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Friction stir processing (FSP) and superplasticity
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FSP is an allied technology of friction stir welding (FSW). The development and applications of these technologies are
reviewed and additional considerations such as processing pattern and step over distance between successive passes in FSP
are discussed. The deformation field for a rotating and advancing tool is not symmetric about the axis of tool motion. Thus,
various spiral patterns with step over distances less than the tool pin diameter result in replacement of advancing inter-
faces (tool tangential velocity and traversing speed add) retreating interfaces (tool tangential velocity and traversing speed
subtract) and greater homogeneity of the resulting stir zone microstructures. Microstructures formed as a result FSP often
exhibit refined and uniform distributions of non-deforming constituents as well as highly refined grain structures, and su-
perplastic response following FSP of wrought 7XXX and 5XXX Al alloys has been achieved. The application of multi-pass
FSP to cast metals, including continuously cast (CC) AA5083 and AA356 as well as a Na modified Al-7Si will be summa-
rized and the conversion of as-cast microstructures to a wrought condition in the absence of external shape change will be
shown. Grain refinement is the result of recrystallization during the rapid thermomechanical cycle of FSP. The mechanisms
involved in homogenization of constituent particle distributions remains to be determined. The FSP-induced superplastic
response of the AA5083 will be documented. In contrast, grain refinement in the Na modified Al-7Si alloy was insufficient
to support superplasticity.

Keywords: friction stir processing, recrystallzation, grain refinement, micrsotructure homogenization, particle refinement, microstructure
stability, superplasticity

O6pab6otka Tpennem ¢ nepememmBanuem (OTII)
U CBEPXIIACTYHOCTD

O6paborka TpeHueM ¢ nepememysanyeM (OTII) npexcrasisger co60ii TEXHOIOTUIO, POACTBEHHYIO TEXHOTIOTUY CBapKU
tTpeHueM ¢ nepemenmiBanyeM (CTII). laH 0630p pa3BUTUA ¥ IPYMEHEHN 9TUX TEXHOJOTUI M 0OCY>KIEHBI JOIIOTHM-
Te/IbHBIe BOIIPOCHI, TaKJe KaK cxeMa 06pabOTKY U [IMHA 11ara 1o IIOBEPXHOCTY MEXAY IIOC/Ie0BATeIbHBIMIL IIPOXOAaMI
npu OTII. ITone gedopmanyy 1y Bpalalolerocs U BVKYIIET0Cs IOCTYNATe/IbHO MHCTPYMEHTa HeCUMMETPUYHO OTHO-
CUTE/IbHO HallpaBJIeHNs IBYDKEHMS MHCTPyMeHTa. [l0aToMy pasinyHble CypaibHble CXeMbl 00pabOTKY ¢ IMHOI Iara
MeHee IMaMeTpa HaKOHEYHMKa MHCTPYMEHTA IPUBOJAAT K 3aMeHe MHTepQelicOB NBVDKYIIENCS BIepel CTOPOHBI (TaH-
TeHIa/IbHasg CKOPOCTh MHCTPYMEHTA ¥ CKOPOCTDb IOCTYIIATe/IbHOTO ABYDKEHMs CKIafbIBAIOTCs) UHTepdelicaMy IBIIKY-
IeTics Ha3aJl CTOPOHBI (TaHTeHIMaIbHAsA CKOPOCTb MHCTPYMEHTA Y CKOPOCTD IIOCTYIAaTeIbHOTO ABYDKEHMS BEIYUTAIOTCA)
U K 60jee BBICOKOJI OHOPOZHOCTY MUKPOCTPYKTYPBI 30HBI IlepeMeInBanuA. MUKpOCTPYKTYpEL, (opMupyeMble B pe-
synbrate OTII, 9acTo HeMOHCTPUPYIOT OHOPOJHOE paclIpefie/ieHie M3MeIbYeHHBIX HefleOpMIPYeMbIX COCTABIIAIONINX,
a TakK)Ke CMJIbHO M3Me/IbUeHHYIO 3epeHHYI0 CTPYKTYpY, 1 nocne OTII koBaHBIX amoMMHMEBbIX crmaBoB 7XXX 1 5XXX
TOCTUTaeTCA CBEPXIUIaCTIYecKoe moBefieHre. O6001eHbl JaHHbIE O MpUMeHeHuy MHoronpoxofHoit OTII x nuTeIM Me-
Ta/IaM, BKIovasd citaBbl AA5083 u AA356, ony4eHHbIe HEIIPePbIBHBIM INTheM, a Takxke Al-7Si, MoguduuypoBaHHbIil
Na, 1 moxaszaHo npeo6pa3oBaHIe TUTON MUKPOCTPYKTYPBI B KOBaHYI0 03 M3MeHeHMs BHeIHell GpopMbl. V3MenpueHne
3epeH ABIIACTCA pe3ylIbTaToOM PeKpUCTA/UIM3aLUy Ipy OBICTPOM TepMoMexaHmdeckoM nukiae OTII. MexaHusMel, ompe-
TeAlINe ONHOPOJHOE pacIlpefieieHNe JacTUIl, IPENCTOUT BBIACHUTD. ByfleT JOKYMEHTMPOBAHO CBEPXINIACTUYECKOE
nosepeHne ciasa AA5083, seisBanHoe OTII. B mpoTHBOIONIOXHOCTD, 3MeIbYeHNe 3epeH B civtaBe Al-7Si, Moguduiu-
poBaHHOM Na, OBIIO HeJOCTaTOYHO /LA JOCTYDKEHMS CBEPXIUIACTUYHOCTH.

