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Severe plastic deformation during Friction Stir Processing (FSP) of an IN738 Ni-based superalloy was
studied by means of X-ray polychromatic microdiffraction, EBSD, scanning electron and optical micro-
scopies. Modeling of the physical properties and phase composition was also performed. Several distinct
ccepted 31 March 2009

eywords:
-ray diffraction
riction stir processing

zones are formed during FSP including a stir zone (SZ), a thermal-mechanical affected zone (TMAZ) and
a heat affected zone (HAZ). Each zone has distinct microstructure after FSP. The initial dendrite structure
is preserved in the HAZ, while strengthening �′-phase particles partially dissolve and coagulate. Plastic
deformation of the base material dendrites takes place in the TMAZ and a large number of geometrically
necessary dislocations are formed. The extent of deformation increases toward the SZ and the dendrite

estroy
i-based superalloy
BSD

structure is completely d

. Introduction

Friction stir processing, (FSP), including friction stir welding,
FSW), is an advanced method for joining and treatment of met-
ls and alloys. Initially this method was designed to join dissimilar
l-based alloys [1,2]. Subsequently, FSP applications have expanded

apidly to include high strength and high modulus Fe- and Ni based
lloys and Ni-based superalloys [3–6].

According to the Refs. [4,7,8], FSP is a microstructural modifica-
ion process which uses a special rotation tool (Fig. 1a). During FSP
his tool rotates at high speed and translates (Fig. 1) while under
ontrolled load and in close contact with the surface of the treated
aterial [1–18]. The size and shape of the tool varies depending on

he purpose and material for FSP. Rapid rotation of the tool results
n intense local heating of the alloy up to a temperature just below
he melting point, and leads to increased local plasticity. Simultane-
usly, anisotropic severe plastic deformation (SPD) occurs around
he tool rotation axis. Both processes: heating and SPD take place
n a restricted volume near the moving tool. Different kinds of SPD

re described in the literature [19–21].

Significant mass redistribution is observed in the rotation region
f the tool [3–6], which contributes to the development of distinct
icrostructure in three zones: the stir zone (SZ), the thermome-
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E-mail addresses: barabashom@ornl.gov (O.M. Barabash), barabashr@ornl.gov
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ed in the SZ and replaced by a fine submicrocrystallinne microstructure.
© 2009 Elsevier B.V. All rights reserved.

chanically affected zone (TMAZ) and the heat affected zone (HAZ).
Each zone shows characteristic changes from the initial structure.
The stir zone (SZ) is formed in the region that is in close contact with
the pin of the tool [1–18]. Recrystallization occurs simultaneously
with plastic deformation in the SZ. Recrystallization accompanies
plastic deformation and can stop at different stages depending on
the FSP parameters and nature of the treated material. High local
inhomogeneity is the most striking feature of the microstructure
in the SZ. The heat affected zone (HAZ) shows changes to the �′

strengthening particles, and the thermal–mechanical affected zone
(TMAZ) includes plastic deformation of the initial dendrite struc-
ture.

In order to understand and model the behavior of different
friction stir processes materials it is essential to measure local
grain rotations, texture, dislocation densities and strain gradients
within the various affected regions. For this reason the newly devel-
oped Polychromatic X-ray microdiffraction (PXM) complemented
by electron back scattering diffraction (EBSD) and/or orientation
imaging microscopy (OIM), were chosen to characterize defect for-
mation during FSP. In this paper microstructural changes induced
by FSP in HAZ, TMAZ and SZ material of an IN738 Ni-based super-
alloy are presented.
2. Experimental procedure

IN738 is a well known casting superalloy which is used for high-
temperature applications. The desirable mechanical properties of
this material are due to complex alloying and special thermal treat-

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:barabashom@ornl.gov
mailto:barabashr@ornl.gov
dx.doi.org/10.1016/j.msea.2009.03.086
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Fig. 1. Scheme of the tool for FSP (a) and the dendrite structure in the as-receiv

ent. Alloy composition is shown in Table 1. Microstructures of the
s-received base material IN738 alloy after thermal treatment are
resented at Fig. 2a–c showing �′-phase particles that are known
o be present in Ni-based superalloys.

