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Equivalent strains up to a value of �2.7 were determined by evaluation of the shape changes of
the phases in a duplex a(fcc)/b(bcc) microstructure formed ahead of the pin tool extraction site
during the friction stir processing (FSP) thermomechanical cycle in a cast NiAl bronze alloy.
Correlation of the local strains with volume fractions of the various microstructure constituents
in this alloy shows that the concurrent straining of FSP results in acceleration of the a+ b fi b
reaction in the thermomechanically affected zone (TMAZ) ahead of the pin extraction site. The
resulting volume fraction of b (as determined by the volume fraction of its transformation
products formed during post-FSP cooling) corresponds closely to the volume fraction expected
for the peak stir zone temperature measured separately by means of thermocouples embedded
within the tool pin profile along the tool path. The stir zone (SZ) in this material exhibits near-
equilibrium microstructures despite brief dwells near the peak temperature (Tpeak � 0.95Tmelt),
reflecting large local strains and strain rates associated with this process.
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I. INTRODUCTION

FRICTION stir processing (FSP) is a solid-state
technique involving the use of a nonconsumable rotating
tool that consists of a cylindrical shoulder region and a
projecting, concentric pin of smaller diameter. Initially,
the pin is forced against the surface of a deformable
work piece so that frictional heating results in softening
of the work piece material. Subsequently, additional
heating occurs due to adiabatic deformation induced in
a column of material that forms around the tool pin.
Softening due to the combined effect of these heat
sources allows tool penetration until the shoulder comes
into contact with the work piece surface. The shoulder
acts to constrain upward flow of the deforming material,
and additional work piece deformation is induced by the
action of the tool shoulder on the work piece surface.
When the resulting stir zone attains a sufficient temper-
ature, the tool may be traversed in a predetermined
pattern over the surface to process a volume of material
defined by the pin tool profile and the processing
pattern. FSP is an allied process of friction stir welding
(FSW),[1] and both have been conducted on cast as well
as wrought metals including alloys of Al and Mg as well

as higher melting alloys of Cu, Fe, and Ti. When applied
to an as-cast metal such as NiAl bronze, FSP converts
the as-cast microstructure to a wrought condition in the
absence of macroscopic shape change.[2,3]

The FSP thermomechanical cycle involves rapid
transients and steep gradients in temperature, strain,
and strain rate that, together, depend on tool geometry,
work piece constitutive behavior, and processing param-
eters such as tool rotational speed (rpm) and traversing
rate.[4] Direct measurement of the temperature cycle by
thermocouples embedded along the tool path within the
tool profile in thick plates of as-cast NiAl bronze
showed that peak stir zone temperatures are 0.92 to 0.97
Tmelt during FSP of this material.[5] These direct
measurements were conducted during single-pass FSP
runs using a Densimet 176 tool with a shoulder diameter
of 28.6 mm. The pin was in the shape of a truncated
cone 12.7 mm in length, having a base diameter of
15 mm, a tip diameter of 6.3 mm, and a stepped-spiral
feature on its surface. The FSP runs were typically
conducted at 1000 to 1200 rpm and at a traversing rate
of either 50.8 or 152.4 mm min–1 on plates initially at
room temperature, although one run was conducted
after the plate was preheated to a temperature
T = 400 �C. Plate dimensions were approximately
300 9 150 9 19 mm3 (length 9 width 9 thickness),
and the temperature cycles in all cases were consistent
with Rosenthal’s analytical solution for heat flow due to
a point source of heat moving on the surface of a semi-
infinite solid.[6] Thus, heating from the initial plate
temperature to the peak temperature was rapid upon
approach of the tool to the thermocouple location, while
cooling after passage of the tool was at a lower rate.
Also, heating and cooling rates decreased as the
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traversing rate decreased or preheating temperature
increased, while dwell times correspondingly increased.
Measured dwell times above T � 1173 K (900 �C)
(T � 0.9 Tmelt) varied from 2.2 to 8.7 seconds for such
processing conditions.[5]

The as-cast NiAl bronze material of interest in these
investigations exhibits a characteristic series of phase
transformations[5,7–22] that commence as the tempera-
ture increases above T � 0.8 Tmelt (T � 1073 K
(800 �C)), so dwell times at such temperatures as well
as the local peak temperature will be factors determining
the extent to which such transformations attain equilib-
rium. A procedure involving quantitative analysis of stir
zone microstructures resulting from FSP-induced trans-
formations was used to assess local peak temperatures in
this alloy.[20,22] This assessment was accomplished using
an empirical relationship between experimentally deter-
mined constituent volume fractions and annealing
temperature in samples from the same alloy after
isothermal equilibration in the a+ b phase field. The
stir zone measurements were in good agreement with the
thermocouple data despite the very brief dwells typical
of the FSP runs, and it was suggested in an earlier
investigation that the concurrent straining during FSP
thermomechanical cycles serves to accelerate the
phase transformations that occur upon heating of this
alloy.[5,20,22] Indeed, concurrent straining during hot
torsion of a pearlitic eutectoid steel was shown to
accelerate the spheroidization rate by a factor of
�104.[23–25] Such a reaction is controlled by interstitial
C diffusion, while all of the transformations in NiAl
bronze involve diffusion of substitutional elements; thus,
a less remarkable acceleration of the phase transforma-
tions might be expected.

