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This  work  aims  at identifying,  by  coupled  scanning  and  transmission  electron  microscopy  (SEM  and
TEM)  observations,  the  densification  mechanisms  occurring  when  an atomized  Ti–47Al–1W–1Re–0.2Si
powder  is  densified  by  spark  plasma  sintering  (SPS).  For  this  purpose,  interruptions  of  the  SPS  cycle  have
been  performed  to  follow  the  evolution  of  the  microstructure  step  by  step.  The  powder  particles  exhibit
a classical  dendritic  microstructure  containing  a large  amount  of  out-of-equilibrium  ˛  phase.  During
heating-up,  the  microstructure  undergoes  successive  transformations.  At  T  =  525–875 ◦C the   ̨ phase

◦

ntermetallics
itanium aluminides
owder metallurgy
recipitation
lastic deformation
lectron microscopy

transforms  into  � .  The  �  phase  formed  is  supersaturated  in W  and  Re.  It de-saturates  for  T above  875 C
by discontinuous  precipitation  of  W  and  Re-rich  B2  phase.  Densification  takes  place  for  T between  900 ◦C
and 1150 ◦C  by  plastic  deformation  of  the  powder  particles.  TEM  observations  show  that  the  repartition  of
the plastic  deformation  is  correlated  to  the  dendritic  microstructure,  and  that  dynamic  recrystallization
mechanisms  occur.  Microstructural  phenomena  directly  resulting  from  the  high  currents  involved  in  the
SPS  process  have  not  been  observed.
. Introduction

The sintering technique known as spark plasma sintering (SPS)
as been the subject of intense developments in the past decade
1,2] because of its astonishing performances. With this technique,
intering rates 10–100 times faster than that of the classical sin-
ering techniques are currently achieved. The principle of the SPS
s to submit a powder to electric current pulses of high intensity

ith simultaneous application of a uniaxial pressure. However,
espite the strong technological interest for this technique, very

ittle studies focus on the understanding of the underlying mech-
nisms involved. Hence, our aim is to give an insight into the
etallurgical mechanisms that take place during sintering by SPS

f an intermetallic alloy, the G4 TiAl alloy.
The TiAl alloys are interesting for applications as turbine blades

f aircraft reactors because of their elevated mechanical resistance
t high temperatures combined with a low density of the material.
n alloy has been developed by the General Electric company (GE

lloy) and has been installed into aircraft engines. First attempts to
rocess GE alloys by SPS have been highly promising, since mate-
ials exhibiting high room temperature strength and ductility with
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good repeatability have been obtained [3,4]. These results lead us to
further develop this technique to Nb-containing TiAl alloys specif-
ically designed for creep resistance [5].  From these studies, the
necessity to understand the metallurgical mechanisms taking place
during elaboration by SPS arose, in order to better understand the
resulting microstructures and their mechanical properties. For this
purpose, we  chose to work with the G4 alloy, because this alloy is
particularly interesting in reason of its good compromise between
tensile and creep properties [6].  We  present here a study of the
evolution of the microstructure of the alloy during sintering, by
performing interrupted tests of the SPS process and by carrying
out coupled transmission electron microscopy (TEM) and scanning
transmission microscopy (SEM) observations.

2. Experimental

G4 powder of composition Ti–47Al–1W–1Re–0.2Si and 50–200 �m granulom-
etry provided by ONERA and atomized by GKSS by the plasma melting induction
guiding gas atomization process [7] has been employed. In this process, the cooling
rate of the powder particles is extremely fast (of the order of 104–105 K/m), favoring
stabilization of a large amount of metastable  ̨ phase at the end of atomization [7].

The SPS processing procedure for TiAl alloys has been described in Refs. [4,5,8].
The Sumitomo 2080 SPS machine of the “Plateforme Nationale de Frittage Flash
du CNRS, Toulouse” has been used. Dies 8 mm in diameter have been employed.
Because there is an intense heat loss by radiation from the external surfaces of

the dies, a thermal gradient is established from the samples to the surface of the
dies [1,2,8].  This implies that the temperature measured by the pyrometer, TSPS is
different from that of the sample, T. For 8 mm dies, these temperatures are linked
by:  T = TSPS + 25 ◦C [8].  All temperatures given in this paper are sample temperatures
(T) except otherwise stated.

dx.doi.org/10.1016/j.jallcom.2011.08.008
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:monchoux@cemes.fr
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H. Jabbar et al. / Journal of Alloys and Compounds 509 (2011) 9826– 9835 9827

Fig. 1. G4 powder particles incorporated in Ti for metallographic observation of unconsolidated sample (T = 975 ◦C). (a) General view (SEM micrograph). Ti–TiAl interdiffusion
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ones  appear as white lines around the TiAl powder particles. (b) SEM observation 

s  seen as the large circular region occupying most of the micrograph. In this region
f  a region close to the edge of a hole, and TEM observation of the same region.