FSP was performed by means of a 6 mm-long BN (Mo) smooth
alled tool. The pin had a trapezoidal shape, as schematically

hown in Fig. 2a, with no additional features at the shoulders. The
in rotation velocity was equal to ∼150–200 rpm, the translation
peed was 0.5 inpm, and the loading force was ∼750–1000 kg. FSP
as performed at constant load. The microstructure was examined

y optical metallography (OM) and scanning electron microscopy
SEM). The SEM was equipped with an Oxford ultrathin window
nergy dispersive X-ray spectrometer (EDS). Orientation imaging
icroscopy (OIM) was carried out with a computer-aided EBSD

ystem from TSL The OIM4.6 was operated at 20 kV.
Polychromatic X-ray microdiffraction (PXM) was carried out
sing a one-of-a-kind polychromatic X-ray microprobe at sta-
ion 34-ID-E of the Advanced Photon Source. This device uses
chromatic Kirkpatrick-Baez (KB) total-external-reflection mirrors
o focus X-rays to ∼0.3 × 0.5 �m2. A specially-designed X-ray

onochromator can be rapidly cycled into and out of the beam.

Table 1
Alloy composition (wt%).

C 0.11
Cr 15.84
Co 8.5
W 2.48
Mo 1.88
Nb 0.92
Fe 0.07
Al 3.46
Ti 3.47
Zr 1.69
B 0.0012
Ni Balance
38 base material (b); MeC (c); morphology of the strengthening �′particles (d).

For wide-bandpass measurements the monochromator is out of
the beam and a broad-band pass beam is focused onto the sample.
With the monochromator in the beam, a tunable narrow-bandpass
(�E/E ∼ 1.5e − 4) beam is focused to the same sample position by
the KB pair (+/− ∼0.2 � m). Overlapping Laue patterns that are gen-
erated as the incident beam penetrates into the sample are resolved
using differential aperture microscopy [25]. Details of the data col-
lection and decoding are described elsewhere [22–25].

The metallographic cross-sections for optical (OM) and scan-
ning electron microscopy (SEM) were conventionally polished, and
subsequently etched electrolytically in a 75 ml H3PO4; 100 ml glyc-
erol, and 20 ml methanol solution at 5 V. For OIM the specimens
were electropolished in 15% perchloric acid in methanol at 30 V
and at a temperature of −25 ◦C. Computer modeling of the phase
composition was performed using software JMAT-4.1 [26].

3. Results and discussion

3.1. Base metal

The base metal after solidification and typical thermal treatment
contains three main phases:

(1) �-solid solution with a dendrite structure that can reach sev-
eral mm in length (Fig. 1b) and with developed primary and
secondary arms;

(2) eutectic carbides MeC (Me = Ti, Zr, Nb) (Fig. 1c, d);
(3) and �′-phase–Ni3(AlTi) based intermetallic (Fig. 1d) with two

populations of the �′-phase:

• primary �′-phase is contained in the metastable ternary

eutectic �/�′/MeC, which is formed at the end of solidifica-
tion;

• secondary �′-phase located within the dendrites, is formed
during thermal treatment.
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ig. 2. (a) Transfer cross-section through the alloy after FSP using the tool with ro
ample.

Besides these phases some minor phases with carbon and boride
an be formed [5].

Metal carbide particles in the shape of cuboids are located at
he periphery of the second arms of the dendrites (Fig. 1d, c). After
reatment, �′-phase particles have a cuboid shape ∼500 �m across
Figs. 1d and 3b). The volume fraction of this phase varies from
.45 in the core of the dendrite to 0.65 close to the inter-dendrite
rea. The primary �′ particles form continuous chains along the
oundaries of the dendrites. In addition to these components, the
lloy also contains some metastable binary �/�′ eutectic. Inverse
ole figure and orientation maps of the base metal are typical for
0 0 1〉 pole with small misorientations (Fig. 3f). Laue images from
he base metal consist of sharp spots typical for nearly perfect single
rystals. This is an indication of the small defect density in the initial
tate. The microhardness of the base metal does not exceed 290 HV
Fig. 2b).

