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Abstract

The present work highlights the build up of the microsegregation coming from both solidi-
fication and high temperature solid state transformation in Ti-46Al-8Nb (at.%) alloy prepared
by quench during directional solidification (QDS) experiments. Microstructure analysis of the
QDS samples associated with quantitative chemical analysis were performed and compared
to as-cast structures and heterogeneities. It is found that the microsegregation formed during
solidification favours the 8 — « solid state transformation at higher temperatures and thus

intensifies the solid state segregation.
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1. Introduction

With low density, high specific strength, high
Young’s modulus and oxidation resistance, TiAl-based
alloys have attracted attention as a good alternative to
nickel-based superalloys for high-temperature struc-
tural applications in the aerospace and automotive in-
dustries [1, 2]. The best compromise among various
properties required for high temperature structural
application is achieved with fine grained material con-
taining a9 (TizAl)/~(TiAl) lamellar structure, which
creep or oxidation resistance can be further improved
with alloying elements such as Nb, Ta, Si, Zr or W [3—
8]. Grain refinement is achieved by appropriate heat
treatments and it is improved with solidifying through
the 3 phase (Ti based solid solution with cubic crys-
tal structure) [9]. However, the use of §-stabiliser ele-
ments such as Nb leads to the stabilisation of the
phase at lower temperatures in the form of ordered
B2 or [y phase. Various structures and types of se-
gregation observed in as-cast high niobium containing
TiAl-based alloys have been reported by several au-

thors [10-13]. Chen et al. [13] observed three types of
microsegregation in Ti-45A1-(8-9)Nb-(W,B,Y) (at.%)
alloy: (i) interdendritic v phase inherited from solid-
ification (S-segregation), (ii) intradendritic niobium-
-rich areas coming from the 5 — « (Ti based solid
solution with hexagonal crystal structure) solid state
transformation (3-segregation) and (iii) intralamellar
0 phase formed during the o — «a + v + ( trans-
formation (a-segregation). According to these authors
[13], hot isostatic pressing (HIP) treatment does not
allow reducing volume fraction of the 3 phase. There-
fore, high cooling rates in the temperature range of
the 0 — « transformation were proposed to reduce
Nb diffusion and thus to limit the amount of the f
phase. A recent study by Zollinger et al. [14] has shown
that only S-segregation and (-segregation occur in as-
-cast Ti-46A1-8Nb (at.%) alloy. The as-cast micro-
structure of this alloy is composed of as/7y lamel-
lar structure, B2 phase, and monolithic v phase
formed in the interdendritic regions [6]. For the clar-
ity, the B2 phase but also the chemical heterogeneities
formed during the 8 — « transformation observed at
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room temperature will be called § in this paper, as
only high temperature phase transformations are con-
sidered.

The aim of the present work is to study the mi-
crostructure and microsegregations inherited from so-
lidification and high temperature solid phase trans-
formations in an intermetallic Ti-46Al-8Nb (at.%) al-
loy prepared by quench during directional solidifica-
tion (QDS) experiments described elsewhere [6]. The
origin and evolution of microsegregation are analysed
and discussed, based on both thermodynamic equilib-
ria and kinetic considerations. During directional so-
lidification, the growth conditions are well controlled
and the alloy solidifies by pulling the sample at a
defined rate into a known temperature gradient. The
quench allows observing not only the microstructures
and chemical heterogeneities formed during solidific-
ation but their evolution in the solid state at room
temperature as well. More, the quench permits to ob-
serve the effect of high cooling rate on microstructure
formation.

2. Experimental procedure

QDS experiments were performed in dense Y503
crucibles (purity of 99.5 %) with a diameter of 8/12
mm (inside/outside diameter) and length of 130 mm
using a Bridgman type apparatus described else-
where [15]. The experiments were carried out at con-
stant growth rates V,, ranging from 5.56 x 107¢ to
118 x 107%ms~! and at constant temperature gradi-
ents in liquid at the solid-liquid interface Gt, ranging
from 4000 to 8000 K m~!. Such growth conditions res-
ulted in cooling rates ranging from 1.9 x 1072 to
9.4 x 107'Ks~!. The samples were quenched by a
rapid displacement of the mould into the water-cooled
crystalliser after a length of 50 mm has been solidi-
fied. The cooling rate of the quench is of the order of
50K s 1.

