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Inertia-drive friction welding (IFRW) of an 8009 Al alloy (Al-8.5 Fe-1.7 Si-1.3V, wt %)
reinforced with 11 volume per cent SiC particles (8009/SiC/11,) has been investigated.
Inertia-drive friction welds were made with constant energy at two levels of axial force. The
microstructures of the base material and the welds were characterized using optical and
scanning electron microscopy, while the mechanical properties were evaluated using
microhardness and tensile testing. Examination of weld sections revealed that the hot
deformation experienced during welding produced a homogenized microstructure with

a uniform distribution of SiC particles along the bond line. No evidence of a chemical
reaction between the SiC and the matrix was found in any of the welds, but cracking of some
of the larger SiC particles was observed in the base material as well as in the IFR welds. The
average microhardness of the various heat-and-deformation affected zones (HDZs) of the
welds did not vary greatly from that of the base material, and no weld induced weak regions
were discerned. The room-temperature (RT) tensile strength of the IFR welds exceeded 90
per cent of the base material. The weld tensile specimens failed at the outer edge of the HDZ
for all of the welds tested. The fracture surface of the 8009 matrix of tensile samples for both
the base material and the welds exhibited a dimpled appearance indicating a ductile failure,

while fracture through the SiC appeared to occur in a brittle fashion. IFRW has proven
effective in joining 8009/SiC/11, with little loss in RT hardness and tensile properties.

1. Introduction

High-temperature discontinuously-reinforced alumi-
nium (HTDRA) composites are a relatively new class
of aerospace material targeted for structural applica-
tions in the range of temperatures between 150-370°C
[1]. Allied Signal Inc. (Morristown, INJ) has recently
introduced an 8009/SiC/11¥ HTDRA composite
manufactured using rapid solidification/powder
metallurgy (RS/PM) techniques [3]. Potential ap-
plications for 8009/SiC/11, include aircraft wing skins,
missile bodies, and other aerospace structures that are
heated aerodynamically or that reside in close prox-
imity to the engines.

The 8009 aluminium alloy matrix (Al-8.5 Fe-1.7
Si-1.3 V, wt %) is strengthened by a fine distribution
of nearly spherical Al, 5(Fe,V);S1 (Im3 structure) inter-
metallic dispersoids ( ~ 0.5 nm in size) formed during
the RS process and subsequent consolidation/thermo-
mechanical processing (TMP) operations. These dis-
persoids are stable to temperatures approaching
370°C and have very low coarsening rates at working
temperatures. The fine dispersoids, as well as a small

alpha-aluminium grain size (0.5-2.0 um) resulting
from RS processing, give the 8009 alloy superior high
temperature mechanical properties relative to conven-
tional Al alloys [4, 5]. The addition of 11 volume
percent SiC particles (SiC,) to the 8009 matrix alloy
results in a metal-matrix composite (MMC) with in-
creased specific strength and stiffness [1, 3].

The effective use of 8009/SiC/11, will often depend
upon its ability to be joined both to itself and to
dissimilar materials. Since the properties of this com-
posite derive from its unique microstructure, welding
processes must be chosen that limit coarsening or
dissolution of the Al;;(Fe,V),Si dispersoids [6, 7] and
avoid chemical reactions between the SiC particles
and the matrix [8]. One potential approach to joining
this material involves the use of a solid-state process
such as friction welding (FRW).

Friction welding is a solid-state welding process in
which heat is generated by friction from the relative
motion of the parts to be welded [9, 10]. The heat of
welding originates from direct conversion of the mech-
anical energy of the moving part to thermal energy