An  analysis of a complete sintering cycle will be given later. During this cycle,
nterruptions of the sintering process have been performed to study the evolution of
he  microstructure of the samples at the corresponding steps. This has been achieved
y turning off the current and pressure at the desired step and by leaving the sample
nd matrix cool down in the vacuum of the SPS chamber at a rate measured as
f  the order of 500–1000 ◦C/min. Microstructure evolution may occur during this
elatively slow cooling rate. However, we will suppose that this effect is limited.
or interruptions at temperatures lower than the end of sintering (T ≈ 1150 ◦C, see
ext section), the sample was  too porous to give a consolidated sample suitable for
etallographic preparation. Then, for microstructure observations at temperatures

elow T ≈ 1150 ◦C, we  have mixed G4 powder particles with metallic powders which
inter at low temperature. For this purpose, Al was  employed at 525 ◦C, and Ti at
75 ◦C and 975 ◦C. Fig. 1a gives an example of incorporation of G4 particles into Ti
T  = 975 ◦C). The TiAl powder particles are seen in dark grey. They are immerged in

 Ti matrix appearing in light grey. There is a zone of interdiffusion between Ti and
iAl  at the periphery of the particles, but its extension is limited. Care was taken to
erform observations away of this zone.

Sample preparation for SEM and TEM have been performed using standard pro-
edures for TiAl alloys [5].  Samples consisting of G4 powder sintered with Al or Ti
ave been prepared by a Gatan precision ion polishing system (PIPS). For this pur-
ose, the final mechanical grinding procedure was  performed using a tripode, to
hin  the sample down to about 10 �m.  The ion milling angle was  set to 7◦ . At the
eginning, the ion energy was 6 keV then it was reduced to 3 keV once a hole was
ormed, to remove the irradiation damaged layer formed by the 6 keV beam.

SEM observations have been performed with a Jeol 6490 SEM equipped with the
xford Inca energy dispersive spectroscopy (EDS) system. TEM observations have
een  carried out with a Jeol 2010 TEM. Coupled SEM–TEM observations of the same
ones of samples have been performed in some cases, by observing TEM thin foils
y  SEM (see an example in Fig. 1b and c). The correspondence of the SEM and TEM
icrographs allowed localizing accurately the observed zones. This also allowed

voiding observation of the Ti–TiAl interdiffusion zone around the TiAl powder par-
icles. EDS analyzes in STEM mode have been performed with a FEI CM20 Feg TEM
quipped with a Bruker EDS system, to obtain chemical information at a finer scale
han with a SEM. EBSD analyses have been performed using a Jeol JSM 6500F SEM.
he X-ray analyses have been performed with a Seifert XRD3000P diffractometer
sing Cu-K� radiation. The diffractograms have been recorded between 20◦ and 70◦

ith an acquisition time of 16 s per step each 0.02◦ . Qualitative volume fractions
stimated from X-ray peak intensities have been estimated using the Powdercell
oftware [9].

. Results
.1. Analysis of the SPS cycle

Fig. 2 gives records of punch displacement d, pressure P and
PS temperature TSPS (recall that SPS and sample temperatures are
M thin foil of this sample prepared by electropolishing. The electropolished region
 can be seen, at the edge of which TEM observations are made. (c) SEM micrograph

linked by: T = TSPS + 25 ◦C) in a typical experiment. We  give here
the main features of this cycle. The temperature ramp was set
to 100 ◦C/min, then reduced to 25 ◦C slightly below the plateau
temperature to avoid excessive overshooting of the desired tem-
perature. Although the contribution of the thermal expansion has
not been accounted for and subtracted from the recorded values,
densification can be approximately deduced from the variation of
d. Then, densification occurs between t ≈ 6 min  and 9 min, that is,
between T ≈ 900 ◦C and 1150 ◦C (we do not consider the slight com-
paction resulting from application of the pressure between 0 and
2 min). The sintering cycle can then be schematically divided into
two steps. (i) A first step during which the powder is subjected
to influence of temperature only (T between room temperature
and 900 ◦C). (ii) A second step for T > 900 ◦C, corresponding to
densification under the influence of temperature and pressure. A
precipitation phenomenon occurs around 875–975 ◦C, that is, at
the boundary between these two  domains. But because pressure
has little influence on this phenomenon, it will be presented with
the first step.

