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Abstract

The effect of columnar to equiaxed transition (CET) on the microsegregation behaviour
of main alloying elements (Ti, Al and Nb) was studied in a peritectic Ti-44Al-5Nb-0.2B-0.2C
(at.%) alloy. CET microstructures formed in cylindrical samples prepared by power down
technique at a constant cooling rate of 0.5 Ks™! in a Bridgman type apparatus and in a
large as-cast ingot were analysed. Microstructural analysis showed that the CET is not sharp
but develops gradually during solidification in the studied alloy. A mixed zone composed
of columnar and equiaxed grains is formed between the columnar and equiaxed zones. The
size of columnar and equiaxed grains depends on the position in the as-cast cast ingot. The
severity of the microsegregation expressed by segregation deviation parameters calculated for
Nb decreases from columnar to the equiaxed zone in the samples prepared by power down
technique as well as in the as-cast ingot. While the calculated segregation deviation parameters
for Al and Ti decrease from columnar to equiaxed zone in the samples prepared by power down
technique, these parameters show no evolution with the local microstructure in the as-cast
ingot. The calculated values of segregation deviation parameters for Al and Ti are significantly
lower than those for Nb in all analysed columnar, mixed and equiaxed zones of the samples.
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1. Introduction

Microstructure of large cast components from
TiAl-based alloys usually consists of columnar grains
growing from the mould surface and equiaxed grains
formed in central zone of the castings [1-3]. Besides
large anisotropy of mechanical properties resulting
from such grain structure, columnar to equiaxed trans-
ition (CET) is also connected with formation of cast-
ing defects [1-4]. Various mechanisms and models have
been proposed to explain CET during solidification
of alloys [5—7]. There is a general consensus that the
CET occurs when the moving front of columnar grains
is blocked by equiaxed grains growing in the under-
cooled liquid ahead of this front, e.i., if the equiaxed
grains are sufficient in size or number to arrest colum-

nar grain growth. Regardless of the blocking mechan-
isms, experiments and theoretical models have shown
that the CET is significantly affected by the number
of equiaxed grains and the nucleation undercooling.
The CET is connected with a change of microsegrega-
tion severity of alloying elements. Martorano and Ca-
pocchi [8] and Doherty and Melford [9] reported for
copper alloys and steels lower microsegregation sever-
ity in columnar dendrites than in equiaxed ones due
to more extended homogenisation of the columnar
structure. However, information about the effect of
CET on microsegregation behaviour of alloying ele-
ments in TiAl-based alloys lacks in the literature. As
shown by Klimova et al. [10], for directionally solidi-
fied (DS) peritectic Ti-44Al-5Nb-0.2B-0.2C (at.%) al-
loy with 8 (Ti-based solid solution with cubic crystal
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growth direction

15 mm

Fig. 1. OM showing the typical macrostructure of longitudinal section of sample prepared by power down technique in

Bridgman type apparatus: U — non-melted part, C; — columnar zone formed at a growth rate of V= 2.78 x 10™* m s

-1

and temperature gradient of G, = 5.5 x 10> Km™!, Cy — columnar zone formed at a cooling rate of v = 0.5 Ks™, M —
mixed columnar and equiaxed zone and E — equiaxed zone.

structure) primary solidification phase, severity of mi-
crosegregation decreases with increasing growth rate
V'in the mushy zone and only slightly increases below
the mushy zone at the studied temperature gradients
G1. Except the zones located close to the dendrite tip,
moderate decrease of segregation deviation parameter
with the increase of temperature gradient was ob-
served. As reported by Zollinger et al. [11] for Ti-46Al-
8Nb (at.%) alloy prepared by quench during solidifica-
tion technique [12], the microsegregation formed dur-
ing solidification allows starting the solid phase trans-
formation of the primary solidification § phase to «
phase (Ti-based solid solution with hexagonal crystal
structure) at higher temperatures, and thus intensifies
solid state segregation.

The aim of this paper is to study the effect of
CET on microsegregation behaviour of main alloying
elements (Ti, Al and Nb) in peritectic Ti-44A1-5Nb-
0.2B-0.2C (at.%) alloy. Microsegregation behaviour is
studied in two types of CET samples prepared: (i) at
controlled solidification parameters in Bridgman type
furnace using power down technique and (ii) by va-
cuum arc remelting and casting.