* Aluminium metal-matrix composites (Al-MMCs) are normally specified according to a five part nomenclature developed by the Aluminium
Association (AA) and later adopted by the American National Standards Institute (ANSI) [2]. In this specification, the matrix alloy is listed
first, followed sequentially by the reinforcement material, and the volume percent and shape of reinforcement, each separated by a slash. The
heat-treatment designation, where appropriate, is placed after the percent and shape of reinforcement. For example, 8009/SiC/11, refers to an
AA 8009 alloy matrix containing 11 volume percent SiC particles.
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and strain energy. The application of an axial force
maintains intimate contact of the parts and causes
plastic deformation of the material near the interface
during welding. More than 90% of the energy con-
sumed in plastic deformation is transformed into heat,
although a small fraction of the energy is stored in the
material as strain energy [11]. Deformation is largely
restricted to the volume of material adjacent to the
original interfaces by an adiabatic shear process
[12, 13]. During adiabatic shearing, the temperature
rise in this volume results in a local loss in flow stress
thereby decreasing the resistance of the material to
further deformation. As a result of the lowered resist-
ance, deformation tends to be localized in this volume,
and the process continues in a self-propagating
fashion.

There are two major process variations for FRW:
continuous-drive welding and inertia-drive welding
[14]. The distinction between the two variations lies in
the method of energy delivery to the weld. In con-
tinuous-drive FRW, the moving part is continuously
driven by a motor at a constant speed. A brake is
applied to terminate the process after a preset time.
Inertia-FRW (IFRW) employs the stored energy of
a decelerating flywheel to effect the weld. The thermal
cycle for inertia-drive welds is typically much shorter
( ~ 1 §) than that for direct-drive welds ( ~ 20 s) [9].
The rapid thermal cycle associated with IFRW is
particularly well suited for 8009/SiC/11,.

IFRW has been employed to successfully join
several high-temperature Al-Fe alloys strengthened
by intermetallic dispersoids [6, 7, 15, 167, as well as
MMCs with conventional Al alloy matrices [17-21]
and oxide-dispersion strengthened (ODS) materials
[22,23]. The purpose of this study was to produce and
characterize IFR welds in an 8009/SiC/11, HTDRA
composite.

2. Experimental procedure

A 9cm diameter experimental extrusion of 8009/
SiC/11, material was supplied by Allied Signal Inc.
The powder for the 8009 matrix was produced by
mechanically comminuting planar flow cast (PFC)
ribbons to —40 mesh. A kinetic blending process was
employed to disperse and bond the SiC, in the 8009
alloy matrix powder. Billets of the composite powder
were vacuum hot-pressed and subsequently extruded
to size at temperatures well below the solidus temper-
ature of the 8009 alloy [3].

Cylindrical samples, 2.54 cm in diameter and 6.3 cm
in length, were machined from the extrusion (with the
6.3 cm dimension parallel to the extrusion direction)
using polycrystalline diamond tooling. Joining was
performed with an MTI model 120 inertia-welding
system. The welding parameters were identical to
those used in previous work on monolithic
Al-Fe-Si-V alloys except that higher axial forces were
used for the 8009/SiC/11, composite [6, 7]. The sam-
ples were IFR welded at 5000 rpm (524 rads™!) and
an initial flywheel kinetic energy of 22.9 kJ. Welds
were made at two different levels of axial force:
111.6 kN and 156.2 kN. Welding time for both levels
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of axial force was less than two seconds. The welds
made at 111.6 kN will be hereafter referred to as the
low axial force (LAF) welds, while the welds made at
156.2 kN will be referred to as the high axial force
(HAF) welds.

After welding, randomly selected samples were sec-
tioned longitudinally (ie. parallel to the extrusion
direction) using electrical discharge machining (EDM)
equipment with a traveling wire. One half of each
specimen was used for microstructural characteriza-
tion, whilst the other half was used for mechanical
testing. Metallographic specimens were prepared from
each weld using standard practice through 1 pm dia-
mond polishing. Final polishing was performed using
a colloidal silica suspension. After polishing, various
locations across the welds were examined using op-
tical microscopy at magnifications up to 1000 x . The
specimens for optical microscopy were etched for vari-
ous times using a Keller’s etch. Selected specimens
were examined as-polished using a scanning-electron
microscope (SEM) operated in secondary and back-
scattered-electron modes.