3.2. Characterization of the as atomized microstructure

The microstructure observed at room temperature of cast G4
alloys consists of ≈90% of � phase, ≈10% of B2 phase (vol. fractions)
[6] and slight fractions of ˛2 and Ti5Si3 phases [6,10,11]. Due to their
low fractions, the ˛2 and Ti5Si3 phases have not been investigated
in this study. Moreover, we  have not systematically distinguished
between the low-temperature ordered ˛2 and B2 phases, and high-
temperature disordered  ̨ and  ̌ phases, and we will most of the
time call them (maybe abusively) ˛ and ˇ. In powders, due to the
fast quenching rate of the liquid particles during atomization, the
powder particles contain a large fraction of out of equilibrium ˛
phase [7,12,13]. In our case, estimates of volume fractions from
X-ray measurements gave: 27% of � , 65% of  ̨ and 8% of ˇ. Fig. 3
shows the microstructure of the powder after sintering at 525 ◦C,

that is, very close to the as-atomized state. This microstructure cor-
responds to a classical dendritic microstructure, in which can be
identified by comparison with microstructures of cast G4 alloys
[6]: dendritic arms (DA), interdendritic channels (IC) and skeletons



9828 H. Jabbar et al. / Journal of Alloys and Compounds 509 (2011) 9826– 9835

F ure (T
t

o
p
l
o
a
E
o
t
r

F
i
o

ig. 2. Example of records of SPS parameters for a typical experiment: SPS temperat
he  punches approach from each other).

f B2 phase at the center of the DA. The dendrites correspond to
rimary  ̌ phase which nucleated in the liquid and transformed at

ower temperature into ˛. The IC result from peritectic solidification
f the remaining liquid into  ̨ which transformed at lower temper-
ture into � . The B2 skeleton results from retention of ˇ phase.

BSD analyzes (Fig. 3d and e) shows that the  ̨ and � grain size is
f the order of 20 �m.  Concerning partition of W and Re between
he ˇ,  ̨ and � phases, literature analysis shows that the solubilities
ange as follows: Cˇ

W > C˛
W > C�

W and Cˇ
Re ≈ C˛

Re > C�
Re [6,14–18].

ig. 3. (a) Micrograph of the microstructure at 525 ◦C (SEM BSE), with corresponding EDS
ndication of the concentration in at.%). Examples of DA (light grey), IC (dark grey) and B2
f  the � (d) and ˛ (e) phases of another zone of the same sample. Each color represents a
SPS, ◦C), pressure (P, MPa) and punch displacement (d, mm,  defined as positive when

EDS mappings (Fig. 3b and c) show that W is more concentrated in
the DA than in the IC. Re exhibits the same behavior, but less pro-
nounced. This was confirmed by more accurate EDS point analyses
(not shown). It has also been shown that the W and (to a lesser
extent) Re concentrations in the DA decrease from the B2 skeleton

to the periphery of the dendrites. The bright contrast of the DA in
BSE results then from their high concentration in W and, to a lesser
extent, Re. Last, Fig. 4 shows the dendritic structures of particles of
≈50 �m and ≈150 �m in diameter (referred to as small and large

 chemical maps of W (b) and Re (c) (the scale below the EDS mappings gives rough
 skeleton (white) are indicated in image (a). (d and e) SEM-EBSD orientation maps

 given crystallographic orientation.
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Fig. 4. Dendritic structures of small (a) and large (b) p

articles, respectively). In both cases, the sizes of the whole den-
rites are about the same, but the DA and the IC are thinner in the
mall particles with respect to the large ones. These differences are
ttributed to differences in quenching rates between the small and
arge particles [7,13].

