [18]:

D = 0.56sinh > " ©)
2 oy
The triaxiality factor (oy,/0y) in Equation 9 can be
obtained either analytically (using Equation 8) or nu-
merically. However, since MMC/Ag/AISI 304 stainless
steel and MMC/AISI 304 stainless steel welded welds
involve dissimilar materials as well as softened zone
formation in the MMC substrate, the application of an
analytical solution (Equation 8) would greatly oversim-
plify the problem. For this reason the triaxiality factor
was calculated using FEM and the failure stress was
subsequently calculated using the relation:

[ 128 m (10)
ONF = 1+D ouTt

where, onp = failure stress in notched tensile speci-
mens, MPa, oyt = failure stress in unnotched tensile
specimens, MPa, m = strain hardening index of the
MMC base material

Figs 12 and 13 show that the calculated and actual
notch tensile strength values. It is apparent that the cal-
culated values closely correspond with actual tensile
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Figure 13 Calculated and measured notch tensile strengths in dissimi-
lar MMC/Ag/AISI 304 stainless steel friction joints. Friction time, 4 s;
forging pressure, 240 MPa; forging time, 1 s; rotational speed, 1500 rpm.

strengths of both dissimilar MMC/AISI 304 stainless
steel and MMC/Ag/AISI 304 stainless steel friction
welds. A detailed example describing the approach used
to calculate the notched tensile strength of a dissimilar
MMC/Ag/AISI 304 stainless steel weld is presented in
the Appendix.

4. Discussion

Fig. 7 shows that the width of the softened zone re-
gion formed immediately adjacent to the dissimilar
joint interface decreases when higher friction pressures
are used during both MMC/AISI 304 stainless steel
and MMC/Ag/AISI 304 stainless steel friction weld-
ing. However, increased friction pressure during weld-
ing also decreases the width of the intermetallic layer
formed at the dissimilar joint interface [1]. The prob-
lem, therefore, is one of separating the effects produced
by softened zone regions and by intermetallic layers
on the mechanical properties of these dissimilar welds.
Both factors have previously been used to explain the
observed variations in weld mechanical properties. For
example, a number of investigators have suggested that
the mechanical properties of dissimilar friction welds
are markedly decreased when the width of the inter-
metallic layer formed at the bondline exceeds a criti-
cal value [2-4, 19-21]. Also, the critical intermetallic
layer width depends on the mechanical properties of the
adjoining substrates [21]. Critical intermetallic layer
widths range from 0.2 to 1.0 um, although much higher
critical values have been found in dissimilar diffusion
welds [22]. For example, the notch tensile strengths of
Al/Ti diffusion welds were only detrimentally affected
when the intermetallic layer width exceeded 200 pum
[22]. It is worth noting that intermetallic layer dimen-
sions rather than intermetallic layer chemistry or me-
chanical properties constitutes the main emphasis in
published research. It is assumed per se that the in-
adequate mechanical properties of intermetallic layers
formed at the dissimilar joint interface will have an
over-riding effect in promoting weld failure at this loca-
tion. Itis tacitly assumed that the mechanical properties
of material immediately adjacent to the joint interface
will not be important. However, this assumption will not
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be valid when age-strengthened aluminium alloys are
friction welded. For example, a detailed investigation
of the factors determining the mechanical properties of
Al 6061/A1 6061 friction welds confirmed that the im-
proved tensile strengths produced in welds made using
high friction pressures resulted from the formation of
narrow softened zones adjacent to the bondline. The
widths of the softened regions produced in welds pro-
duced using very high friction pressures were small
enough that the notch tensile strengths of completed
joints were similar to those of the as-received Al 6061
T6 base material [5]. Consequently, it would be ex-
pected that the tensile strength properties of dissimilar
MMC/AISI 304 stainless steel friction welds made us-
ing high friction pressures would be higher simply as
a result of the formation of narrower softened regions
in MMC base material immediately adjacent to the dis-
similar joint interface.

Interlayer materials are generally introduced to pre-
vent intermetallic layer formation at the dissimilar joint
interface. When an interlayer is used and inhibits in-
termetallic layer formation, the mechanical properties
of MMC/X/AISI 304 stainless steel friction joints will
be improved when joints are made using high friction
pressures. However, in the present study, the presence
of a silver interlayer in MMC/AISI 304 stainless steel
friction welds of itself promotes intermetallic layer for-
mation at the dissimilar joint interface [14]. The me-
chanical properties of MMC/Ag/AISI 304 stainless
steel friction joints therefore depend on the charac-
teristics of 1) the softened zone formed in the MMC
substrate (its mechanical properties and width) and
ii) the intermetallic layer formed at the dissimilar joint
interface (its chemistry, dimensions, and mechanical
properties).

In the present investigation the notch tensile strength
of dissimilar friction welds was calculated based on
the assumption that softened zone formation in MMC
material immediately adjacent to the bondline is the
critical factor that determines notch tensile strength
properties. Using this assumption, the differences be-
tween the calculated and actual joint strengths ranged
from 10 to 30 MPa in MMC/AISI 304 stainless steel
welds produced using friction pressures from 120 MPa
to 240 MPa, see Fig. 12. Dissimilar MMC/AISI 304
stainless steel welds produced using low friction pres-
sures had wide softened zones (see Fig. 7), e.g. the
softened zone width was 17.4 mm in a joint produced
using a friction pressure of 30 MPa. Since this width
exceeded the half of the gauge length of the notched
tensile specimen (31.8 mm in Fig. 2), the influence of
softened zone width on the mechanical behaviour of the
MMC/AISI 304 stainless steel friction welds is deter-
mined by the mechanical properties of MMC material
close to the bondline.