KnroueBbie cmoBa: 06pa60TKa TpE€HMEM C IIepeMEIIVIBaHNEM, PEKPUCTAIN3ALNA, IBMETTbYCHNE 3€PE€H, TOMOI€HM3als MUKPOCTPYKTY-
PpbI, U3MENbYCHNE YaCTULI, CTaOUIbHOCTD MUKPOCTPYKTYPBI, CBEPXIUIACTUIHOCTD
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1. Introduction

FSP is a solid-state deformation processing method
involving the use of a non-consumable, rotating tool. Among
the benefits of FSP are refinement and homogenization of
microstructures in metallic materials [1,2]. It is an allied
process of FSW, a solid-state joining method originally
developed by The Welding Institute [3]. All FS technologies
rely on a severe but localized thermomechanical cycle
induced by tool action on a deformable material.

The initial motivation for the development of FSW was the
desire to circumvent the problem of solidification cracking
often encountered in fusion welding of many high-strength
aluminum alloys [3]. FSW has been applied successtully to a
wide range of Al, Mg, Cu, Fe and Ti alloys. The basic concept
of FSW is straightforward and this process has been exten-
sively reviewed elsewhere; see, e.g., [1,2]. The work pieces to
be joined are abutted and fixed against a rigid restraint that
serves as an anvil. A cylindrical wear resistant tool consisting
of a smaller diameter pin with a concentric, larger diameter
shoulder is rotated while the pin is forced into the surfaces of
the parts at a point along the abutment line.

A combination of frictional and adiabatic heating results
in the formation of a plasticized column of metal and a lo-
calized ‘stirring’ action involving deformation and motion of
material around the tool pin as it penetrates. After the tool
shoulder comes in contact with the work piece surfaces the
tool is traversed along the abutment line and the flow of ma-
terial about the tool pin leads to coalescence across the faying
surfaces and the formation of a weld. Single-pass, single-sid-
ed welds are readily produced by FSW. The pin length must
be slightly less than the thickness of the joint so that the pin
does not come in contact with the anvil. The tool shoulder
provides control of the tool penetration. The shoulder also
controls upward flow of metal and forges the weld nugget.
Many tool design features have been evaluated, including pin
shape and the presence of threads, flutes and stepped spirals
on tapered pins. Critical process parameters include tool
rpm and traversing rates. Aluminum materials of thicknesses
varying from <1 mm to >25 mm have been joined by FSW
and many variations on the basic concept of FSW have been
reported in recent years [2].