.3. First step: microstructure evolution under influence of T

X-ray analyzes show that during heating, the out of equilibrium
 phase irreversibly transforms into � , as already shown in Ref. [13].
t 875 ◦C, volume fractions estimated from X-ray analyzes are as

ollows: 87% of � , 9% of  ̨ and 4% of ˇ. These values do not signifi-
antly evolve when temperature increases. This microstructure can
hen be described as constituted of � phase containing slight frac-
ions of  ̨ and  ̌ phases. Fig. 5a shows this microstructure. The BSE
ontrast shows that W and Re are still concentrated in the DA and
ave then not been homogenized. The DA are then constituted of �
hase supersaturated in W and Re (�ss), and the IC are constituted
f � phase closer to equilibrium concentration in W and Re (�eq),
s will be explained later.

At 975 ◦C, zones containing white dots develop around the
2 skeleton (Figs. 5b and 6). These observations can be readily

nterpreted as formation of a precipitation zone (called PZ in what
ollows), which begins to form close to the B2 skeleton and progres-

ively invades the entire dendrite. The matrix in the PZ appears with

 darker contrast than the matrix outside the PZ. This can be associ-
ted with a lower concentration in W and Re in the PZ with respect
o the surrounding dendritic matrix, resulting from segregation of

ig. 5. (a) Microstructure after annealing at 875 ◦C. The DA are constituted of �ss and the 

keleton are circled. (b) Microstructure after annealing at 975 ◦C. Zones constituted by wh
es (SEM BSE micrographs at the same magnification).

W and Re in the B2 precipitates. Fig. 6e and f gives EDS mappings
of W and Re in the region of the PZ2, which confirm that the �eq

phase is poorer in W and Re than the �ss phase, and that the con-
centration in W and Re is discontinuous at this interface. Besides,
the BSE micrographs (Fig. 6a) indicate that there is qualitatively a
lower difference in Re composition between the IC and the DA  than
for W.

Closer examination of the B2 precipitates morphology attached
at the �ss–�eq interface shows that they are often elongated in
the direction perpendicular to this interface (Fig. 6d, arrows). The
regions between the PZ, which are then constituted of IC and of the
remaining zone of the DA in which the precipitation phenomenon
has not taken place, will be referred to as IC + DA zones. TEM obser-
vations show that the grain size of the PZ is about 0.5–1 �m (Fig. 6b
and c). Dark field and selected area diffraction experiments (not
shown here) have indicated that the IC + DA region is constituted
of single grains larger than 10 �m.  This is coherent with the EBSD
analyses, which have shown that the initial size of the dendritic
and interdendritic grains was about 20 �m (Fig. 3d and e). Then,
the process of precipitation is accompanied by fragmentation of
the large dendritic grains (about 20 �m)  into smaller grains (about
0.5–1 �m)  in the PZ.

Finally, the B2 initial skeleton which is visible as continuous
white lines at 875 ◦C (Fig. 5a), is no more visible at some places at

975 ◦C (Figs. 5b and 6a).  It has then been fragmented into individ-
ual B2 globular precipitates. Consequently, it is sometime difficult
to say when considering a given precipitate if it comes from W
precipitation or from breaking up of the B2 skeleton.

IC are constituted of �eq. Some zones containing white dots in the vicinity of the B2
ite dots in a darker matrix at the center of the DA are visible.
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Fig. 6. (a) Microstructure at 975 ◦C observed by SEM, showing precipitation zones (PZ), dendritic arms (DA) in light grey and interdendritic channels (IC) in dark grey. (b) TEM
micrograph of part of the same zone as image (a). By comparison with image (a), PZ and IC can be identified, but DA are not visible and cannot be accurately delimited. Two
precipitation zones have been labeled PZ1 and PZ2 for clear locating on the SEM and TEM images. (c) Schematic drawing of micrograph (b) with some of the B2 precipitates
(  TEM 
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dark  grey) and grain boundaries (thin lines) represented. (d) Higher magnification
Z  and the IC + DA zone (�ss–�eq interface), the B2 precipitates in dark grey are orien
espectively, of the PZ2 region (grey level proportional to mass fraction).

A closer examination of Fig. 5a shows that the precipitation
as already begun at 875 ◦C (some examples are encircled in
ig. 5a).