The actual and calculated notch tensile strength prop-
erties of MMC/Ag/AISI 304 stainless steel friction
welds were in excellent agreement (see Fig. 13). For
example, the softened zone width was 3.81 mm in a
dissimilar MMC/Ag/AISI 304 stainless steel weld pro-
duced using a friction pressure of 180 MPa, while that
in a weld produced using a friction pressure of 240 MPa
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was 3.48 mm. The difference in microhardness values
in the softened zones of these welds close was 4 HVN
and corresponds with a yield strength difference of
12 MPa (using Equation 2). The notch tensile strengths
in actual welds differed by 11.1 MPa (see Fig. 3). Con-
sequently, the difference in tensile strengths of these
welds can be accounted for by the small increase in
hardness (yield strength) in the softened zone, not by
a change in softened zone width. However, this is not
the case when the tensile strength of MMC/Ag/AISI
304 stainless steel welds produced using friction pres-
sures from 120 MPa and 180 MPa are compared. In
this case, the hardness difference in the softened zone
was 3 HVN (see Fig. 8A) and this corresponds with
a yield strength difference of 9 MPa. Since the actual
tensile strength difference was around 60 MPa in these
welds this mechanical property difference resulted from
a decrease in softened zone width from 5.43 mm
to 3.81 mm.

5. Conclusions

The mechanical properties of dissimilar MMC/AISI
304 stainless steel friction welds with and without silver
interlayers were examined. The principal conclusions
are as follows:

1. The notch tensile strengths of MMC/AISI 304
stainless steel and MMC/Ag/AISI 304 stainless steel
friction welds increased when high friction pressures
were applied during the joining operation. However, the
highest notch tensile strength properties were obtained
in MMC/Ag/AISI 304 stainless steel friction joints. The
higher notch tensile strengths of dissimilar MMC/AISI
and MMC/Ag/AISI 304 stainless steel friction welds
resulted from the formation of narrow softened zones
in MMC material immediately adjacent to the bond-
line, which decreased the equivalent stress and total
equivalent strain values so that higher applied loads
were required to cause joint failure during notch tensile
testing.

2. Theinfluence of softened zone width and hardness
(yield strength) on the notch tensile strengths of dis-
similar welds was analysed using finite element mod-
elling. FEM in combination with the assumption of a
ductile failure criterion was used to calculate the notch
tensile strengths of dissimilar joints. The key assump-
tion in this work is that dissimilar weld failure wholly
depended on the characteristics (mechanical proper-
ties and dimensions) of the softened zone formed in
MMC material immediately adjacent to the bondline.
The modelling results produced based on this assump-
tion closely correspond with the actual notch tensile
strengths of dissimilar MMC/Ag/AISI 304 stainless
steel and MMC/Ag/AISI 304 stainless steel friction
welds. In welds made using low friction pressure, the
mechanical properties of MMC material immediately
adjacent to the bondline have a dominant influence
on the notch tensile strength properties of completed
joints. When joints are made using high friction pres-
sures the softened zone width has the dominant influ-
ence on the notch tensile strengths of completed welds.



TABLE A1 Hardness and calculated yield strength values in the soft-
ened zone of a dissimilar MMC/Ag/AISI 304 stainless steel produced
using a friction pressure of 240 MPa

Area 1 2 3 4 5 6 7 8

HVN 940 918 862 889 100.0 1075 1124 1175
oy 2235 217.1 200.0 208.4 2414 2639 278.6 294.0
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Figure Al Stress and triaxiality factor distributions along a line located
at 0.125 mm from the bondline. For an applied stress of 260 MPa. The
calculated notch tensile strength was 374.4 MPa.
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Appendix: Notch tensile strength calculation
The procedure used when calculating the notch ten-
sile strength of dissimilar MMC/Ag/AISI 304 stainless
steel friction welds produced using a friction pressure
of 240 MPa is explained in detail below. In this particu-
lar friction weld, the 3.48 mm wide softened zone was
divided into eight rectangular areas, which extended
from the centre to the periphery of the tensile speci-
men, see Fig. 3. These rectangular areas had heights
of 0.5 mm. The microhardness values and the calcu-
lated yield strengths of the softened zone are indicated
in Table Al. These yield strength values were used as
input material properties in the finite element program.
The finite element model subjects a tensile load ap-
plied on the upper edge of the model and the applied
load increases from 0 to 400 MPa in steps of 4 MPa.
The effective stress and the triaxiality factor are calcu-
lated along a line parallel to the bondline at a distance
of 0.125 mm from the bondline. This particular loca-
tion was selected since ductile failure was observed

in MMC material close to the bondline in dissimi-
lar MMC/Ag/AISI 304 stainless steel and MMC/AISI
stainless steel friction welds.

Fig. 1 A shows the equivalent stress, hydrostatic stress
and triaxiality factor distributions in a weld specimen
produced using a friction pressure of 240 MPa. The
failure condition was attained when a load of 260 MPa
was applied during FEM modelling. The triaxiality fac-
tor is 0.91 at r/a =0.7 in Fig. Al and substitution of
this value into Equation 9 produces a volume change
parameter, D = 1.043. The softened zone hardness was
94 HVN (see Fig. 8 A) and substitution of this hardness
value into Equation 3, the unnotched failure stress (oyr)
is 279.7 MPa. Substituting the unnotched failure stress
into Equation 10 with m =0.075 produces a notched
failure stress, ong =270.01 MPa. This failure stress is
attained in the region close to the bondline when the
applied load is 260 MPa. Consequently, the notch ten-
sile strength will be 374.4 MPa (1.44X the applied load
of 260 MPa) during notch tensile testing.
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