.2. Overview of FSP formed zones in IN738

An overview of the alloy structure after FSP is presented at the
ig. 2a. Four main zones are observed in the area subjected to FSP:
1. Stir zone (SZ)
. Thermomechanically affected zone (TMAZ)
. Heat affected zone (HAZ)
. Base metal (BM).
speed of 150 rpm; (b) Distribution of microhardness over the cross-section of the

In addition, we recognize that the stir zone has shoulder and
PIN regions. The HAZ and TMAZ zones are asymmetric with a larger
volume on the retreating side of the FSP line than on the advanc-
ing side. The optical photomicrograph in Fig. 2a shows the HAZ and
TMAZ surrounding the SZ. The HAZ corresponds to the material
with lighter color (Figs. 2a and 3a). Distinct colors of the different
FSP zones emerged after more than 10 s of chemical etching. The
same region was studied with SEM at the magnification of x20000
(Fig. 3c–e). The scanning electron microscopy (Fig. 3b–e) results
clarify that the optical color change observed in Fig. 3a is due to the
dissolution of the �′ phase during sample heating with correspond-
ing reduction of its volume fraction. The TMAZ is located between
the HAZ and SZ. It’s color is less intense. The color change in the
TMAZ comparing to the color of the HAZ is due to the processes of
re-precipitation–secondary precipitation of the �′ phase particles
during the subsequent cooling of the sample.

In the TMAZ the dendrites of the �-solid solution are plastically
bent (Figs. 3a, 4, 5a). A sharp boundary is formed between SZ and
TMAZ (Figs. 4 and 5). This is an indication that a dramatic decrease
of strength and increase of plasticity takes place at this boundary.

The SZ has two distinct regions: central and periphery parts. A

microhardness map of the alloy after FSP is presented in Fig. 2b.
Microhardness monotonically increases from the sample surface
downward and correlates with a similar temperature increase of
the thermocycle with depth. Details of the structural changes in
the above zones were observed with OM, SEM and OIM (Figs. 3–5).
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ig. 3. Comparison between optical microscopy (a), SEM (b–e) and OIM (f) results:
b) �′particles in the region adjacent to the BM retain the same structure; (c) Primar
f the �′ particles in the regions approaching the TMAZ; (f) Inverse pole figure obta

.3. Microstructural changes in the HAZ.

.3.1. Matrix
There is no evidence for plastic deformation in the HAZ; the HAZ

etains a dendritic structure typical for the BM (Fig. 3a) and OIM
nalysis shows that orientation of the dendrites does not change
ithin the HAZ (Fig. 5a, d). In addition, X-ray micro-Laue patterns

ook typical for well-annealed samples (Fig. 6). A typical pattern
btained from a dendrite with 〈0 0 1〉 orientation in the HAZ is
hown in the Fig. 6b. The Laue spots are sharp, and no deformation
treaking is visible. The original size and shape of the metastable
/�′ eutectic is also retained.

.3.2. � ′-phase
The most important microstructural changes are observed in the

′-phase particles. The character of the �′-phase is distinct in the
wo following regions:

1) The 1st region is adjacent to the base metal (BM). In the
1st region �′-phase particles retain a typical cuboidal shape
(Fig. 3b). Their shape and volume fraction changes approach-
ing TMAZ. During subsequent cooling in the 1st region, the
solid solution does not decompose and re-precipitation of the

�′-phase does not take place (Fig. 7a and b);

2) The 2nd region is adjacent to TMAZ. In the 2nd region �′-
phase particles partially coarsen and simultaneously partially
dissolve in the � solid solution (Fig. 7c and d). During cooling
re-precipitation and formation of the secondary �′-phase takes
ptical micrograph showing microstructure of the HAZ in the IN738 alloy after FSP;
secondary �′particles; (d) Partial dissolution of the �′particles; (e) Spherical shape
om OIM.

place in the 2nd region of the HAZ. This process is more intense
near the TMAZ. The size of the secondary (reprecipitated) �′-
phase particles and their volume fractions increase near the
TMAZ (Figs. 3c, d, e, 7). We note that the change of the color of
the etched sample in the HAZ (Figs. 2a and 3a) correlates with an
increase of the alloying elements content in the � solid solution.
As shown in Figs. 3e, 7b, c, SEM detects a change of particle shape
from cuboid to the spherical. Comparison between the initial
state in the BM (Fig. 3b) and HAZ in the vicinity of TMAZ (Fig. 3e),
shows that the volume fraction of the �′-phase decreases
in the HAZ. During further cooling the re-precipitation of
the �′-phase particles takes place (Fig. 3c, e, 7c, d). How-
ever micro-Laue images within the HAZ remain similar to
the images of the BM and consist of sharp spots (Fig. 6b).
This is an indication that plastic deformation is either small
or annealed out within this zone in agreement with earlier
results described in the literature [22–25]. Microhardness of
this zone increases slightly and reaches 405 HV near the TMAZ
(Fig. 2b). The HAZ does not have sharp boundary with BM or
with TMAZ.