.4. Second step: microstructure evolution under influence of P + T

When T increases above 900 ◦C, densification starts under action
f the applied pressure P. Fig. 7 shows micrographs of a sample after
nterruption of sintering at 1025 ◦C and polished parallel to the axis
f compression. At this temperature, densification has started but is
ot complete, and many large voids are visible. Fig. 7b shows that
ome of the particles are strongly deformed. Thus, densification

an be readily associated with the observed plastic deformation
f the particles. Note that the degree of deformation is not the
ame for all the particles. Some are intensively deformed (see e.g.
he particle in the center of Fig. 7b), whereas other are almost
micrograph of the zone delimited in micrograph (b). At the interface between the
erpendicular to this interface (arrows). (e and f) EDS mapping by TEM of W and Re,

not deformed (see e.g.  the particle in the center of Fig. 7a). The
dendritic structure of the most deformed particles exhibits thin
DA and IC, and corresponds then to small particles as shown in
Fig. 4. The large particles are only little deformed.

When large particles are in contact and are forced to deform
(Fig. 8), the dendritic microstructure is perturbed in the regions
close to the boundaries between adjacent particles. This shows that
in this case, the deformation state is the highest at the periph-
ery of the particles. Fig. 8 shows also that the contact zones
between adjacent particles exhibit geometrical singularities char-
acterized by null values of the radius of curvature (a = 0, see Fig. 8d).
This observation rules out matter transport mechanisms (surface,

grain boundary and volume diffusion, evaporation-condensation)
as dominant mechanisms for densification, because these mech-
anisms are driven by Gibbs–Thomson driving forces [19], which
lead to augmentation of curvature radii and hence elimination
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ig. 7. SEM BSE micrograph of a sample polished parallel to the compression axis, in o
xis  in the vertical direction). (a) General view. (b) Zoom on the zone delimited in (

f geometrical singularities (a /= 0). In this case, a neck would
row between two adjacent particles, as schematically shown in
ig. 8e.

When temperature reaches 1150 ◦C, densification is complete.
he deformation state of regions corresponding to small and large
articles of the granulometric distribution has been studied. These
egions have first been identified by low magnification SEM obser-
ations (Fig. 9a and e), then observed by SEM and TEM at higher
agnifications (Fig. 9b–d and f–h). In the regions corresponding
o the large particles (Fig. 9a–d), zones containing precipitates and
ones free of precipitates can be clearly distinguished. They respec-
ively correspond to the PZ and IC + DA zones resulting from the
iscontinuous precipitation phenomenon. An appreciable amount

ig. 8. (a) Large powder particles during densification (T = 1075 ◦C). Geometrical singularit
arrows). (b and c) Higher magnification micrographs of the zones indicated by dotted re
esulting  from localized intense plastic deformation. (d and e) Schematic representation
nitial  stage (d), and during densification due to evaporation-condensation (1), volume di
o evidence the plastic deformation of the powder particles (T = 1025 ◦C, compression

of dislocations can be seen in the IC + DA zones (Fig. 9c). The dis-
locations tend to rearrange into walls, as in classical recovery
mechanisms. On the contrary, the PZ appear most of the time
with a clean contrast (Fig. 9d). Thus, these zones exhibited low or
very little deformation. In the small particles (Fig. 9e–h), a clear
distinction between the PZ and the IC + DA zones is somewhat dif-
ficult. However, it seems from Fig. 9g and h that the same trend
as in the large particles can be observed: the PZ are free of dis-
locations, some deformation being visible in the IC + DA zones. But

globally, the small particles appear only little deformed. This appar-
ent low deformation of the small particles is surprising, because
these particles exhibit higher macroscopic deformation than the
large particles. At least 5 PZ and IC + DA zones have been observed

ies (null values of curvature radius) are visible at the contact zone between particles
ctangles in micrograph (a), showing perturbations of the dendritic microstructure
s of the morphological evolution of the neck between two contacting particles at
ffusion (2) and surface diffusion (3) (e).
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Fig. 9. SEM BSE and TEM micrographs of the microstructure at T = 1175 ◦C, that is, slightly above the end of densification (1150 ◦C). (a and e) Low magnification SEM
m ed of a large particle (circled in image (a)) and of small particles (characterized by their
n icrographs of the indicated zones in (a) and (e). (c and d) TEM micrographs of IC + DA and
P f the small particle, respectively.
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Fig. 10. TEM micrograph of a sample annealed at 1250 ◦C. B2 precipitates (labeled 1
icrographs of two TEM thin foils of the same sample, in which regions constitut
arrow  IC + DA in image (e)) can be identified. (b and f) Higher magnification SEM m
Z  of the large particle, respectively. (g and h) TEM micrographs of IC + DA and PZ o

or small and large particles, in which the above observations have
een systematically obtained [20].