2. ESP of Metallic Materials

A distinct but allied process, FSP involves a single work piece
and the traversing of the tool in a predetermined pattern
over the work piece surface thereby processing a volume of
material, termed the stir zone (SZ), defined by the tool pin
profile and the traversing pattern [4,5]. The full thickness
may be processed but in many applications the pin length is
less than the workpiece thickness so that only a surface layer
is subjected to the FSP thermomechanical cycle. The depth
of this layer is limited by tool design, available power and the
capability of reacting and controlling the downward axial, or
plunge, force needed to accomplish FSP. Such FS technology
has been applied to as-cast as well as wrought metals includ-
ing alloys of Al and Mg as well as higher melting alloys of Cu,
Fe and Ti [4]. Fig. 1 shows a schematic illustration of a FSP
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Fig. 1. A schematic of multi-pass FSP with overlapping passes. The
tool pin is not visible in this representation.

pass in multi-pass processing wherein successive passes are
offset from one another. Due to tool rotation the deforma-
tion field around the tool pin is not symmetric about the tool
travel direction. Thus, there is often variation in microstruc-
ture from the advancing side (tool surface speed and travers-
ing speed add) to the retreating side (tool surface speed and
traversing speed subtract).

Additional important process parameters in FSP include
the tool traversing pattern and the ‘step over’ distance be-
tween adjacent passes during multi-pass processing. These
are illustrated in Fig. 2. The traversing pattern may consist of a
single linear or curvilinear processing pass, Fig. 2a, or a series
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and A SZ/Base Metal
Interfaces

Parallel Traverses: A/R/
A/R Interfaces in
Stir Zone
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c
Fig. 2. Traversing patterns for FSP: a single linear or curvi-linear
traverse (a); multi-pass FSP by a series of traverses offset by a step
over in (b), a raster pattern in (c) or a spiral pattern in (d).
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of linear traverses offset by stepping over by a pre-determined
distance as indicated in Fig. 2b. Microstructure gradients are
typically more pronounced on the advancing side than on
the retreating side. A series of parallel traverses as suggested
in Fig. 2b result in successive replacement of advancing in-
terfaces with retreating interfaces in the processed volume
of material. In contrast, a raster pattern as shown in Fig. 2¢
results in advancing/advancing and retreating/retreating
interfaces in a direction transverse to the axis of tool advance
during rastering. Accompanying long-range variations in
microstructure may result in strain localization and reduced
ductility. In contrast, a spiral pattern such as suggested in
Fig. 2d again results in replacement of advancing interfaces
with retreating interfaces on successive passes and thus may
mitigate gradients in SZ microstructure. In turn, resulting
mechanical properties would be expected to be more nearly
independent of direction within the plane of the processed
sheet or plate.

The step over distance is typically based on the pin diam-
eter in order to assure overlap of SZs on successive passes in
multi-pass processing, as suggested in Fig. 1. The SZ is gener-
ally broader at the work piece surface due to the influence of
the tool shoulder. An excessive step over distance may lead to
incomplete overlap in lower regions of the SZ on successive
passes and microstructure gradients accompanied by strain
localization and reduced ductility. A complex as-cast NiAl
Bronze material was processed using the spiral pattern of
Fig. 2d with a step over distance set at %2 of the pin diameter
at mid-length of a 12.7 mm long pin. A volume of 375 cm’
of SZ material was produced. Phase transformations during
the FSP thermomechanical cycle resulted in refinement and
homogenization of microstructure, and a dramatic increase
in both strength and ductility as well as isotropic properties
of SZ material [5—9].