Microstructure analysis was performed by scan-
ning electron microscopy in backscattered electrons
mode (BSE). Samples were prepared using stand-
ard metallographic techniques (grinding and polish-
ing). Samples for BSE observations were polished
with colloidal silica with 30 % HO,. Preparation
of samples for energy dispersive spectrometry (EDS)
analysis and electron probe microanalysis (EPMA)
wavelength dispersive spectrometry (WDS) followed
the procedure described elsewhere [16]. EPMA was
calibrated using standards of pure Ti (99.99 %), pure
Al (99.999 %) and Nb (99.99 %). Quantitative metal-
lographic analysis concerning volume fraction of co-
existing phases was performed by a computerised im-
age analyser. Phases were identified with X-ray dif-
fraction (XRD) using a SIEMENS D500 diffracto-
meter.

3. Results

Figure la shows the typical macrograph of the
QDS samples. One can distinguish three different
zones from the top to the bottom of the quenched
sample marked in the figure: (i) the liquid zone (1), (ii)
the mushy zone (2) and (iii) the directionally solidified
solid zone (3). The mushy zone (2) shows a dendritic
pattern with primary dendrite arms growing parallel
to the withdrawal direction. The contrast of the dend-
ritic pattern almost disappears once reaching the fully
solidified part (zone 3). Representative BSE images of
characteristic microstructures of zones 2 and 3 are de-
picted in Figs. 1b, 1c and 1d and the selected posi-
tions for these pictures are marked in Fig. la. Figure
1b shows the typical microstructure observed in the
mushy zone, i.e. the part of the sample quenched from
the 8 + liquid (L) domain. It can be distinguished
in the figure a grey contrast covering all over with a
white network, except in the darker areas that cor-
respond to the former interdendritic liquid. EDS ana-
lysis performed on the white network shows higher Nb
and lower aluminium content than in the surrounding
areas. Assuming XRD results that have shown some
amount of the § phase in the microstructure, the white
network corresponds to the 3 phase that has been re-
tained due to the incompleteness of the 3 to o phase
transformation. The grey areas correspond then to the
« phase. Both grey and white contrasts are covered
with the as(TizAl)/y(TiAl) lamellar structure (not
visible at such magnification). The black regions con-
sist of quenched liquid that is enriched in aluminium
and depleted in niobium. While partly formed during
the quench and partly formed during directional so-
lidification, one may note that the microstructure is
similar to that described for example by Zollinger et
al. [14] in as-cast and Gabalcova and Lapin [6] in dir-
ectionally solidified Ti-46A1-8Nb (at.%) alloy, i.e. it is
the typical microstructure formed at relatively high
cooling rate (10K s™1!). Just below the mushy zone
at about 1773 K (Fig. 1c), the microstructure is sim-
ilar to that observed in the quenched mushy zone. It
is composed of as laths with some retained § phase
under the appearance of a very fine basket weave mi-
crostructure. In this part of the quenched sample, the
basket weave microstructure covers all the area includ-
ing the former interdendritic zone. From this observa-
tion it can be concluded that this area was quenched
from the single 8 phase region. At lower temperature
of 1753 K, the microstructure is again similar to that
described above and is composed of « phase and re-
sidual § phase (Fig. 1d). However, in this case, the
phase distribution leads to a coarser basket weave mi-
crostructure indicating that the § — « transforma-
tion has occurred at lower cooling rates, i.e. during
the directional solidification and thus corresponds to
an “equilibrium” transformation. The distance dg,z
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(a)
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Fig. 1. (a) Macrograph of the 8 mm diameter QDS sample solidified at V, = 118 x 107 m s™' and G = 4000 Km™*: 1 -
quenched liquid (L), 2 — mushy zone, 3 — directionally solidified solid; (b) BSE micrograph showing microstructure in the
mushy zone quenched from 1822 K; (c¢) BSE micrograph showing microstructure in the single 8 phase domain quenched
from 1773 K and (d) BSE micrograph showing microstructure in the directionally solidified solid quenched from 1753 K.

measured between residual 3 phase with the intercept
method evolves from dg/g = 16.2 um in the mushy
zone, to dg/g = 7.3 um at 1773 K and finally to dg,z
= 40 pm at 1753 K.