Fig. 10 shows a TEM micrograph of a sample at the end of a SPS
ycle (T = 1250 ◦C). B2 precipitates are attached at grain boundaries.
or the precipitate labeled 1, the convexity of the grain boundary
ndicates that this grain boundary has moved from the dislocation-
ree grain at the up-left of the micrograph to the grain containing
islocations at the bottom-right, as indicated by arrows in the
icrograph. The radius of curvature of the interface between the

recipitate and the recrystallized grain (trailing surface) is lower
han that of the interface between the precipitate and the deformed
rain (leading surface). This is coherent with a motion of the grain
oundary in this direction, according to the Zener drag theory [21].
n other words, the dislocation-free grain grows at the expenses of
he deformed grain.

. Discussion
.1. Initial powder microstructure

The as-atomized microstructure results from peritectic solidi-
cation, as described above. Quite coarse  ̨ and � grains (about

and 2) are attached at grain boundaries and exhibit the classical lens shapes charac-
teristic of a Zener drag mechanism. Another precipitate (labeled 3), not attached at
a  grain boundary, and thus exhibiting a quasi spherical shape, is also visible. Arrows
indicate the migration direction of the grain boundary between the recrystallized
and deformed grains.
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Fig. 11. Schematic representations of the discontinuous precipitation phenomenon. (a) Dendrite in the as-solidified state, constituted of � phase supersaturated in W and Re
(�ss) surrounded by � phase closer to equilibrium (�eq). The skeleton constituted of retained B2 phase is also represented. (b–d) Evolution of the precipitation in a DA, with
schematic evolution of the concentration profile in W and Re across the arm (Ceq: equilibrium W and Re concentration in �eq). (b) Before the onset of precipitation (T < 875 ◦C).
( pitate
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c)  At the beginning of the development of the PZ (875 ◦C < T < 975 ◦C). The B2 preci
nd  Re is discontinuous at this interface. Note the fragmentation of the B2 skeleto
ragmentation of the �ss monocrystalline grain into smaller grains in the PZ.

0 �m in size), of roughly the same size as the primary  ̌ dendrites,
re observed. This is surprising, because it can be expected that the
xistence of six different orientations for the  ̌ →  ̨ transformation
ould lead to fragmentation of the initial  ̌ grain. One hypothesis

o account for this observation is that nucleation of the  ̨ phase
nto the  ̌ is difficult, and then once a  ̨ nucleus is formed, it grows
nd invades entirely the  ̌ dendrite. In other words, growth would
ominate over nucleation. This would also be surprising, because
he fast quenching rates during the atomization process proba-
ly favor undercooling, thus favoring higher nucleation rates than
rowth rates. On the contrary, the oversaturation of the � phase in

 and Re can be readily associated to the fast quenching rate during
tomization. As stated above, the solubility of W and Re are as fol-
ows: Cˇ

W > C˛
W > C�

W and Cˇ
Re ≈ C˛

Re > C�
Re. Then, during quenching,

 →  ̨ and  ̨ → � transformations occur (the latter continuing when
he powder is re-heated between room temperature and 875 ◦C).
ecause these transformations occur rapidly, W and Re have not
nough time to diffuse and remain “trapped” in the � phase, thus
orming �ss. The slight differences in partitioning and segregation
ehaviors between W and Re are also a bit unexpected, because
hese two elements are chemically very close. More detailed infor-

ation about the role of W and Re on the transformation and phase
tability of the Ti–Al system can be found in Ref. [18].

.2. Structural transformations under the effect of temperature

As a result of the fast solidification during atomization and of
he  ̨ → � transformation, the � phase formed is supersaturated in

 and Re, as explained above. There is then a driving force for this
upersaturated �ss phase to come back towards a � phase closer
o equilibrium concentration, �eq, inducing formation of  ̌ precip-
tates rich in W and Re. The �eq matrix, which is depleted in W and
e as compared to the initial �ss matrix, appears then in darker
ontrast by BSE. The evolution of this phenomenon is schemat-
cally described in Fig. 11,  based on the observations reported

n Figs. 5 and 6, summarized here. The �ss matrix transforms
nto a PZ constituted of �eq and  ̌ precipitates, according to the
eaction: �ss → �eq +  ̌ (Fig. 11b  and c). The formed  ̌ precipitates
re often attached to the �ss–�eq interface, their shape is elongated
s are elongated perpendicular to the �ss–�eq interface, and the concentration in W
At later stage of precipitation (T > 975 ◦C). The growth of the PZ is accompanied by

perpendicular to this interface (Fig. 11c). The concentration in W
and Re CW,Re at this interface is discontinuous (Fig. 11c). At the
same time, the initial �ss grains transform into smaller �eq grains
in the PZ (Fig. 11d).