3.4. Microstructural changes in the TMAZ.
3.4.1. Matrix
The size of the thermomechanical affected zone is approxi-

mately three times smaller than the size of HAZ. Plastic deformation
is seen within this zone (Fig. 4). A specific shear band structure is
formed within the TMAZ mainly due to the deformation of the sec-
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ig. 4. SEM micrographs showing microstructure of the TMAZ: general view of th
orrespondingly (a) Bending of the dendrites is observed within the TMAZ near the
he SZ (d).

ndary arms of the dendrites. Carbide and �′-phase particles are
ypically located between different regions of these band structures
nd micro-Laue images still retain patterns typical for single crystal
ut with Laue spots increasingly streaked (Fig. 6c and d). We note
hat the Laue patterns from perfect crystals (Fig. 6a) have sharp
aue spots indicating that the crystallographic orientation does not
hange within the probed region (∼depth of 50 �m). However, if
he crystal lattice rotates within the probed region then the Laue
pots are streaked proportionally to the range of lattice orientations
robed by the beam (Fig. 6b). The degree of streaking is proportional
o the formation of the elastic strain gradients and to the presence of
eometrically-necessary dislocations (GNDs). Inhomogeneous dis-
ocation distribution and the formation of dislocation boundaries
ntroduce structure into the streaked Laue spots. Details of the GNDs
nalysis with PXM can be found in the Ref. [23]. An analysis of
treaked micro-Laue images from the TMAZ (Fig. 6f) characterizes
he local misorientation and the GNDs density distribution in the
one.

The typical boundary structure between the TMAZ and the SZ is
llustrated in Fig. 4. Its width does not exceed 50 �m and has a lay-
red structure. In the immediate vicinity of the SZ (<100–200 �m
rom the boundary), the material of the TMAZ is influenced by the
ncreasingly heterogeneous plastic deformation (Figs. 3a, 4b–d).
his results in the nucleation and evolution of the shear band struc-
ure in the region adjacent to the boundary. The localized shear

and structure in the TMAZ extends into the SZ.

Regions of TMAZ adjacent to SZ were analyzed by OIM and X-
ay microbeam. In this region the dendrite main axes (along the
0 0 1〉 direction) are perpendicular to the SZ boundary and parallel
o the sample surface. Two regions located at different distances
Z with marked distinct regions A and B adjacent to boundaries with HAZ and SZ
part of the boundary with the SZ (b, c) near the bottom part of the boundary with

from the boundary were studied: region A was ∼300 �m from the
TMAZ/SZ boundary and region B included the boundary with the
SZ (Fig. 4 a). In the region A the dendrite orientation retained the
BM and HAZ orientation (Fig. 4a). Misorientation between differ-
ent dendrite parts did not exceed 2◦. The inverse pole figure (IPF)
from region A has a single circle-shaped spot (Fig. 3f). In region B,
the dendrite orientation gradually changes on approach to the SZ
boundary; the dendrite surface normal rotates in the 〈0 1 1〉 direc-
tion.

The dendrite color on the orientation map changes correspond-
ingly with this rotation (Fig. 5 d) and results in the appearance at
the IPF of the long streak oriented in the 〈0 1 1〉 direction (Fig. 5e).
This kind of streak corresponds to a gradual rotation of the dendrite
lattice towards 〈0 1 1〉 pole. Pole figure and texture maps also show
the rotational modes of the plastic deformation (Fig. 5b, c).