The chemical analysis was performed on the
samples solidified at different growth conditions by
means of EPMA. However, this work is focused only
on the chemical analysis of the sample prepared at
Vo = 118 x 107 %°ms™ and G = 4000Km™!
(Fig. 1), which can be considered as the typical ex-
ample of all studied QDS samples. The average com-
position of this sample resulting from the statistical

measurements is Ti-45.9A1-8.6Nb (at.%). Table 1 gives
the average chemical composition measured along the
samples at different locations characterised by their
temperature before the quench. It is clear that there
is no shift in the chemical composition of the alloy
along the withdrawal direction.

Figure 2 shows the details of WDS profiles meas-
ured for niobium. Several observations can be made
from this figure. In the mushy zone at 1834 K (Fig. 2a)
and 1822K (Fig. 2b), the segregation amplitude is
important. It can be analysed in two parts depend-
ing on its origin. The largest segregation amplitude
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Fig. 2. WDS profiles measured for niobium in the QDS sample prepared at V, = 118 x 10" °ms™* and Gr, = 4000 K m™*:
(a) 1834 K, (b) 1822 K, (c) 1773 K and (d) 1753 K.

Table 1. Average chemical composition measured along
the samples at different locations characterised by their
temperature before the quench

Temperature (K) Al (at.%) Nb (at.%)
1753 45.9 £ 0.8 8.6 £ 0.6
1773 459 £ 1.3 8.5 £ 0.7
1822 45.8 £ 1.3 8.7+0.8
1834 459 £ 14 8.5 =09

corresponds to the lowest niobium values. Those val-
ues, typically lower than the 8.3 at.% of the aver-
age composition, correspond to the interdendritic re-
gions. This type of segregation is inherited from the
solidification. Another contribution to the segregation
amplitude can be found in niobium rich regions, thus
in the intradendritic regions, and can be attributed
to the residual § phase identified previously. This
type of segregation is inherited from the [ to « solid
state transformation. At 1773 K (Fig. 2¢), both inter-
and intradendritic segregations decrease and at 1753 K
(Fig. 2d), the interdendritic segregation has almost
disappeared. Instead, a new segregation appears cor-
responding to the “equilibrium” # — « transforma-

tion, where the residual 3 phase corresponds to high
Nb values in Fig. 2. Similar profiles have been observed
in all analysed QDS samples. Hence, it is unambigu-
ous that the segregation amplitude decreases sharply
once the solid state is reached.

4. Discussion

The first relevant result of this study is that no
traces of a peritectic transformation, as described for
example by Fredriksson and Nylén [17], have been ob-
served in the QDS samples neither in the microstruc-
tures nor indicated by the chemical analysis. When
looking at existing phase diagrams (see for instance
the isopleth Ti-Al-8Nb section reported recently by
Chen et al. [18]), the proximity of the peritectic val-
ley from the nominal composition of the studied al-
loy makes such a peritectic transformation expect-
able. Thermodynamic calculations performed with the
Scheil approximation and the database dedicated to
the Ti-Al-Nb system by Witusiewicz et al. [19] clearly
predict the formation of a significant amount of peri-
tectic a phase during solidification. The fact that no
peritectic transformation was observed in the studied
alloy can thus be attributed to the selected solidifica-
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tion processing parameters that involve growth close
to the thermodynamic equilibrium.

The second relevant result concerns the evolution
and the morphology of the residual § phase. All mi-
crostructures shown above revealed the presence of o
colonies with some retained 3 phase between the «
laths, even in the zones quenched from the S or L +
domains. This can be attributed to both microsegreg-
ation and kinetic effects. It was shown that:

— once the solidification is complete, the alloy ho-
mogenises quickly, i.e. we can consider that the com-
position in this area is rather homogeneous,

— in the mushy zone, the alloy is heterogeneous at
the dendrite scale with higher Al content (resp. lower
Nb content) at the secondary arms tips.