2. Experimental procedure

The intermetallic alloy with the nominal compos-
ition Ti-44A1-5Nb-0.2B-0.2C (at.%) and oxygen con-
tent of about 500 wtppm was supplied in the form
of vacuum arc remelted conical ingot with a diameter
changing from 35 to 60 mm and length of 310 mm.
The ingot was cut to smaller blocks using electro
spark machining, which were lathe machined to a dia-
meter of 10mm and length of 150 mm and put in
dense cylindrical Y203 moulds (purity of 99.5 %) with
a diameter of 10/15 mm (inside/outside diameter) and
length of 170 mm. Power down experiments were per-
formed in a modified Bridgman type apparatus de-
scribed elsewhere [13] under argon atmosphere. Be-
fore solidification, the vacuum chamber of the appar-
atus was evacuated to a pressure of 3 Pa, flushed with
argon (purity 99.9995 %) six times, and then back-
filled with argon at a pressure of 10 kPa, which was
held constant during melting and solidification. The
power down experiment consisted of: (i) heating of the

sample to a temperature of 1993 K at a heating rate
of 0.355 Ks~!, (ii) stabilisation at the temperature
of 1993 K for 300s, (iii) partial displacement of the
sample from the hot zone of the furnace into the crys-
talliser at a constant growth rate of 2.78 x 107 ms—!
to a length of 20 mm, (iv) temperature decrease from
1993 to 1693 K at constant cooling rate of 0.5 Ks™1
and (v) furnace cooling of the sample from 1693 K to
room temperature.

Microstructural investigations were performed by
optical microscopy (OM) and backscattered scanning
electron microscopy (BSEM). Chemical composition
and distribution of main alloying elements were meas-
ured by energy-dispersive X-ray spectroscopy (EDS).
OM, SEM and EDS samples were prepared using
standard grinding and polishing metallographic tech-
niques. The samples for optical microscopy were chem-
ically etched in a reagent of 100 ml HyO, 10 ml HNOj5
and 3 ml HF. JEOL JSM-7600F ultrahigh resolution
field emission scanning electron microscope with de-
tector for backscattered electrons (BSEM) was used
for the observations of the microstructure of the stud-
ied alloy in SEM, and COMPO mode with accelera-
tion voltage 10 and 15kV. EDS area and point ana-
lyses along a line were carried out after quant optim-
isation on Ti and calibration on standard with nom-
inal composition Ti-46Al-8Nb (at.%). The prepara-
tion of homogeneous standards for calibration of EDS
equipment was described elsewhere [14].

3. Results

3.1. CET in samples prepared by power down
technique

Figure 1 shows the typical macrostructure of the
samples prepared by power down technique in Bridg-
man type apparatus. The macrostructure consists of
five different zones designated as U, C1, C2, M and E.
The zone designated as U with an average length of
12 mm represents the non-melted part of the sample
composed of equiaxed grains. The zone C1 with an
average length of 20mm is composed of columnar
grains which were formed by directional solidifica-
tion at a constant growth rate of V = 2.78 x 1074
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Fig. 2. Evolution of concentration of main alloying ele-

ments with cumulative fraction of solid in columnar (Cl1,

C2), mixed (M) and equiaxed (E) zones of the sample pre-

pared by power down technique: (a) Al, (b) Ti and (c)
Nb.

ms~! and constant temperature gradient in liquid at
the solid liquid interface of Gy, = 5.5 x 10> Km™1.

The zone C2 represents columnar grain structure with
an average length of 35 mm, which was formed by
power down technique at a constant cooling rate of
0.5 K s~ 1. Different solidification parameters for the
grain growth in the zones Cl1 and C2 lead to two
different average diameters of the columnar grains of
2.0 and 4.0 mm, respectively. The mixed zone M with
an average length of 25 mm represents microstructure
composed of columnar and equiaxed grains. In this
zone, the equiaxed grains are distributed preferentially
between the columnar grains. The equiaxed zone E
contains relatively large equiaxed grains with an aver-
age diameter of 4.0 mm.