The advancing side of the TMAZ (Fig. 2a) was studied with X-ray
microdiffraction. The most detailed analysis was performed in the
regions of TMAZ adjacent to SZ which had highest plastic defor-
mation. The presence of large dendrites allowed for polychromatic
X-ray microdiffraction and spatially-resolved orientation maps by
means of Laue patterns analysis. Dendrites with different orienta-
tion were analyzed. Most attention was paid to the dendrites with
〈0 0 1〉 axes perpendicular to the boundary with the SZ and parallel
to the sample surface. Single crystalline structure of the dendrites
is preserved in the TMAZ, although dendrites rotate at small angles

∼2–5◦.

While Laue patterns from the HAZ consisted of sharp Laue
spots (Fig. 6b), in the TMAZ the Laue spots are streaked (Fig. 6
c). The length of the streaks increases when approaching the SZ,
and reaches a maximum value at the distance of ∼50 �m from
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Fig. 5. Region covering the HAZ, TMAZ and SZ chosen for OIM analysis (a) Texture map (b, c) Orientation map (d) Inverse pole figure (IPF) (e) Show that dendrites are plastically
bent in the direction towards 〈0 1 1〉 within the TMAZ in the immediate vicinity of the SZ.

Fig. 6. Dendrite evolution in the HAZ and TMAZ: Region covering the HAZ, TMAZ and SZ chosen for Laue microdiffraction (a). Laue images show dendrite evolution within
the HAZ and TMAZ (b–d). In the HAZ Laue images consist of sharp Laue spots demonstrating that there is no plastic deformation in the HAZ (b). Within the TMAZ Laue spots
become streaked and the Laue pattern is rotated as a whole (c). Bent plastically deformed dendrites are observed in the immediate vicinity of the boundary with the SZ.
Streaks are split indicating the formation of the small angle boundaries inside the dendrites, which is related to the dynamic recrystallization in this region (d). Smeared
Laue image from the SZ (e). Simulated Laue pattern assuming that the GNDs with Burgers vector b = [1 0 1̄], and dislocation line � = [1 2 1] are predominantly operating in the
dendrite (f).
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ig. 7. Change of the shape, size and volume fraction of the �′-phase in the HAZ: �′-ph
f the secondary �′-phase does not take place during cooling (a); Approaching the TM
articles takes place during subsequent cooling of the alloy (c, d).

he boundary with SZ (Fig. 6c). In the immediate vicinity of the
oundary, streaks consist of discrete sub-peaks along the streak
Fig. 6d). The Laue patterns are typical of strong strain gradients
n the TMAZ and the formation of a high density of GNDs [23].
he direction of the streaks depends on the rotation axes of the
endrites. GNDs density increases when approaching the SZ. This

ndicates severe and increasing plastic deformation. Dislocations
e-group within the dislocation walls results in the formation of
mall-angle boundaries typical for recovery. A temperature increase
s needed for this process because it is thermally activated. Such
onditions are realized at the distances less than ∼300 �m from
he SZ/TMAZ boundary, where severe deformation is accompa-
ied by important temperature increases that promote recovery
rocesses. Blocky cell structures and small angle boundaries are

ormed as a result of the recovery. The density of the randomly
istributed dislocations decreases in the cell interior. Streaks of
he Laue spots split into series of discrete sub-peaks due to the
ormation of small-angle boundaries. Each sub-peak represents a
eparate domain with almost no tilt or misorientation in the inte-
ior. The direction of the split peaks remains the same (Fig. 6d). The
otation angles and axes were determined from experimental Laue
attern. Least square fits were performed modeling different FCC
lip systems. Simulated Laue pattern corresponding to GNDs with
urgers vector, b = [1 0 1̄], and dislocation line � = [1 2 1] fitted best
o the experimental data (Fig. 6f). In the boundary region and in the
Z Laue patterns are highly smeared indicating the formation of a
ighly-deformed fine-grain microstructure (Fig. 6e).