Direct determination of the full strain and strain-rate
fields during FSP is infeasible, although models of the
deformation field suggest that local values of the
equivalent strain, eeq, may attain 10 or greater and the
corresponding local strain rate, _e, may be on the order of
102 s–1.[26,27] The NiAl bronze material of interest in the
present study develops a duplex a(fcc)/b(bcc) stir zone
microstructure during FSP, and these two phases
apparently deform in a compatible manner. Because
the transformation products of the b are readily
distinguished from the a phase upon cooling to ambient
temperature after FSP, the observed distortion of the
constituents in the resulting microstructure may enable
estimation of the local strains as well as the local peak
temperature. Local strains in the TMAZ were estimated
from the apparent distortions of the primary Al con-
stituent in a cast Al-7 wt pct. Si alloy after FSP.[28] This
article will report on an investigation into the estimation
of strain from distortion of microstructure constituents
and also show that concurrent deformation accelerates

the rate of dissolution of the eutectoid constituent upon
heating during FSP of an NiAl bronze material.

II. EXPERIMENTAL PROCEDURES

The NiAl bronze plates of this investigation were
described previously[19–22] and in Section I. They were
sectioned from a large marine casting and then machined
to nominal dimensions of 300 mm in length 9 150 mm
in width 9 19 mm in thickness. The material conforms
to UNS95800 and alloy composition data are provided
in Table I. Details of the thermocouple placement, time
constant values, temperature measurement procedures,
and measurement repeatability were also described in a
previous publication.[5] Briefly, three sheathed and
grounded type K thermocouples of 1.6 mm in diameter
were placed so that the thermocouple tips were 6.35 mm
(one-half of the pin length) beneath the plate surface at a
location corresponding approximately to the center of
the tool traverse. One thermocouple was placed along
the centerline of the intended tool path, while the other
two were placed in a staggered arrangement along the
intended tool path and offset by 2.9 mm to either side of
the centerline. This placement was intended to enable
assessment of temperature variation across the stir zone
from the advancing side (tangential velocity of a point on
the tool surface adds to the traversing velocity) to the
retreating side (tangential velocity of a point on the tool
surface subtracts from the traversing velocity). Optical
microscopy examination after FSP revealed that the
advancing and centerline thermocouples were displaced
toward the retreating side, while the retreating side
thermocouple was essentially unaffected. For this
reason, the retreating side data were used here for
analysis of microstructure in relation to the measured
stir zone thermal cycle.
A separate single-pass (i.e., bead-on-plate) FSP run,

approximately 200 mm in length, was conducted on one
of these plates. The plate was initially at room temper-
ature with FSP at 1000 rpm and 50.8 mm min–1 using a
Densimet 176 (PLANSEE - USA, Franklin, MA) tool
tilted 3 deg away from the direction of tool advance. The
tool was identical in design to those used to obtain the
direct thermocouple measurements. Here, the traverse
was terminated approximately 30 mm from the end of
the plate by lifting the tool from the plate.
The as-processed plate was sectioned through the pin

extraction site at the end of the tool traverse in order to
reveal the plane parallel to the plate surface at the mid-
depth of the stir zone. This is illustrated in the schematic
of Figure 1. For optical microscopy, grinding and
polishing were followed by etching in a two-step process
involving, first, immersion for 1 to 2 seconds in a

Table I. Composition Data (Weight Percent) for NiAl Bronze (UNS95800)

Element Cu Al Ni Fe Mn Si Pb

Min-Max 79.0 (min) 8.5 to 9.5 4.0 to 5.0 3.5 to 4.5 0.8 to 1.5 0.10 (max) 0.03 (max)
Nominal 81 9 5 4 — — —
Alloy 81.3 9.17 4.46 3.68 1.24 0.06 <0.005
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solution of 40 mL water–40 mL ammonium hydroxide–
2 mL hydrogen peroxide (30 pct) and rinsing in water,
followed by, second, immersion for 1 to 2 seconds in a
solution of 60 mL water–30 mL phosphoric acid–10 mL
hydrogen peroxide. Etched samples were examined
using bright-field illumination in a NIKON EPIPHOT
200* inverted microscope equipped with a CCD camera

and digital image analysis system. For scanning electron
microscopy (SEM), the samples were electropolished at
a voltage of 15 V for 5 to 10 seconds in a nitric acid–
methanol solution containing 30 pct nitric acid kept at a
temperature of 0 �C. All SEM work was carried out on
a ZEISS NEON 40** field emission scanning electron

microscope (FE-SEM) at an accelerating voltage of
20 kV in either secondary or backscattered electron
imaging modes.