Knoop microhardness traverses extending from the
centre of the weld to the unaffected base material were
made along the specimen axial centreline and outer
periphery. Microhardness testing was performed with
a load of 200 g and a dwell time of 15s. Subscale
tensile specimens measuring 7.1 cm in length and
0.23 cm in thickness, with a 2.54 cm gauge length, were
machined from the second half of the weld specimens,
as well as from the base material. Tensile testing was
performed at room temperature on an Instron 1331
test frame at a strain rate of 1 x 10™# sec ™%, The strain
during tensile testing was measured by attaching
an extensometer on the sample. The fracture sur-
faces of the tensile specimens were examined using an
SEM.

3. Results and discussion
3.1. Microstructural analysis
3.1.1. Base material
Optical and SEM micrographs of the 8009/SiC/11,
base material are shown in Fig. 1(a,b) and Fig. 1(c,d)
respectively. Individual bands of consolidated par-
ticles of the RS ribbon were discernible. The bands of
the base material were polycrystalline and exhibited
a high aspect ratio ( > 20 to 1) as a consequence of
extrusion processing. Contrast in the optical micro-
graphs appeared to result from variations in the den-
sity and size of the Al ;(Fe,V),Si dispersoids, as well as
differences in ribbon orientation with respect to the
sectioning plane. The variations in the density and size
of the Al,;(Fe,V);Si dispersoids likely occurred due to
variations in processing [24]. Small featureless areas
were also evident in the base material. SEM examina-
tion revealed that the featureless areas are rich in Al
and do not appear to have been rapidly solidified.
They may be remnants of the kinetic blending process
which were collected with the RS ribbons and re-
mained in the final product [25].

The base material microstructure was characterized
by a non-uniform distribution of SiC particles. Some



Figure 1 Micrographs of 8009/SiC/11, extruded base material: (a,b) optical micrographs; (c) SEM micrograph in SE mode; (d) SEM
micrograph in BSE modé. Arrows in (a) and (b) indicate extrusion direction.

areas contained a high density of SiC, while adjacent
areas were nearly devoid of SiC. The inhomogeneous
distribution of SiC was likely due to insufficient kin-
etic blending during production. The majority of the
SiC particles were approximately 0.5-3 pm in size,
although particles up to 10 pm were observed. Some
of the larger SiC particles appeared to be cracked.
Scanning electron microscopy (SEM) allows exam-
ination of some features of the microstructure not
discernible with optical microscopy. The micrograph
in Fig. 1c was taken using the secondary electron (SE)
mode, while the micrograph in Fig. 1d was taken
using the backscattered electron (BSE) mode. Con-
trast in the BSE imaging mode is a strong function of
composition with constituents or phases containing
heavier elements appearing lighter. The alpha-alumi-
nium matrix appeared medium grey in the SE mode
and nearly black in the BSE mode, while the SiC
particles showed up dark grey in the SE mode and
black in the BSE mode (the white around the edges of
some of the SiC particles in SE photograph is prob-
ably caused by charging effects). In addition, a light
grey minor phase was visible in the SE mode. The
same phase appeared white in the BSE mode. This
observation suggests that this phase is likely a distri-
bution of the Al;3(Fe,V)3Si dispersoids discussed
earlier. The presence of relatively heavy elements Fe
and V increased the backscattering coefficient of the

dispersoids relative to the Al matrix. Consequently,
the dispersoids looked white in the BSE mode and
were more easily discerned. Note that the dispersoid
size and distribution varied somewhat with location.

3.1.2. Weld zone

No defects were observed in any of the weld zones. As
shown in Fig.2, a symmetrically uniform flash or
upset was formed around the circumference of each
sample during welding. The extent of the upset for the
HAF welds was larger than for the LAF welds. The
average axial displacement after welding was approx-
imately 0.4 cm for the LAF welds and 0.9 cm for the
HAF welds.