This description and the schematization given in Fig. 11,  though
somewhat idealized, seem to well correspond to a discontinuous
precipitation mechanism. This mechanism is defined by Manna
et al. [22] as a solid-state moving boundary phase transition, in
which the solute composition in the matrix phases (in the reac-
tant and product) across the migrating boundary separating these
phases is discontinuous, this migrating boundary providing a short
circuit path of diffusion for the solute atoms. More precisely,
the discontinuous precipitation mechanism observed here corre-
sponds to the type 1 of Williams and Butler’s classification [23],
because types 2 and 3 of this classification involves the presence of
two  reacting phases at the initial state, instead of only one phase
for the type 1. This phenomenon begins close to the B2 skeleton,
where the concentrations in W and Re have been shown to be the
highest. Simultaneously to this discontinuous precipitation phe-
nomenon, the  ̌ phase skeleton breaks up into globular precipitates.
This probably results from classical globulization mechanisms, for
which the driving force is the lowering of the free energy by reduc-
tion of the area of the interfaces [24]. At higher temperatures, the
B2 precipitates grow probably by Ostwald ripening mechanisms.

4.3. Densification

For T > 900 ◦C, densification starts (Fig. 2) as a result of the plastic
deformation of the powder particles (Figs. 7 and 8). The occurring
of densification is rather sudden, and takes place in a short time
(between about 6 min  and 9 min  of SPS times, see Fig. 2). It is known
that in TiAl alloys, the yield stress decreases strongly above a critical
temperature. For unalloyed polycrystalline TiAl, this critical tem-
perature is about 600 ◦C [25]. This behavior in temperature of the
TiAl alloys can account for the suddenness of densification, with

a critical temperature around 900 ◦C in our case. We  found that
the small particles are considerably more deformed than the large
ones. EDS analyses (not shown here) of these two classes of particles
did not exhibit any significant global chemical differences between
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hem. The dendritic morphologies between these two classes of
articles (Fig. 4) are clearly different. This probably impacts their
echanical behaviors. To further explore this question, we intend

o study the densification behavior of sieved powders containing
nly particles of small or large sizes of the granulometric distribu-
ion.

The TEM observations show how the macroscopic deformation
s distributed at a more local scale. At the level of the dendritic

icrostructure, the deformation localizes into the interdendritic
hannels and dendritic arms (Fig. 9c and g), the precipitation zones
emaining free of deformation (Figs. 9d and h). We  interpret this
bservation by the fact that the new grains which form in the
Z consequently to the discontinuous precipitation phenomenon
re particularly clean and free of defects (Figs. 6d and 9d, h), with
espect to the surrounding IC + DA matrix (Fig. 6b and d). Then, there
re no dislocation sources in the PZ to initiate deformation.

The observations show a clear tendency to recrystallization of
he deformed zones. This phenomenon is more pronounced for
he small particles, for which clean, deformation-free grains are
isible (Fig. 9h). In the large particles, the dislocation rearrange
nto walls (Fig. 9c). This is characteristic of a recovery mecha-
ism, which usually precedes recrystallization. However, the same
eformation-free grains as observed in the small particles have
ot been observed in the large particles. It seems then that the

arge particles have only reached the recovery stage, and that
he small particles have reached more advanced recrystallization
tages. Recrystallized grains are observed at the end of densifica-
ion and before any subsequent heat treatment. This shows that
ecrystallization occurred dynamically during densification. It can
e assumed that, the higher the dislocation density, the higher is
he driving force for this phenomenon. In other words, the dynamic
ecrystallization mechanisms would be the most advanced in the
ost deformed zones of the material. Then, the relatively low defor-
ation state observed by TEM in the small particles compared

o the large ones, which could appear as a paradox, can be fairly
ell accounted for by dynamic recrystallization mechanisms: in