The as-cast NiAl bronze comprises mainly coarse
primary a and a lamellar eutectoid constituent formed
during near-equilibrium cooling at rates �10–3 s–1. The
latter forms by the eutectoid decomposition reaction
b fi a+ jiii (NiAl) and tends to revert to form the b
phase upon heating in locations where the local peak
temperature exceeds the eutectoid range for this alloy.
Because subsequent cooling rates are �2 to
3 9 101 �C s–1, the cooling transformation products of
such FSP-induced b are much finer than those in the as-
cast material and, so, can be readily distinguished in the
stir zone microstructure.

Here, quantitative microstructure analysis was con-
ducted to determine the gradients in the local strain and
the volume fractions of the various microstructure

constituents, including the transformation products of
b resulting from the FSP thermomechanical cycle.
During FSP, the a and the eutectoid regions in the as-
cast material experience gradients in both deformation
and temperature, with the regions closest to the tool pin
extraction site being most severely affected. Methods
used to determine the local strain and strain gradients
will be introduced later in this article. Quantitative
assessment of the variation in volume fractions of all of
the microstructure constituents as a function of distance
from the pin extraction site outward to unaffected
material was conducted on micrographs obtained by the
FE-SEM examination. The volume fraction of the a
phase was found to be more convenient to determine
than that of the multiphase regions, since the eutectoid
regions in the as-cast material partially revert to b as the
temperature rises through the eutectoid range and full
transformation to b requires substantially higher tem-
peratures. Furthermore, subsequent transformation
(through various processes) to mixtures of a+ jiii takes
place as the alloy cools. Volume fractions were deter-
mined by point counting using montages consisting of
long strips of images encompassing regions approxi-
mately 1300 lm 9 40 lm in size. The long dimensions
of these montages were perpendicular to the tool
diameter and also nearly perpendicular with the direc-
tion of tool advance. Two independent sets of measure-
ments on either side of the axis of the tool traverse
directions were obtained and are included in this report.
As detailed later, local strain data were also acquired
from these microstructures, enabling both strain and
volume fraction to be correlated.
In an earlier work,[5,22] the relationship between the

equilibrium volume fraction of the b phase as a function
of temperature in the two-phase field in the same alloy
was established by annealing experiments involving
prolonged heating at temperatures varying from
1033 K to 1273 K (760 �C to 1000 �C) that was fol-
lowed by water quenching, and the relationship between
the temperature, T, and Vb was found to be

T ¼ 244Vb þ 758; �C for 0<Vb<1 ½1�

In previous investigations, this relationship was used to
estimate peak temperatures by applying the same
quantitative microstructure analysis methods at selected
stir zone locations under the assumption that concurrent
deformation during FSP accelerates the reversion of the
eutectoid and results in equilibrium a+ b microstruc-
ture mixtures.
Here, the role of FSP in acceleration of phase

transformation is examined in detail. Quantitative
microstructure analysis was conducted as a function of
distance along the tool traversing direction ahead of the
pin extraction site to determine the dependence of Vb on
distance ahead of the tool. These measurements and the
experimentally determined temperature profile during
FSP on an identical sample are then correlated. Further,
this correlation can be combined with estimates of local
strain based on distortion of the microstructure constit-
uents in a region of a rapid temperature transient and
steep strain gradient. In this way, the synergistic effects

Fig. 1—Schematic diagram showing the plane (shaded) of the metal-
lographic section in the plate at the pin extraction site at the end of
the FSP traverse.

*NIKON EPIPHOT 200 is a trademark of Nikon Instruments, Inc.,
Melville, NY.

**ZEISS NEON 40 is a trademark of Carl Zeiss SMT, Inc.,
Peabody, MA.
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of high temperatures, strains, and strain rates during
FSP of the multiphase microstructure in nickel-alumi-
num bronze may be evaluated.

III. RESULTS

The as-cast NiAl bronze microstructure is shown at
two different magnifications in the optical micrographs
of Figure 2. This microstructure developed during very
slow, near-equilibrium cooling at rates on the order of
�10–3 s–1 during casting of a large marine component.
Details of the constitution and transformations that
occur in NiAl bronze have been given elsewhere.[7–22]

Material conforming to the UNS95800 composition in
Table I solidifies at �1323 K (1050 �C) as a bcc b phase.
During slow cooling, the primary a fcc terminal solid
solution begins to form in the b with a Widmannstätten
morphology at about 1273 K (1000 �C). Globular jii

particles start precipitating in the b at about 1203 K
(930 �C), while finer jiv particles begin to form in the
primary a at about 860 �C. During cooling, the volume
fraction of b decreases approximately linearly with
temperature until the eutectoid decomposition reaction
b fi a+ jiii occurs over the temperature range of
1073 K to 1033 K (800 �C to 760 �C).