.4.2. � ′-phase

The high-temperatures in the TMAZ during FSP make the �′-

hase particles more ductile. This promotes plastic deformation of
he �′ phase particles themselves (Fig. 8). Within the TMAZ up to the
oundary with SZ the �′ phase particles formed during annealing
re preserved; they do not completely dissolve within the TMAZ.
rticles partially coagulate and their structure is coarsened, however re-precipitation
ese coarsening is intensified (b); Secondary re-precipitation of the very fine �′-phase

Only their shape and volume fraction change. In contrast to the
HAZ, strong plastic deformation of the �′ phase particles and their
partial fragmentation is observed in the TMAZ (Figs. 8a, b). In the
immediate vicinity of the SZ, elements of the raft �′ phase struc-
ture are found. Under these conditions the initially cuboid �′ phase
shape transforms into a rod-like shape (Fig. 8c). In addition, dur-
ing cooling, re-precipitation of the secondary �′ phase takes place
(Fig. 8b). The microhardness of the TMAZ is increased and reaches
maximal values ∼450 HV near the boundary with the SZ (Fig. 2).

In contrast to the boundary with the SZ, there is no sharp
boundary between other zones of the alloy after FSP. The dendrite
structure, their morphology and �′-phase volume fraction increas-
ingly change within the HAZ and TMAZ.

3.5. Microstructural changes in the SZ

The most dramatic microstructure changes are found in the stir
zone. All phase and structural components change in this zone. The
dendrite structure disappears and a new structure typical for severe
plastic deformation is formed (Fig. 9b). In the center of the SZ a
turbulent vortex mode of plastic deformation occurs (Fig. 9a). In
this region of the SZ the loss of contact between the pin and the
FSP material takes place due to transverse displacement of the tool
in agreement with modeling results [27–29]. This results in the
transition from laminar flow to turbulent vortex flow. Activation
of the vortex deformation modes during FSP was predicted from
simulations described in a number of references [15,16,27–29]. For-
mation of new submicron size grains with almost equiaxial shape
is observed in a narrow temperature range corresponding to the

single state of the alloy (Section 3.6). The above process of the grain
growth stops when new �′-phase particles re-precipitate, pin the
grain boundaries and block further grain growth. OIM supports this
conclusion. The dendrite structure disappears immediately inside
the SZ boundary (Fig. 2a, 4). Two different parts are distinct within
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ig. 8. Change of the shape, size and orientation of the � -phase particles within
MAZ in the immediate vicinity with the SZ: Plastic deformation and reprecipitation
f the �′-phase particles (a); coagulation of the �′-phase particles (b).

he SZ: (1) central region, and (2) border region. Two regions in the
Z were also observations by Sato et al. in IN600 after FSW [12].
n the border region laminar material flow forms so called “shear
and” or “onion ring” structures (Fig. 4c). Similar contrasting bands
ere observed, for example, in the SZ of AlLiCu alloy [10]. In contrast

o the above mentioned AlLiCu alloy, the average width of bands in
his part of the SZ is much smaller, and does not exceed 5–10 �m.
oundaries between bands continuously transform from TMAZ to
Z and are pinned by chains of �′-phase particles (Fig. 9). The struc-
ure of this part of the SZ is formed by very small equiaxed fine
rains with the size of 2–5 �m. A vortex mode of plastic deforma-

ion is typical for central part of the SZ, which should be expected
rom the modeling efforts of Heurtier et al. [15], Schneider et al [27]
nd Arbegast [28]. Grains have maximal size in this part of the SZ
eaching several tens of micrometers.
Fig. 9. Microstructure of the SZ demonstrating vortex deformation modes (a); Ori-
entation map (b); �′-phase particles with different shape and size in the SZ (c).

The smallest grains with equal dimensions in different direc-
tions are formed in the upper part of the SZ. Their size does not
exceed 1–2 �m (Fig. 9b). Carbide particles in the SZ retain their
original size and shape with some partial brittle fracture (Fig. 1d).
X-ray microanalysis of the SZ also confirms the formation of a
fine-grained microstructure. Grains are so small that it is not pos-
sible to get Laue image from this part of the zone even with a

0.5 �m beam size (Fig. 6e). Within the probed region there are so
many grains that Laue image shows continuous random distribu-
tion of the scattered intensity with a high background. Complete
dissolution of the �′-phase particles takes place in the SZ with
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ig. 10. Simulated temperature influence on the volume fraction of the �′-phase
nd mechanical properties (�0.2) of the IN 738.

e-precipitation during cooling. As a result, the new spherical pre-
ipitates are formed with dimensions <50 �m (Fig. 9c). The SZ
hows the maximal value of the microhardness (Fig. 2b). A further
ore detailed description of the phase transformation in the SZ will

e published elsewhere.