Microsegregation behaviour of the main alloying
elements in the samples prepared by power down tech-
nique was investigated on the longitudinal sections in
the zones C1, C2, M and E. Data from EDS measure-
ments were sorted using single-element sorting scheme
with Al as the main sorting element [15]. Cumulat-
ive fraction f(7) was assigned to each measured point
i. Since absolute maximum and minimum concentra-
tions cannot be guaranteed for the sample using ran-
dom sampling, cumulative fraction was assigned to
[15]):

f@) = (R; —0.5)/N, (1)

where R; is the rank number and N is the total num-
ber of points. Hence, f(i) continuously varies from 0
to 1 (0 < f(i) < 1). Figure 2 shows dependence of con-
centration of Al, Ti and Nb on cumulative fraction of
solid in the analysed zones C1, C2, M and E. Each
EDS profile consists of 100 individual measurements.
The concentration profiles in the zone E reflect intens-
ive homogenisation of the alloy (Figs. 2a,b,c), which
is caused by transformation of columnar grain struc-
ture to equiaxed one and solid phase transformations
during cooling. For quantitative evaluation of severity
of microsegregation, segregation deviation parameter
ol was calculated for each alloying element j in the
zones C1, C2, M and E according to relationship [,
16]:

N
) 1 ) )
7= <=7 2100 = Gl @)
0 =1

where Cg is the average concentration of the jth ele-

ment, CY is the concentration of the jth element at
the point 7 and N is the total number of the analysed
points for one analysed zone. Figure 3 shows the vari-
ations of segregation deviation parameters oA! for Al,
ol for Ti and P for Nb with the analysed zones C1,
C2, M and E. It should be noted that the calculated
segregation deviation parameter is the highest one for
Nb in the zone C1 and decreases towards the zone E.
The segregation deviation parameters for Al and Ti
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Fig. 3. Variation of the segregation deviation parameter

ol for Al, oX! for Ti and o) for Nb with the columnar

(C1 and C2), mixed (M) and equiaxed (E) zone in the
sample prepared by power down technique.

Fig. 4. OM showing the typical macrostructure on trans-

versal section of the bottom part (BP) of the as-cast ingot:

C — columnar zone, M — mixed columnar and equiaxed
zone, and E — equiaxed zone.

are significantly lower than those for Nb and decrease
from the zone C1 towards the zone E.

3.2 CET in as-cast ingot

Figure 4 shows the typical macrostructure ob-
served on investigated transversal sections of the as-
cast ingot. Three zones with different type of micro-
structure designated as C, M and E can be well dis-
tinguished. Thin chill zone composed of fine equiaxed
grains in the vicinity of the surface of the ingot is fol-
lowed by columnar grain zone C. The mixed zone (M)
is composed of columnar and equiaxed grains. The
CET is complete in the central equiaxed zone (E) of

Fig. 5. Morphology of grains in the as-cast ingot: (a)
columnar grains, OM; (b) equiaxed grains, BSEM.
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Fig. 6. Variation of grain size with columnar C, mixed M
and equiaxed E zone of the as-cast ingot. BP — bottom
part of the ingot; UP — upper part of the ingot.

the ingot. The typical morphology of columnar and
equiaxed grains is shown in Fig. 5. Figure 6 shows
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Fig. 7. Microstructure of the as-cast ingot: (a) lamellar

a2 + < microstructure of columnar and equiaxed grains,

BSEM; (b) ribbon-like (Ti, Nb)B particles in the inter-
dendritic region, OM.

variation of grain size within the zones C, M and E.
In the bottom part (BP) of the ingot, an average dia-
meter of columnar grains of 220 pm within the zone C
abruptly decreases to 160 pm in the zone M. The cent-
ral zone E contains equiaxed grains with the average
diameter of 230 pm. In the upper part (UP) of the in-
got, the average diameter of columnar grains is 400 pm
in the zone C and decreases to 320 um in the zone
M. The zone E contains grains with the average size
of 150 pm. The average diameter of central equiaxed
grain zone is measured to be 10 and 15 mm in the BP
and UP of the ingot, respectively. According to EDS
and XRD analyses [10, 17|, the lamellar microstruc-
ture of the columnar and equiaxed grains is formed
by az(TisAl) and ~y(TiAl) phases (Fig. 7a). In some
regions of the ingot, coarse equiaxed s and (/B2
(disordered/ordered Ti-based solid solution with cu-
bic crystal structure) particles occur in the microstruc-
ture. The occurrence of B2 particles mostly within the
dendrites is associated with the ordering of the re-
sidual primary (-phase [18]. In addition, the studied
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Fig. 8. Evolution of concentration of main alloying ele-

ments with cumulative fraction of solid in columnar (C),

mixed (M) and equiaxed (E) zone in the bottom part (BP)
of the as-cast ingot: (a) Al, (b) Ti and (c) Nb.

alloy contains ribbon-like boride particles, which are
preferentially formed within the interdendritic region
during the solidification of the last liquid, as shown
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(C), mixed (M) and equiaxed (E) zone in the as-cast ingot.