3. Achieving superplasticity by FSP

Highly refined and homogeneous grain structures
are characteristic of weld nugget and, especially, SZ
microstructures of materials subjected to multi-pass FSP
[1,2]. The phenomena involved in recrystallization have
been studied mainly in materials subjected to approximately
uniform strains under isothermal conditions [10]. FS
technologies involve severe deformations but under
conditions that involve rapid transients and steep gradients
in strain, strain rate and temperature [11,12]. Nevertheless,
many features of weld nugget and SZ microstructures can
be accounted for in terms of our current understanding of
recrystallization [10]. However, important details of the
processes leading to formation of the highly refined grain
structures observed in materials subjected to FSP remain to
be clarified [13]. Indeed, grains 25—100 nm in size has been
observed after tool plunge and extraction experiments on
AA7050 [14].

Conventional deformation and recrystallization treat-
ments have been developed to obtain superplastic sheet mate-
rial in several Al alloys, including AA7475 [15] and AA5083
[16]. Typical recrystallized grain sizes are 8—10 um and sub-
sequent peak ductility values of 400—500 pct. at strain rates

of =10*s! are apparently sufficient to support hot blow form-
ing of components for engineering applications. After FSP
of such alloys as well as AA7050 and the cast alloy AA356
superplastic ductilities exceeding 500 pct. at strain rates
>107s" have been attained [17—28]. Grain sizes are typically
<5 pm and thus finer than in conventionally processed mate-
rial although the grain size depends strongly on FSP condi-
tions. Constituent particles are often refined in size and more
homogeneously distributed in FSP material when compari-
son is made to the conventionally processed counterpart ma-
terial. This may account for a change in failure mode, from
quasi-brittle fracture associated with cavity formation and
growth associated with coarse constituent particles to diffuse
necking and diminished cavity formation.

4. An Example: FSP of Continuously Cast
AA5083 in the As-Cast Condition

The industrial processes of superplastic forming (SPF) and
quick plastic forming (QPF) of AA5083 have been of interest
for transportation applications [29]. Material produced by
conventional direct-chill casting has been processed by a
combination of hot and cold working so that recrystallization
upon heating for subsequent QPF gives a grain size of =7 pm
and this is sufficient for good biaxial forming during SPF and
QPE. The introduction of continuously cast (CC) AA5083
would help reduce costs but as-cast CC slab is typically only
15 mm in thickness and thus cannot be strained sufficiently
during hot and cold working to homogenize as well as refine
microstructure in the production of sheet material. Thus,
subsequent ductility is marginal for SPF and QPF [30—32].

The potential of FSP to homogenize and refine
microstructure suggests that its application to CC material be
evaluated to determine whether the resulting microstructures
exhibit improved superplastic response. The CC AA5083
material was in the form of 15 mm thick slab and further
details have been given previously [30,32]. Composition data
are given in Table 1.

A plate for FSP was sectioned from the as-cast CC
material and surfaces were machined prior to processing.
FSP was conducted using tools fabricated in H13 hot-work
die steel and heat treated to HRC52. The tools had a shoulder
diameter of 10 mm, the tool pins were 3 mm in diameter,
5 mm in length, and the design included a thread feature.
A tool is shown in Fig. 3a. The FSP involved three overlapping
passes as illustrated in Figs. 2b and 3b, with a tool rotation
rate of 350 rpm and traversing rate of 101.6 mm min’
(experiment 1) or 800 rpm and traversing rate of 76.2 mm
min (experiment 2). In both cases the step over distance was
2 mm to assure complete overlap of the SZs.

Theheatinput during FSP corresponds very approximately
to the ratio of rotation rate to traversing rate and so the SZ for

Table 1. Composition of the CC AA5083

Ele- Mg Mn Si Fe Ct Cu Zr
ment
}JA(/;E 462 074 010 0.19 0.25 0.02 0.001
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b

Fig.3.Photograph of the FSP toolin (a) and of a processed CC AA5083
plate (b) showing three runs each involving three overlapping passes
as illustrated in Fig. 2b.

the material of experiment 2 should reflect more prolonged
heating and a slower cooling rate than that of experiment
1. Further details of the methods of microstructure analysis
have been given previously [16].