In Figure 2(a), the Widmannstätten morphology of
the primary a grains is evident in their elongated,

ellipsoidal appearance. Mean values of the correspond-
ing major and minor axis lengths of these grains were
determined to be 425 and 175 lm, respectively. Details
of the lamellar structure of the eutectoid constituent as
well as the dispersed particles within the primary a are
apparent in Figure 2(b). The fine dispersed particles in
the primary a are the jiv phase, which is nominally
Fe3Al having a DO3 structure. The primary a grains are
embedded in a eutectoid constituent consisting of a and
lamellar jiii phase, which is nominally NiAl having a B2
structure. The coarser globular particles of the jii phase,
which also is nominally Fe3Al, are dispersed throughout
the eutectoid constituent. The globular jii particles vary
in size from 1.0 to 10.0 lm, and careful inspection
reveals that these particles have a complex structure
consisting of an Fe3Al ‘‘core’’ and an NiAl ‘‘mantle’’
that is contiguous with the lamellar jiii NiAl phase. Such
a structure is illustrated in Figure 2(c).
The microstructure ahead of the tool at the pin

extraction site is shown in Figure 3. The tool moves
from left to right at this location, and the field of view in
this micrograph extends a distance of approximately
5 mm from the front edge of the pin extraction site (on
the left-hand side of the image) into base metal (on the
right-hand side of the image). About 3 mm ahead of the
tool, the eutectic constituent appears to begin to darken.
This reflects the onset of the eutectoid reversion reaction
a+ jiii fi b due to heating to temperatures above

Fig. 2—(a) and (b) Optical micrographs showing the microstructure constituents in the as-cast NiAl bronze alloy. The primary a is light etching
in these micrographs. The Widmanstätten morphology of the primary a and the lamellar eutectoid are shown at low magnification in (a). Fine
jiv precipitates are in the primary a, and coarser globular jii particles are dispersed mainly in the eutectoid. These constituents are shown at
higher magnification in (b). (c) Backscattered electron image showing the complex, multiphase layered structure of the globular jii precipitates.
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1033 K (760 �C), and the darker appearance reflects the
refined transformation products of this b due to rapid
cooling after cessation of processing and extraction of

the tool. In the region extending from 3 mm downward
to approximately 1 mm from the edge of the pin
extraction site, microstructure evolution appears to be
dominated by reversion of the eutectoid, and both the
primary a and the b transformation products appear
undistorted by the action of the tool. Deformation
becomes apparent about 1 mm ahead of the tool. This is
reflected in the evident shearing distortion of both the
primary a and b transformation products, suggesting
that the a and b phases deform compatibly at the
temperatures attained in this region. However, the
relative fractions of the primary a and the b transfor-
mation products cannot be discerned at the low mag-
nification of the micrograph in Figure 3.
Successive stages in the reversion reaction within the

heat affected zone (HAZ; locations 1 through 3 in
Figure 3) are shown at higher magnification in Figure 4.
At the HAZ location most distant from the tool
extraction site (location 1; Figure 4(a)), individual jiii
lamella in the interior of the eutectoid constituent
appear to be dissolving into the adjacent a. Also, the
jiii NiAl outer layer on the globular jii may be reacting
with the surrounding a. Figure 4(b) was obtained at
location 2, where a higher local peak temperature led to
dissolution of the lamellar jiii to form b in the interior of
the eutectoid region in the micrograph. Fine Wid-
manstätten a and other transformation products then

Fig. 3—Montage of optical micrographs shows the plan view of the
microstructure ahead of the FSP tool extraction site. The edge of the
pin extraction site is located to the left and the tool rotation and tra-
versing directions are indicated; locations of subsequent micrographs
relative to the tool extraction site are also indicated.