.6. Modeling of phase composition and properties.

It is known that IN738 belongs to the class of Ni-based super-
lloys, which are strengthened by disperse �′-phase particles [21].
he mole fraction of these particles in the IN738 reaches 0.45–0.55.
ith temperature increase the volume fraction decreases and

imultaneously the strength of the alloy decreases. A computer
odel of the phase transformation of the alloy helps to understand

he peculiarities of the temperature influence and the interplay
etween the volume content of the �′-phase particles and the alloy
trength. The results of computer modeling of the phase com-
osition and properties for the IN738 alloy performed over the
emperature range 400–1400 with the computer code JMAT4.1 [26]
re presented in Fig. 10. Calculated stresses are sufficient to cause a
.2% permanent extension of the tensile test piece, termed proof
tress, as seen in Fig. 10. Three regions are distinct in the tem-
erature dependence of the �′-phase volume fraction and alloy
trength:

1st region is in the temperature range from room temperature to
800 ◦C. Within this temperature range the volume (mole) fraction
of the �′-phase particles and alloy strength do not significantly
change.
2nd region is in the temperature range 800–1145 ◦C. Here changes
in the �′-phase volume fraction is observed with the volume frac-
tion decreasing very fast at temperatures exceeding 950 ◦C. The
strength and ductility of the alloys changes correspondingly.
The 3rd temperature range is from the �′-phase solvus (Tsolv) to
solidus (Tsol) temperature range (1145–1262 ◦C). At these temper-
atures the �′-phase dissolves completely and the transformation
to a ductile state takes place. It should be noted that calculated
Tsolv and Tsol are in good agreement with experimental values
observed in the Ref. [30–32] and are equal 1158 and 1442 ◦C cor-

respondingly.

These three temperature ranges can be related to different struc-
ural zones observed during FSP. The base metal corresponds to the
st region.
d Engineering A 524 (2009) 10–19

Important diffusion processes taking place during the 2nd tem-
perature region and cause partial dissolution of the �′-phase. This
region is related to the formation of the two affected zones - HAZ
and TMAZ. These zones are shadowed at Fig. 10. The temperature in
the HAZ is high enough to promote some diffusion processes. Two
distinct regions are observed within the HAZ related to different
character of the diffusion processes. Partial coagulation of the �′-
phase particles takes place in the first region of the HAZ neighboring
the BM. The higher temperatures are typical for the second region
of the HAZ neighboring the TMAZ. Diffusion processes are acti-
vated. As a result the initial cuboid shape of the �′-phase particles
transforms to the spherical shape (Fig. 7c).

The SZ corresponds to the 3rd temperature range. At this tem-
perature range strengthening �′-phase particles are absent and the
alloy is in a single phase state (excluding small fraction of MeC car-
bides). This feature of the alloy creates the possibility for application
of FSP to IN738.

The boundary between the SZ and the TMAZ separates regions
where the dendrite structure is still preserved from those where
it is completely destroyed. Under high-temperature gradients typ-
ical for FSP the transition to a single phase state without �′-phase
particles occurs very fast and at small distances. Dissolution of the
�′-phase particles promotes the recrystallization processes. This
results in a sharp boundary between the SZ and TMAZ. The bound-
ary line corresponds to the constant temperature equal �′-phase
solvus temperature, Tsolv. The size and the shape of the affected
zones (HAZ and TMAZ) changes along the sample cross-section.
Their size is maximal in the region under the shoulder and min-
imal near the bottom of the SZ (Fig. 2a). This is an indication that
the temperature gradients are not homogeneous (not constant). The
temperature gradient is minimal near the shoulder and maximal
near the bottom of the SZ.

4. Summary

Three distinct zones are induced by FSP in the Ni-based superal-
loy: HAZ, TMAZ and SZ. The temperature distribution and extent of
plastic deformation determine the observed structural/phase tran-
sitions in each zone.

The HAZ is the least affected zone. �′-phase particles morphol-
ogy is influenced by the temperature field imposed in this region
during FSP and no plastic deformation of either the matrix or the
strengthening �′-phase particles is observed. The temperature in
the HAZ does not typically exceed 800 ◦C. Similar morphological
changes of the �′-phase precipitates were recently observed at var-
ious cooling rates [33].