The homogenization as well as refinement of
microstructure that may be attained during FSP of this
material is illustrated in the optical micrographs in Fig. 4.
The microstructure of the unaffected base metal is shown in
Fig. 4a from a location distant from the SZ. The as-cast grain
size in the primary a constituent appears to be equiaxed and
=50 um in size. The dark-etching constituent is a eutectic
comprising mainly the -phase (Al Mg.) and dispersed par-
ticles of the MnAl_ phase may also be discerned. Careful
examination of the primary constituent in this micrograph
reveals contrast variation suggesting cellular or dendritic
growth during solidification. Extensive refinement as well as
homogenization of microstructure constituents is evident in
Fig. 4b, which is a micrograph from the SZ of material pro-
cessed at 350 rpm and 101.6 mm min™. The grain size in the
a phase cannot be discerned at the magnification in this im-
age, and the primary a and eutectic constituents observed in
the as-cast material are no longer distinguishable. Indeed, the
eutectic B phase has been substantially refined in size and the
resulting particles redistributed uniformly in the microstruc-
ture. The MnAl_ particles have also been redistributed. It is
especially noteworthy that no cavities or other features that
might be associated with cracking of particles are apparent in
this image. The absence of residual damage in the microstruc-
ture likely reflects the development of a hydrostatic compo-
nent in the stress state within the SZ due to the compressive
axial force on the tool was well as constraint by cooler sur-
rounding material on the hot, deforming material in the SZ.

b

Fig. 4. The as-cast material is shown in (a) and homogenization and

refinement due to FSP at 350 rpm and 101.6 mm min™! are illustrated
in (b).

A highly refined stir zone grain size is apparent in the
backscatter electron image of Fig. 5a. The P phase particles
(dark in appearance) are apparently submicron in size and
are often distributed on the grain boundaries of the o phase
grains. In some locations, the [ particles form a necklace-like
structure on these grain boundaries. In contrast, the MnAl,
particles (light in appearance) are more or less uniformly
distributed in the matrix and most of these particles
are submicron in size. However, several large particles,
0.5—2.0 um in size, are also apparent in this image. Highly
refined grains are also apparent in the STEM image in Fig.
5b and fringe patterns at some boundaries suggest that
high-angle boundaries surround grains as fine as 300 nm in
size. Finely dispersed particles 10—100 nm in size are also
distributed throughout the microstructure.

Grain sizes for both processing experiments were
obtained by use of OIM methods. The results of OIM analysis
are summarized in Fig. 6a for the material of experiment 1
(FSP at 350 rpm and 101.6 mm min') and in Fig. 6b for
the material of experiment 2 (FSP at 800 rpm and 76.2 mm
min'). The mean linear intercept grain size in Fig. 6a for the
material of experiment 1 was determined to be 1.2 um while
that in Fig. 6b for the material of experiment 2 was 3.5 pm.
Grain-to-grain misorientations include a population of
low-angle (0—5° misorientation) boundaries in otherwise
random distributions exhibiting peaks at ~45° in both cases.
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b

Fig. 5. A backscatter electron image shows refined grains =2 pm in

size in (a) and a STEM image in (b) shows highly refined { phase
and MnAl, constituent particles.

The texture appears to be random in Fig. 6a while a weak
B-type shear texture component appears to have formed and
been retained in the material processed during experiment 2.

The results of the microstructure analysis here show
that highly refined grains approaching 1.0 pm in size may
be attained during FSP of the as-cast material. In contrast,
grain sizes of 7—8 um were reported for both direct-chill and
continuously-cast AA5083 materials after conventional hot
and cold rolling followed by reheating and recrystallization
prior to forming. In order to assess the potential for
superplastic response of the FSP materials a series of tension
tests were conducted on SZ samples for both processing
experiments. Tensile samples were obtained by wire electro
discharge machining (EDM) in order to assure that the gage
sections were completely within the SZs. Light grinding of
the samples was carried out to assure removal of any recast
layers produced by EDM. The samples were then pulled to
failure at constant crosshead speeds corresponding to various
strain rates and at a test temperature of 450°C.