Fig. 4—(a) through (c) HAZ micrographs (optical) at locations 1, 2, and 3 in Fig. 3, respectively. Note the lamellar eutectoid in (a), the dissolu-
tion of the lamellar eutectoid in the central regions of the original eutectoid in (b), and the complete reversion of the original lamellar eutectoid
in (c), at locations progressively closer to the tool along the axis of tool advance. In (c), the lamellar eutectoid regions reverted to b during the
FSP thermomechanical cycle and then subsequently transformed back into an a+j mixture upon rapid cooling after tool extraction. (d) Sec-
ondary electron image from a region as that indicated by the box in (c) showing fine lamellar eutectoid and bainitic regions (indicated by the
white arrow) formed by transformation of b at high cooling rates.
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formed from this b on subsequent cooling. Also, the
NiAl outer layer on the jii dissolved completely in this
region of the eutectoid constituent. Still closer to the
tool at location 3 (Figure 4(c)), the lamellar structure of
the eutectoid constituent in as-cast material is no longer
evident. The b formed during heating transformed on
subsequent cooling, and the Widmanstätten a in this
constituent is somewhat coarser than that evident in
Figure 4(b). Examination of Figure 4(c) also shows that
the jiv particles also began to dissolve into the primary a
so that the local peak temperature exceeded 860 �C.

The secondary electron image in Figure 4(d) was
obtained from a location within the b transformation
products in Figure 4(c). Prior investigations of FSP-
induced microstructures in NiAl bronze by transmission
electron as well as optical microscopy methods docu-
mented the cooling transformation products of b formed
after heating just above the solvus temperature for jiv.
During cooling at rates of 101 C s–1 or faster, these
transformation products develop in the following
sequence: Widmanstätten a; refined a+lamellar/partic-
ulate jiii; bainitic a+ jiii; and, at the highest cooling
rates, martensitic b’.[19,20] Here, this high-resolution
FE-SEM image shows a refined a+lamellar/particulate
jiii and the bainitic a+ jiii in this location. The bainitic
a+ jiii (indicated by the arrow in Figure 4(c)) is thought
to be distinguished by transformation of b to a followed
by jiii precipitation in the form of a particulate or other
nonlamellar eutectoid decomposition product, while the
lamellar eutectoid a+ jiii transformation product
reflects precipitation of jiii followed by formation of
a.[11,13–17]

Within a distance �1 mm ahead of the pin extraction
site, heating is accompanied by deformation. The
corresponding region is the thermomechanically affected
zone (TMAZ), and microstructure evolution is shown in
Figure 5 for two locations, denoted 4 and 6 in Figure 3,
within this region. The pin extraction site is out of the
field of view but toward the bottom side of the images in
Figure 5. The onset of deformation is evident at the
middle of the image (from top to bottom) in Figure 5(a),
which is centered on location 4, and the increasing

deformation in the direction of the arrow in this figure is
indicated by the shape changes of both phases. In this
view, the deformation is apparently shear that is induced
by the tool rotation, and the magnitude of the shear
increases with decreasing distance to the edge of the pin
extraction site. The field of view in Figure 5(b) is
centered on location 6, and this field overlaps that of
the lower part of Figure 5(a). At the higher magnifica-
tion in Figure 5(b), the development of refined grains in
the primary a is readily apparent. These grains are 5 to
10 lm in size, and a Widmanstätten morphology can
also be identified in the transformation products of the
b. Also, the volume fraction of b transformation
products appears to increase with decreasing distance
to the edge of the pin extraction site.
Figure 6 shows TMAZ microstructures for locations

4 through 7 at higher magnification. In Figure 6(a),
which is from location 4 at the outer edge of the TMAZ,
the fine Widmanstätten morphology in the b transfor-
mation products indicates that the eutectoid constituent
of the as-cast microstructure has fully reverted to form b
at the local peak temperature. Furthermore, the fine jiv
are continuing to dissolve in the primary a. In
Figure 6(b), the distortion of the primary a and the b
transformation products at location 5 indicates that
shear deformation commenced. Also, new, fine, and
equiaxed grains formed within the primary a at this
location. In prior work, the formation of these new
grains in the primary a was attributed to particle-
stimulated nucleation of recrystallization[29–31] associ-
ated with the jiv particles prior to their disappearance.
At some locations in Figure 6(b), it appears that the b
that formed as the jiv dissolved into the primary a
spread along the boundaries of the newly formed a
grains. The fine a grains in the primary constituent
appear to remain equiaxed even as this constituent
sustains increasing shear strains. In Figure 6(c), this is
evident in the micrograph from location 6. Thus, the
microstructures developed by the FSP thermomechan-
ical cycle lead to the ‘‘banded’’ appearance in the TMAZ
that is evident in Figures 5, 6(b), and 6(c) and that can
be described as composed of two regions appearing as

Fig. 5—Optical micrographs from the TMAZ in locations 4 and 6 in Fig. 3 illustrating the effect of deformation at higher temperatures during
the FSP thermomechanical cycle. (a) The pin extraction site is near the bottom and the direction of tool traversing is indicated by the arrow.
The shape distortion evident as elongation of both the primary a and b phases in the tangential sense in the direction of tool rotation shows
increasing strain in the TMAZ. (b) Fine a grains can be clearly seen in the primary a in the micrograph from location 6.
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bright and dark in the optical micrographs. These two
regions result from (1) the conversion of large a regions
present in the as-cast alloy to a distribution of newly
formed equiaxed a grains embedded in a matrix of b
transformation products producing the predominantly
light regions, and (2) large portions of the eutectoid
regions in the as-cast alloy transforming to regions of
fine b transformation products appearing as relatively
dark areas.