Optical macrographs of the weld areas of the LAF
and HAF welds are presented in Fig. 3(a,b). Two dis-
tinct regions of the weld heat- and deformation-
affected zone (HDZ) were evident. A distinct inner
HDZ (IHDZ) was visible along the bond line. The
IHDZ represents the volume of material in which
deformation is concentrated during adiabatic shear-
ing, as discussed earlier. The shape of the IHDZs of
the welds resembled a slender figure-eight. The IHDZs
were narrow at the weld centreline and near the pe-
riphery, and wider in between. The widest part of the
IHDZs was located at a radial distance of 2/3-3/4 of
the sample radius from the axial centreline. An outer
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Figure 2 Inertia-friction welds produced using low axial force (top)
and high axial force (bottom).

Figure 3 Optical micrograph of (a) LAF weld and (b) HAF weld.
Arrows indicate bond line.
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HDZ (OHDZ) of deformed bands of the base material
was also discernible. The OHDZ of the welds widened
with increasing radial distance from the axial centre-
line. The variation in shape of the HDZ in inertia-
friction welds results from variations in both input
power [9, 10] and unit pressure [26] distributions as
functions of time and radial distance.

Optical micrographs of a longitudinal section of the
HDZ of a HAF weld are shown in Fig. 4(a,b). The
IHDZ of the welds exhibited a homogeneous micro-
structure with a relatively uniform distribution of SiC
and Aly;(Fe,V);Si dispersoids resulting from the ex-
tensive deformation and mechanical mixing experi-
enced during welding. Individual bands in the RS
matrix were no longer distinguishable in the IHDZ.
The outer HDZ (OHDZ) of the welds experienced less
deformation and mixing, and individual bands were
still readily discernible. The bands at the outer edge of
the OHDZ displayed a much smaller aspect ratio than
those of the base material as a result of the shear
deformation experienced locally during welding. In
fact, many of the bands at the outer edge of the OHDZ
appeared almost equiaxed. Structures similar to those
discussed above for the HAF welds were also observed
in the HDZs of the LAF welds.

The THDZ for the HAF welds varied in width from
approximately 50 um at the axial centreline to about
600 um at a position near the 3/4 radius. The total
width of the OHDZ was approximately 100 pm at the
centreline and 8 mm near the periphery. Note that the
orientation of the different bands in the HDZ was
changed relative to that in the base material by plastic
flow during joining. In this cross-section, the elon-
gated bands of the base material near the weld inter-
face have been deformed and turned radially. In three
dimensions, the bands were actually deformed in a spi-
ral fashion with components of flow in the axial, radial
and circumferential directions. The width of the
IHDZs of the LAF welds varied from about 50 pm at
the axial centreline to approximately 250 pm near the
3/4 radius position.. The OHDZs of the LAF welds
widened from about 60 pm near the centreline to
approximately 8mm near the periphery.

Observations made using optical microscopy were
confirmed by SEM. Fig. 5a is an SEM micrograph of
the outer HDZ of a HAF weld, while Fig. 5(b,c) are
SEM micrographs of the inner HDZ of the same weld.
No evidence of a chemical reaction between the SiC
and the matrix was observed in any of the metallo-
graphic sections. The SiC and Al,3(Fe,V),Si disper-
soids were distributed uniformly throughout the
IHDZ. Some of the larger SiC particles in the HDZ
appeared cracked. Crushing of reinforcement particles
during deformation of MMCs at high strains has been
reported by several researchers and was not unex-
pected in these IFR welds [27-29]. It is not clear,
however, if these particles cracked during production
of the composite or during IFRW. Similar observa-
tions were made during SEM examination of the LAF
welds.

Featureless (white) areas were occasionally ob-
served near the weld periphery in the THDZ of the
welds, especially the LAF welds. Fig. 6 is an optical



Figure 4 High axial force weld: (a, b) optical micrographs near the axial centreline and near the periphery, respectively. .

micrograph of the IHDZ near the periphery of a LAF
weld. In this section, the featureless regions were
needle shaped and were several hundred microns long
and approximately 30 microns wide. The long dimen-
sion of the needles was oriented parallel to the original
joint interfaces. Regions of dark contrast were often
observed adjacent to the featureless regions. Similar
features have been reported in IFR welds on mono-
lithic Al-Fe-Si-V alloys, as well as other Al-Fe alloys
[6,7,15]. Bright field imaging of similar feature-
less areas in IFR welds on monolithic RS/PM
Al-Fe-Si-V alloys using TEM revealed a region with
large o-aluminium grain size and a very low density
of Al ;(Fe,V)sSi dispersoids adjacent to areas with
coarsened Al;3(Fe,V);Si dispersoids [6, 7].