The results of these tests are presented in Fig. 7a as the
flow stress at a strain of 0.1 as a function of strain rate, and in
Fig. 7b as the corresponding ductility as a function of strain
rate. The data for the two FSP experiments are shown as solid
lines while data for conventionally rolled DC or CC materials
are shown as dotted curves. The data in Fig. 7a shows that
grain refinement by FSP dramatically reduces the flow stress.
For example, at a stain rate of 2x10? s the flow stress of
the material processed in experiment 1, denoted as Ex 1 in
Fig. 7a, is lower by a factor of six when compared to the

Number Fraction

10 20 30 40 50 60
Misorientation Angle [degrees]

Number Fraction

10 20 30 40 50 60
Misorientation Angle [degrees]

001

7

Fig. 6. OIM data showing refinement of grains to =1.2 pum in size for
experiment 1 material and =3.5 um in experiment 2 material. Near
random texture and misorientation distribution is apparent in (a)
while a weak B-type shear texture is evident in (b).

same CC material in a conventionally processed condition.
The flow stress versus strain rate relationship for superplastic
materials deformed at a constant temperature is often
characterized by the power law relationship 0=Kém, where
o is the flow stress, K is a material constant and ¢ is the strain
rate and m is the strain rate sensitivity coefficient. Here, it is
apparent that grain size refinement leads to an increase in the
strain rate sensitivity such that m-0.5 for the finest grain size
material. Such an m - value is consistent with the ductility of
1,200 pct. at a strain rate of 10" s°!, which is the strain rate for
maximum 1.

It is noteworthy that the flow stress at this strain rate of
10 pct. per second is equal only to that of conventionally
processed CC material at a strain rate that is 100 times lower!
The ductility achieved here by FSP of this commercially
produced AA5083 material appears to be the highest
superplastic ductility reported for this alloy. The material
processed during experiment 2 and denoted as Ex. 2 in Fig. 7,
has a grain size of =3.5 ym, a value intermediate to that of
Ex 1 material and the conventionally rolled CC material, and
the corresponding flow stress and ductility data are likewise
intermediate to those of Ex 1 material and the conventionally
rolled CC material. Finally, the enhancement of superplastic
ductility by FSP reflects two factors. These are the increase
in the strain rate sensitivity coefficient, m, through grain size
refinement, and the suppression of cavity formation through
refinement of the eutectic f phase as well as the MnAl,
constituent particles.
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Fig. 7. Mechanical property data for AA5083 material as flow stress
as a function of strain rate in (a) and ductility as a function of strain
rate in (b) for CC material processed by FSP (solid lines) and both
conventionally processed direct-chill cast and continuously cast
materials.

5. Summary and conclusions

1. FSP is an allied process of FSW and may be applied to
a wide range of metallic materials to achieve refinement and
homogenization of microstructure.

2. Either wrought or cast metals may be processed by
ESP.

3. Consideration must be given to processing parameters
that include tool pin length relative to material thickness,
tool traversing pattern, and ‘step over’ distance in multi-pass
processing.

4. Superplasticity has been achieve by FSP in a wide
variety of engineering alloys, including high-strength
Aluminum materials, as-cast Aluminum alloys and materials
in other alloy systems.

5. FSP may be applied to only selected regions in order
to achieve enhanced superplastic ductility in localized areas
of components.

6. Grain size is dramatically refined by recrystallization
during FSP of as-cast CC AA5083 material. Constituent
particles are also refined and redistributed uniformly
although the mechanism (s) involved in refinement and
redistribution remain to be determined.

7. Enhanced superplastic response was attained in CC
AA5083 processed by FSP and an elongation exceeding
1,200 pct. was attained at a strain rate of 10" s during testing
at 450°C.

8. Altogether, these results demonstrate the potential
for enhancement of superplasticity in commercial alloys
when constituent particles are refined and their distribution
homogenized as well as by grain size refinement.
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