The TMAZ is characterized by strong temperature gradients and
plastic deformation.

Strong plastic deformation and strain gradients in the TMAZ
cause bending and rotation of the dendrites. Dendrite deformation
increases toward the SZ/TMAZ boundary. A large density of GNDs
is formed in this region of the TMAZ. The main axis of the dendrites
rotates from 〈0 0 1〉 towards the 〈0 1 1〉 direction. The temperature
in the TMAZ changes in the interval 800–1145 ◦C. In addition, sub-
grain structures with small angle boundaries are formed in the
dendrites at the distances less than ∼300 �m from the SZ. Con-
tinuous recovery in this region reduces the density of randomly
distributed dislocations in the cell interior. Deformation of the �′-
phase particles takes place in the TMAZ near the SZ. The cuboid
shape of the �′-phase particles transforms into fragmented rods.

Partial formation of the raft structure is observed. There is no
sharp boundary between the HAZ and TMAZ in contrast to a sharp
boundary between the SZ and TMAZ. In both the HAZ and TMAZ
recrystallization does not take place and the original dendrite struc-
ture is retained.



nce an

H
c
p
�
�
p

p
[
g
t
d
a
m

a
o
r
A
n
g
<
i
d
e
c
o
p
d
n
t
s

c
i
H
(
C
m
f
a
n
p
m

A

S

[

[

[
[

[

[

[

[

[

[

[
[

[

[
[

[
[
[
[

[32] H.C. Kim, Y.H. Kim, Y.G. Jung, J.H. Lee, C.Y. Jo, U. Paik, Mater. Sci. Forum 510–511
(2006) 450–453.
O.M. Barabash et al. / Materials Scie

�′-phase particles are still present in the dendrites in both the
AZ and TMAZ however their shape, size and volume fraction

hange in all zones. They partially dissolve and coagulate. These
rocesses increase approaching the SZ. During subsequent cooling
solid solution decomposes with formation of very fine secondary
′-phase particles. As a result, a bimodal distribution of �′-phase
articles is formed.

The SZ is characterized by the turbulent vortex mode of the
lastic deformation, which is in agreement with modeling results
15,16,27–29]. The original dendrite structure is replaced by fine
rains that nucleate and grow during cooling. The temperature in
he SZ reaches hypomelting temperatures. The extent of plastic
eformation and the microhardness increase from HAZ to TMAZ
nd reach a maximal value in the SZ. The temperature of the ther-
ocycle also increases in the same sequence.

The microstructure of the IN738 in the SZ is completely altered
fter FSP, and quite different from microstructures observed in
ther materials - for instance from Al. This is due to the fact that
ecrystallization stops at different stages in these two materials. In
l recrystallization proceeds further and results in the formation of
ew grains with the average size ∼200 �m [10,34,35]. In IN738 new
rain growth stops at an earlier stage. The average new grain size is
5–10 �m. Our findings are consistent with the fine grain structure
n the SZ observed by Sato et al. [12].We assume that the dramatic
ifference in the grain sizes in these two materials is due to differ-
nt temperature gradients and different cooling rates during FSP
ycle. Higher temperature gradients and cooling rates during FSP
f the IN738 suppress new grains growth. The lower values of these
arameters in Al promote continued grain growth. As a result, the
ecrease of the relative process temperature due to cooling of the
ear surface space, and increase of the rotational and longitudinal
ool speed promote formation of the micron and submicron grain
ize in the SZ of IN738.

Analyzing peculiarities of the FSP technique we note that it
ontains rotational and vortex modes of plastic deformation. The
nfluence of FSP on the structure is similar to the SPD techniques.
owever FSP has several distinct features: this technique allows

1) Creating ultra fine grained bulk materials in a single step; (2)
hange FSP parameters in broad intervals; (3) Possibility to use
ultipass to form extended nanostructure regions near the sur-

ace; (4) Application of FSP for treatment of high strength steels
nd alloys; (5) FSP is relatively inexpensive. The process mecha-
isms that take place during FSP are similar to SPD techniques. The
ossibility to use FSP to form submicron grains in high strength
aterials is demonstrated.
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