Figure 6(d) is from location 7, which is closest to the
pin extraction site and correspondingly has experienced
the largest local strains among this sequence of images.
At this location, the two regions in the TMAZ described
previously can no longer be separately distinguished.
Instead, the primary a appears to have become frag-
mented and intermixed with the b transformation
products leading to a very homogeneous microstructure.
This fragmentation process may account for the devel-
opment of extensive regions of fine, equiaxed micro-
structures in transverse views of stir zones following
FSP of NiAl bronze materials.

The backscatter electron image of Figure 7(a)
illustrates the onset of deformation at the outer edge
of the TMAZ at a site near location 4. Subgrain
formation in the primary a is suggested by contrast
variation throughout this constituent. Partial reversion

of the as-cast eutectoid is also apparent in the interior
regions of this constituent, e.g., to the left of center and
upper right in this image. Figure 7(b) is from location 5
wherein fine, equiaxed grains have formed in the
primary a. The jiv particles appear to have dissolved
completely in the primary a and, together with the
microstructure shown in Figure 6(b), suggest that grain
refinement in the primary a occurs by interaction of the
Fe and Al components of the jiv with the evolving
deformation structure in the primary a. Again, fine
Widmanstätten a throughout the b transformation
product is consistent with full reversion of the as-cast
eutectoid constituent. Indeed, the b transformation
product includes both a fine a+lamellar/particulate jiii

and bainitic a+ jiii, as shown in the secondary electron
image of Figure 7(c), as well as the Widmanstätten a.
Thus, as demonstrated here, the b phase transforms to
both a fine lamellar eutectoid as well as a bainitic product
upon rapid cooling after passage of the FSP tool.

IV. DISCUSSION

In this experiment, the traversing of the tool at a rate
of 50.8 mm min–1 leads to a correspondence between
time and distance ahead of the tool pin extraction site.

Fig. 6—(a) through (d) Higher magnification optical micrographs from locations 4 through 7 in Fig. 3, respectively. Location (a) has experienced
the least deformation, as evidenced from the shape of the primary a phase, but the lamellar eutectoid has undergone complete transformation to
b and fine Widmanstätten a phase has formed from the b during subsequent cooling. In (b), the onset of shear deformation is evident in the dis-
tortion of the primarya, which also appears to have undergone a recrystallization reaction. The development of a banded microstructure (refer to
the text) is shown in (c). Note the dark etching constituents along the fine a boundaries in (b) and (c). The microstructure closest to the tool sur-
face shows a homogenized mixture of a and transformation products of b.
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Thus, a distance of 1 mm along the indicated centerline
of the tool traverse in Figure 3 is equivalent to an
elapsed time of �1.2 seconds, so the distortion that is
apparent ahead of the pin extraction site (Figure 3 and
shown in more detail in Figures 5 and 6) occurs over
such an elapsed time interval. Furthermore, the micro-
graphs in Figures 3, 5, 6, and 7 illustrate a gradient in
distortion, and thus strain, of the microstructure con-
stituents from the base metal ahead of the tool to the
tool pin–work piece interface. The strains in this
gradient can be estimated approximately if it is assumed
that the apparent displacements in these images are
confined to the plane of the plate so that the deforma-
tion is plane strain in nature. Transverse views of stir
zone microstructures in NiAl bronze show that dis-
placements in the TMAZ depend on location along the
stir zone periphery and may take place either upward or
downward along the pin tool axis. Thus, the strain
estimates here will be lower bound in nature.

The as-cast NiAl bronze microstructure shown in
Figure 2 may be represented by ellipsoidal primary a
grains dispersed in a matrix formed by the eutectoid
decomposition reaction b fi a+ jiii. This is illustrated
in Figure 8(a) wherein the minor and major axes of a
primary a grain are denoted by a0 and b0, respectively.
The aspect ratio,A0, of the primary a grains is
thenA0 ¼ a0=b0 ¼ 0:41, and simple shear in the TMAZ
will distort the primary a so that the minor and major
axes become a and b, as indicated in Figures 8(b) and

(c). Then, the corresponding maximum and minimum
principal strains are given by

e1 ¼ ln
b

b0
and e3 ¼ ln

a

a0
½2�

where e1 is the maximum principal strain and e3 is the
minimum principal strain, and e1 = –e3 for the simple
shear displacements in the plane of the plate envi-
sioned in this model. Under this assumption of plane
deformation, the aspect ratio of the deformed grains,
A = a/b, will be given by