The origin of the featureless streaks is not well
understood and is still under investigation. Several
theories have been put forth to explain their existence.
The first theory maintains that the featureless regions
resulted from localized, nonuniform deformation in
the HDZ [6, 7]. The dispersoid lean regions in IFR
welds of monolithic Al-Fe-Si—V alloys are thought to
arise from high shear and compressive stresses that
locally extrude alpha-aluminium regions with a low
density of Al 3(Fe,V);Si dispersoids from the base

metal [6, 7]. The lack of dispersoids in these regions
accounts for its light contrast in optical micrographs
and its low microhardness.

The second theory involves the formation of liquid
in the THDZ. The featureless phase may be the
remnant of a thin liquid layer that formed late in the
welding process. The absence of a solidification struc-
ture in the featureless phase in this case would not be
surprising since considerable recovery and recrystall-
ization of the THDZ would be expected to occur
during the last phase of welding and during cooling.

While the formation of thick liquid films that extend
over large areas during FRW is unlikely, the forma-
tion of thin liquid layers along grain boundaries is
possible. Evidence of partial melting during FRW has
been reported by several researchers. Results of
modeling by Cheng using the finite difference method
suggested that melting can occur near the weld inter-
face during IFRW of steels [30]. Midling and Grong
proposed that partial melting of the ITHDZ occurs
during direct-drive FRW of Al alloys and Al/SiC
composites producing thixotropic deformation behav-
iour as a result of the very high local strain rates [20].
Formation of liquid can occur at temperatures well
below the bulk liquidus temperature. Tensi et al. have
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Figure 5 SEM micrographs of a HAF weld: (a) OHDZ; (b, ¢) IHDZ.
Arrows indicate cracked SiC particles.

measured peak temperatures near the weld interface
equal to the solidus temperatures of several Al alloys
during direct-drive FRW [31]. Moreover, they ob-
served microstructural evidence of partial melting in
the form of widened grain boundaries.

3.2. Mechanical properties

3.2.1. Microhardness testing

The Knoop microhardness of the base material varied
considerably due to its non-uniform microstructure.
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Figure 6 Optical micrograph of IHDZ near periphery of LAF weld.
Arrows indicate featureless regions.
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Figure 7 Microhardness vs distance data from locations shown
previously in Fig. 4a and b.

The base material microhardness was between
155-190 KNH depending on the size and density of
SiC and Al, 3(Fe,V);Si dispersoids encountered by the
indenter during testing. Areas with a high density of
dispersoids exhibited microhardness values on the
order of 185-190 KHN, while the microhardness
of regions with little SiC was approximately
155-160 KHN. Fig. 7 is a plot of microhardness ver-
sus distance from the weld interface for the HAF weld
shown previously in Fig. 4(a, b). A smooth variation of
microhardness with distance from the weld interface
was not observed, however, no weakened zone of low
hardness was identified. The average microhardness of
the HDZs varied little from that of the base material
spanning a range from approximately 150-200 KHN.
The microhardness of the weld zone and base material
averaged approximately 180 KHN, except in the fea-
tureless regions where the microhardness consistently
averaged 140 KHN. Similar microhardness trends
were observed in the LAF welds.