From these observations, two main reasons ex-
plaining the difference of the observed morphology of
the residual 3 phase can be formulated. The first one
is that due to microsegregation the regions close to
the solid-liquid interface (Al-rich and Nb-poor) in the
mushy zone should start the 8 — « transformation at
higher temperature. In order to check this point, we
performed thermodynamic calculations using the Ti-
-Al-Nb database [18] for two different compositions: (i)
the nominal chemical composition of the studied alloy
and the measured composition corresponding to the
secondary dendrite arms. The results of these calcula-
tions are shown in Fig. 3 in the form of a dependence of
the volume fraction of the a phase on the temperature.
From this figure it is clear that the calculated § — «
transformation starts at a temperature of 1791 K for
composition of Ti-48Al-6Nb (at.%) corresponding to
the segregated areas measured in SDA and is by 25 K
higher than that of 1766 K calculated for the alloy with
the nominal composition of Ti-45.9A1-8.9Nb (at.%). In
addition, the § — « transformation interval of 15 K is
significantly lower for the segregated areas than that of
70 K for the alloy with the nominal composition. The
second point is that the mushy zone is quenched from
a temperature of about 50 K higher than the single 8§
domain. It means that the difference of the diffusion
length between these two areas will be, for example

for aluminium Dfil -t a7 x 107 m taking diffusion

coefficient of Dil ~ 5.5 x 1071 m?s™! extrapolated
from the data reported by Mishin and Herzig [20] and
assuming cooling time of At = 1s for quenching at
a cooling rate of about 50 K s~!. The combination of
these two phenomena seems to induce the observed
difference in size and morphology of the residual
phase. The release of latent heat due to the solidi-
fication during the quench has not been considered
here as a contribution to the observed different colony
sizes. Indeed, 5 K below the liquidus temperature the
solidified fraction is higher than 80 % and becomes
higher than 90 % at 10 K below the liquidus. Hence,
the latent heat released by the small fraction of re-
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Fig. 3. Evolution of the mole fraction of a phase with tem-

perature calculated with the Thermo—Ca1c© software and
Ti-Al-Nb database [19] for the measured nominal chemical
composition of Ti-45.9A1-8.9Nb (at.%) and for the com-
position of Ti-48Al-6Nb (at.%) resulting from the meas-
urements in the secondary dendrite arms (SDA).

maining liquid during the quench was thus neglected
in the discussion.

These results show that not only the cooling rate
has an influence on the (-segregation formation but
the microsegregation developed during solidification
is also an important parameter. Chen et al. [13] ap-
plied fast cooling rate in the temperature range of
0 — « transformation to reduce (-segregation. The
use of a process with high cooling rate will have the
consequence to increase the microsegregation as the
solidification will tend to a Scheil-type solidification
(limited diffusion in the solid phase during freezing).
From the observations made above, it is clear that in-
creasing intradendritic microsegregation will favour «
growth at higher temperature, leading to the micro-
structures observed in the mushy zone of the samples
which are comparable to those obtained previously in
cold crucible ingots [14].

5. Conclusions

The investigation of microstructure formation in
Ti-46A1-8Nb (at.%) alloy during the solidification and
the subsequent § — « solid state transformation sug-
gests the following conclusions:

1. No peritectic transformation occurs in this alloy
that fully solidifies within the § phase. The 8 — «
solid state transformation occurs even in parts of the
QDS samples quenched from the § or L 4+ (3 domains,
leading to microstructures composed of « phase and
retained § phase.

2. The heterogeneities built-up during solidification
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allow the § — « transformation to start at higher tem-
peratures. At equivalent cooling rate, and compared
to rather homogeneous areas of the samples quenched
from the single 0 phase domain, this « stabilising ef-
fect due to microsegregation leads to coarser micro-
structures and intensifies inherent solid state segrega-
tions.
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