A ¼ A0exp �2e1ð Þ ½3�

wherein all terms were previously defined. Thus, the
principal strain, e1, may be estimated by measuring the
aspect ratios of the primary a grains as a function of
location ahead of the tool. This approach was taken
here by generating montages of images (not shown
here), as discussed under Section II. Approximately 25
aspect ratio values were obtained from each montage in
two series of montages located in two regions located on
either side of the axis of tool advance ahead of the pin
extraction site in Figure 3. These aspect ratio values
were averaged and the corresponding local maximum
principal strain value was then calculated using Eq. [3].
This strain as a function of distance ahead of the tool is
plotted in the lower graph of Figure 9 for each region.
At the same time, the volume fraction of a was measured

Fig. 7—(a) and (b) Backscattered electron images from regions at the HAZ/TMAZ boundary and well within the TMAZ. (c) Secondary electron
image showing the mixture of fine lamellar eutectoid and the bainitic transformation products formed from the b phase after FSP.
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by point counting, as also discussed in Section II, and
the resulting volume fraction (1 – a) is plotted in the
upper graph of Figure 9 for each region. Beyond 4 mm
ahead of the tool, this volume fraction value corre-
sponds to that of the as-cast eutectoid constituent.
Partial reversion of this constituent was seen between
2.5 and 4.0 mm, while only FSP-induced b transforma-
tion products were observed within 2.5 mm of the tool.

A process of fragmentation of the primary a grains
imposes an upper limit to the magnitude of the strains
that can be determined by the procedure developed here.
Recrystallization within the primary a appears to take
place just after the onset of plastic deformation, as may
be seen in Figures 6(b) and (c) and in Figures 7(a) and
(b). Equiaxed grains �5 lm in size form and apparently
remain equiaxed with increasing strains in the TMAZ.
This may be seen by comparison of the a-phase grains in
Figures 6(c) and (d), and, again, in Figures 7(a) and (b).
This circumstance is also depicted in the schematic of
Figure 8(b). When the thickness of the primary a was
reduced to the recrystallized a grain size (Figure 8(c)),
the b phase appeared to penetrate along the a/a
boundaries that are transverse to the major axis of the
elongating primary a constituent. Eventually, these
transverse a/a boundaries are replaced by a/b bound-
aries, as illustrated in the schematics of Figure 8(d), and
the primary constituent can no longer be distinguished.
Such a fragmentation process would occur as a fi 5 lm
in Eq. [2] and, thus, at a strain e1 ¼ �e3 ’ 3:6. The
corresponding aspect ratio would beA ’ 3:3� 10�4.

The data in Figure 9 show that reversion of the
as-cast eutectoid commences about 4 mm ahead of the
tool and is essentially complete at a distance of 2.5 mm
from the tool. There is no apparent distortion of the
primary a at 2.5 mm, so the reversion of the as-cast
eutectoid constituent occurs in the absence of deformation

and, thus, by diffusional processes only in response to the
increase in temperature through the eutectoid range of
this material. Indeed, the jiii lamella are nominally 1 lm
in thickness and separated from one another by 1 to 2 lm
in Figure 2(b). Distortion of the primary a becomes
apparent at about 2.0 mm ahead of the tool, and thus, the
onset of straining apparently reflects the formation of a
duplex a(fcc)/b(bcc) microstructure in which both phases
deform in a compatible manner. Examination of the
strain data in Figure 9 shows that a strain gradient
develops so that the strain ratemust increase with the tool
approach through the deforming volume of material.

Fig. 8—Schematic diagrams representing the morphological changes occurring during deformation of the as-cast NiAl bronze are shown. (a) An
idealized two-dimensional description of the as-cast condition wherein the primary a is represented by ellipses with minor and major axes
denoted by a0 and b0, respectively, while the eutectoid is represented by the shaded background. (b) through (d) Schematics illustrating the shape
distortion, recrystallization, and redistribution of the a and b phases with progressive increases in strain (and temperature) during the FSP
thermomechanical cycle.

Fig. 9—Plots of calculated strain (filled symbols) and volume frac-
tion of (1 – a) (open symbols) along the radial direction parallel to
the tool traverse direction at the tool extraction site. The different
symbols (circles or triangles) represent two separate measurements
along lines on either side of the tool traverse direction.
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A corresponding increase in the volume fraction (1 – a)
suggests that the FSP-induced heating results in a
corresponding acceleration of the a+ b fi b transfor-
mation in the TMAZ.