3.2.2. Tensile testing

A summary of the mechanical test data is presented in
Table I. The average ultimate tensile strength (UTS) of
the base material tested in the longitudinal orientation
at room temperature was 563.1 MPa, and the average
strain to failure was 4.37%. These values compare



TABLE 1 Tensile test data

Sample no. UTS (MPa) Joint efficiency (%) Strain to failure (%) Failure location
BM #1 562.4 NA 4.07 In Gauge Length
BM 42 560.3 NA 447 In Gauge Length
BM 43 566.7 NA 429 Outside Gauge
Avg (o) 563.1(3.2) 4.37(0.34)

HAF #1 523.3 929 312 OHDZ

HAF 42 505.0 89.6 2.21 OHDZ

Avg (o) 514.1(12.9) 913 2.66 (0.64)

LAF #1 526.3 934 273 OHDZ

LAF #2 495.8 88.0 - OHDZ

Avg (o) 511.0(21.6) 90.7 2.73

Figure 8 SEM fractographs of tensile specimens: (a—c) HAF weld; (d-f) base material.
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Figure 9 Optical micrograph of a section normal to the fracture
surface of an LAF weld tensile specimen.

closely with those published previously [3]. The aver-
age UTS for the HAF welds was 514.1 MPa, and the
average strain to failure was measured at 2.66%. For
the LAF welds, the average UTS was 511.0 MPa and
the strain to failure was 2.73%. The tensile strength
joint efficiency, defined as the ratio of the weld UTS to
that of the base material, was approximately 91% for
both the LAF and HAF welds. Metallographic exam-
ination of the fractured samples indicated that failure
occurred in the region of nearly equiaxed bands at the
outer edge of the OHDZ for all of the welds tested.

3.2.3. Fractography

SEM micrographs of the fracture surfaces of the ten-
sile samples for the base material and a HAF weld are
shown in Fig. 8(a—f). Inspection of the low magnifica-
tion fractograph from a HAF weld (a) revealed a
preferred fracture orientation resulting from the defor-
mation at this location of the OHDZ. A similar prefer-
red orientation of fracture was not observed in the
base material (d). At higher magnifications, the frac-
ture surfaces of the 8009 matrix for both the HAF
weld and the base material (b,c and e, f respectively)
exhibited a dimpled appearance indicating a ductile
failure, while the SiC fractured in a brittle fashion. The
size, morphology and volume fraction of the particles
in the centre of the dimples were consistent with those
of the Aly;(Fe, V)3Si dispersoids reported previously
[4]. The dark spots on the fracture surfaces were
fractured SiC particles. Similar fracture surfaces were
observed in the LAF welds.

Examination of the fractured tensile samples with
optical microscopy revealed that failure occurred
mainly through the 8009 matrix along a path of high
SiC particle concentration. Fig. 9 is an optical micro-
graph of a polished section oriented normal to the
fracture surface of a tensile specimen of a LAF weld.
A secondary crack propagated through a region of
dark contrast with a high density of SiC and was
apparently blunted in the region of light contrast with
no SiC. The ultimate fracture occurred along the main
crack path. This behaviour is consistent with reports
by other researchers in other Al/SiC composites in
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which clusters of SiC particles acted as initiation sites
for fracture [32, 33]. The matrix adjacent to the SiC
particles in the clusters experiences a higher level of
constraint relative to other regions of the matrix re-
sulting in a local loss in toughness.

4. Conclusions
The following conclusions may be drawn from the
present study:

1. Inertia-drive friction welding (IFRW) has proven
effective in producing high integrity, defect free joints
in 8009/SiC/11,,.

2. The hot deformation experienced during welding
produced a homogenized region along the bond line
with a uniform distribution of SiC particles. No evid-
ence of a chemical reaction between the SiC and the
matrix was found in the welds, however, cracking of

'some of the larger SiC particles was observed in the

base material as well as the IFR welds.

3. The Knoop microhardness of the base material
varied considerably due to the microstructural vari-
ation of the matrix and the presence of SiC particles.
The average microhardness of the different zones of
the welds did not vary greatly from that of the base
material, and no weld induced weak zones were ob-
served.

4. Consistent with the microhardness results, the
tensile joint efficiencies of the IFR welds exceeded
90 per cent.

5. The weld tensile specimens failed in the region at
the outer edge of the heat-and-deformation affected
zone for all of the welds tested.

6. The fracture surface of the 8009 matrix on tensile
samples for both the base material and the [FR welds
exhibited a dimpled appearance indicating a primarily
ductile failure, while the SiC particles appeared to
fracture in a brittle fashion.
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