he small particles, the comparatively higher stored deformation
nergy provides a higher driving force for recrystallization than
n the large particles. Zener drag mechanisms observed at higher
emperature (Fig. 10) show that clean grains grow at the expenses
f deformed grains. This gives another indication that recrystal-
ization mechanisms occur. Dynamic recrystallization phenomena
riginating at the grain boundaries of the � grains have previously
een observed in a � Ti–48Al–2W alloy deformed by compression at
100–1200 ◦C [26,27], that is, for an alloy close to the G4 composi-
ion and for a temperature range similar to that of our observations.
his is consistent with our interpretations. However, it is some-
imes difficult, when observing a given clean and dislocation-free
rain, to unambiguously tell whether this grain results from the
iscontinuous precipitation phenomenon described in Section 4.2
r from recrystallization.

The microstructure of the small particles is more affected by
he microstructural evolutions discussed in this study than that
f the large ones, because their initial dendritic microstructure is
ner and is consequently reorganized more rapidly, and because
hey are also more deformed. This is the reason why the dendritic

icrostructure of the small particles appears almost homogenized
t the end of densification (Fig. 9f). We  intend to give in a next paper

 thorough characterization of the microstructure of the G4 alloys
t the end of the SPS process.

.4. Effect of SPS current
A last question has to be addressed, namely, the influence of the
igh intensity current pulses on the sintering mechanisms. Recent
eviews report on discussed electro-induced effects at the contact
mpounds 509 (2011) 9826– 9835

zones between particles [1,2]. For example, in the intermetallic FeAl
alloy, cracking of oxide layer due to the SPS current accompanied
by local melting at the contact zone between powder particles has
been reported [28]. In our case, SEM observations (see Figs. 7 and 8)
show that the microstructure of the boundaries between parti-
cles cannot be distinguished from the surrounding matrix of the
two particles. TEM observations of these boundaries have been
performed to look for finer features, but nothing noticeable was
detected. It seems then that for micrometric powder particles,
densification is dominated by the plastic deformation of the par-
ticles under the effect of the applied pressure at high temperature.
Mechanisms taking place at their surfaces, as current-assisted
diffusion (electromigration), cleaning of contaminated layer by
plasma, cracking of oxide layer by electric discharge and local over-
heating at the contact zone between particles, seem then to play
minor roles.

5. Conclusions

The metallurgical mechanisms occurring during sintering by SPS
of a G4 Ti–47Al–1W–1Re–0.2Si alloy have been studied by cou-
pled SEM–TEM observations of samples submitted to interrupted
sintering cycles. For metallographic observations of sample in pow-
der or porous states, dedicated experiments have been employed,
based on the sintering of powder particles embedded in a metallic
medium of lower sintering temperature.

The microstructure of the as-atomized G4 powder is constituted
of a classical dendritic morphology resulting from peritectic solid-
ification and contains a large amount of metastable  ̨ phase. By
re-heating the powder, the metastable  ̨ phase transforms into �
phase at T = 525–875 ◦C. Due to rapidity of quenching during atom-
ization, W and Re are “trapped” in the � phase of the dendritic arms
and oversaturate it. Above 875 ◦C, de-saturation of this � phase
occurs by the formation of precipitation zones containing B2 pre-
cipitates rich in W and Re through a discontinuous precipitation
mechanism, accompanied by fragmentation of the � grains into
smaller ones. Simultaneously, globulization mechanisms induce
fragmentation of the B2 skeleton.

At 900 ◦C, densification occurs by plastic deformation of the
powder particles. The deformation principally localizes in the
interdendritic channels. The precipitation zones remain largely
undeformed, probably in reason of the absence of initial disloca-
tions acting as sources for nucleation of new dislocations. The small
particles are more deformed than the large ones. The analysis of
the shape of the necks between the particles shows that diffu-
sion mechanisms play minor role for densification with respect
to the plastic deformation of the powder particles. No signs of
other mechanisms specific to the SPS (plasma, oxide layer crack-
ing, local overheating) are observed. At the end of densification
(T = 1175 ◦C), recrystallization evidences are observed. Recrystal-
lization occur then dynamically during deformation of the powder
particles. This phenomenon is more advanced in the small parti-
cles than in the large ones, probably in reason of a larger amount
of stored deformation energy in the former.

As a result of the mechanisms taking place during densifica-
tion, the initial microstructure of the atomized powder particles is
significantly transformed, in spite of the rapidity of the SPS process.
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