Data for temperature as a function of time during
FSP of this material at the same traversing rate,
50.8 mm min–1, were extracted from the embedded
thermocouple measurements reported previously[5] and
have been be replotted here in Figure 10 on a distance
scale corresponding approximately to the distance ahead
of the pin tool in the strain and volume fraction plots. In
extracting the data, it was assumed that the peak
temperature occurred as the tool came in contact with
the retreating side thermocouple. Thus, the temperature
as a function of time plot for this thermocouple is
assumed to correspond to the temperature transient in
the material directly ahead of the pin extraction site
along the axis of the tool advance. It is also assumed that
the temperature and strain fields are radially symmetric
about the tool axis. The representation of temperature as
a function of distance ahead of the tool is shown in the
upper plot of Figure 10. From the thermocouple mea-
surements, the peak temperature, TP, was 1265 K
(992 �C), and this is assumed to correspond to the edge
of the tool pin extraction site in Figure 3. In the
temperature-distance plot, the temperature begins to
exceed the eutectoid range (1033 K to 1073 K (760 �C to
800 �C)) of this quaternary NiAl bronze material
approximately 4.2 mm ahead of the tool. Indeed, it is
at this same distance wherein reversion of the as-cast
eutectoid constituent first becomes apparent. This

gradient in temperature ahead of the tool can be
employed to calculate the expected gradient in equilib-
rium volume fraction of b transformation products using
Eq. [1]. The calculated volume fraction of b transforma-
tion products is shown by the dashed line in the middle
plot of Figure 10. The observed volume fraction of b
transformation products was estimated by subtracting
the volume fraction of the as-cast eutectoid constituent
(volume fraction (1 – a) = 0.20) from the values of the
volume fraction (1 – a) obtained beyond 2.5 mm ahead
of the tool in the volume fraction vs distance plot in
Figure 9. This distance was estimated based on SEM
observations of fully reverted and subsequently trans-
formed b decomposition products in the microstructure.
The shaded region in Figure 10 indicates the estimated
radial distances from the tool, where the eutectoid
regions in the microstructure begin and then complete
the reversion (a+ jiii fi b) reaction during FSP. The
open symbols in the lower plot of Figure 10 show the
resulting gradient in the observed volume fraction of b
transformation products as a function of distance ahead
of the tool.
The data of Figure 10 indicate that the reactions

involving reversion of the as-cast eutectoid constituent
and the subsequent transformation a+ b fi b in the
resulting duplex structure lag behind the temperature
increase associated with adiabatic heating due to the
FSP tool. However, these data also show that the
formation of b is greatly enhanced by the concurrent
deformation of FSP, and the volume fraction of b
appears to approach its equilibrium value, �0.95, at the
tool pin–work piece interface. In turn, this lends
credence to estimates of local peak temperature based
on quantitative analysis of stir zone microstructures.
The change in aspect ratio of the primary a constit-

uent indicates that there is a gradient in the correspond-
ing principal strain and that it increases from 0 to a
value between 2.5 and 3.0 over a distance of about
2.0 mm. Most of this increase occurs within 0.5 mm of
the tool. In turn, the strain rate may be very roughly
estimated to be about 5 s–1 in this region. These strain
and strain rate values apply only in the region of the
TMAZ wherein the primary a constituent can be
discerned. As the recrystallized grains within the
primary constituent become intermingled with cooling
transformation products of the b phase, the primary
constituent can no longer be discerned and the strain
cannot be estimated in such locations.
Much of the stir zone in regions behind the tool pin

consists of a mixture of refined, equiaxed a grains
embedded in a fine matrix of b transformation products.
A typical example of the stir zone behind the tool pin is
shown in the micrograph of Figure 11. The primary a
and eutectoid constituents of the as-cast microstructure
(Figure 2) were replaced here by refined, equiaxed a
grains �5 lm in size that are embedded in a matrix of
fine transformation products of b. Such a microstructure
suggests that the local equivalent strains exceed 2.5.
However, the mechanism(s) responsible for the forma-
tion of such a structure during the severe thermome-
chanical cycle imposed during this process will form the
basis for a future publication.

Fig. 10—Effect of local temperature on the volume fraction of the
FSP-induced b-phase transformation products in this NiAl bronze
material during FSP. The volume fraction data in the shaded region
were modified by subtracting the average volume fraction of the
eutectoid in the as-cast material from the experimentally determined
value of the total volume fraction of b in these regions. The local
temperature distribution along the FSP tool traverse direction under
identical processing conditions determined in prior work[5] is shown
by the continuous line. The dashed line shows the equilibrium vol-
ume fraction of b calculated from Eq. [1].
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V. CONCLUSIONS

1) The shape change of the microstructure eutectoid
constituents in the thermomechanically affected
zone can be used to assess local strain values up to
e � 3.6.

2) Concurrent straining accelerates forward (heating)
transformations and especially the transformation
aþ b! b during FSP.

3) This investigation lends credibility to microstruc-
ture-based estimates of local peak stir zone temper-
atures by quantitative microscopy methods.
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