BP — bottom part of the ingot; UP — upper part of the
ingot.

in Fig. 7b. According to Kitkamthorn et al. [19], four
types of borides can be formed in the TiAl-based sys-
tems alloyed with Nb and B: (i) TiB with B27, (Ti,
Nb)B with B¢, TizBy with orthorhombic and TiB,
with hexagonal crystal structures. The XRD analysis
of the studied alloy showed only the presence of (T4,
Nb)B borides with metastable 0C8 (Bg) crystal struc-
ture [10], what is in agreement with the results repor-
ted recently by Hecht et al. [20].

Figure 8 shows dependence of concentration of Al,
Ti and Nb on cumulative fraction of solid in the colum-
nar (C), mixed (M) and equiaxed (E) zones of the
BP of the ingot (see Fig. 4). The EDS profiles con-
sist of 100 individual measurements. The concentra-
tion profiles of the individual elements do not indicate
clear differences among the analysed zones, as seen in
Figs. 8a,b,c. Figure 9 shows variations of the segreg-
ation deviation parameters o! for Al, oI for Ti and
oNP for Nb with the analysed zones C, M and E for the
BP and UP of the ingot. It is worth noting that the
segregation deviation parameter is the highest one for
Nb in the zone C and decreases towards the equiaxed
zone E in both parts of the ingot. The segregation de-
viation parameters oAl and o' are significantly lower
than those of oNP and their variation with the ana-
lysed microstructural zones is negligible for both parts
of the ingot.

4. Discussion

4.1. Mechanisms of CET

The observed CET is not sharp in the studied al-
loy and the mixed zone composed of columnar and

equiaxed grains is formed in the samples prepared by
power down technique as well as in the as-cast in-
got (Figs. 1 and 4). Such a type of mixed columnar-
equiaxed grain zone was also observed by Ares et al.
[21-23] in Al-Cu, Zn-Al and Pb-Sn alloys. Pineda and
Martorano [24] showed that gradual addition of Al-
Ti-B inoculant led to a gradual increase in the num-
ber of equiaxed grains coexisting with columnar grains
in the mixed zone of Al-Si alloys. Lapin and Gabal-
cové [4] observed sharp interface between columnar
and equiaxed grains in Ti-46Al-8Nb (at.%) alloy pre-
pared at non-steady state growth conditions charac-
terised by continuous change of the growth rate and
temperature gradient in a Bridgman type apparatus.
Gandin [25] and Martorano et al. [6] found sharp in-
terface between columnar and equiaxed grains in Al-Si
systems using multiphase/multiscale model based on
mechanical blocking and solutal interaction between
equiaxed grains and advancing columnar front.

To obtain CET, the following is required: (i) the
presence of undercooled liquid ahead or near the
columnar front in which equiaxed grains nucleate and
grow and (ii) equiaxed grains of sufficient size and/or
number beside/attached to the columnar interface to
arrest the columnar growth [26]. In the samples pre-
pared by the power down technique, the CET is fa-
voured by high growth rate V and low temperat-
ure gradient Gy, [26]. Martorano et al. [6] proposed
a mechanism for the CET based on solutal interac-
tions between the equiaxed grains and the advancing
columnar front. The solute blocking is achieved by the
undercooling that drives dendrite tip growth on the
average solute concentration of the liquid surrounding
the grain envelopes instead of the initial alloy com-
position. Newly nucleated grains can fall down either
on the columnar dendrite or towards the liquid area.
Hence, sides of the columnar dendrite can be gradu-
ally filled in with equiaxed dendrites. Therefore, a
post-mortem analysis of the samples could lead to the
false conclusion that the structure is mixed columnar-
equiaxed, whereas it is only caused by sedimentation
[28].

In small as-cast ingots, a large number of equiaxed
grain nuclei may be formed near the mould wall at
the time of pouring, owing to thermal undercooling
and growth restriction of the grains caused by solute
redistribution [26]. Because of the high density of rap-
idly growing equiaxed grains that may exist through-
out the liquid, the CET will be sharp and occur over
a large part of the columnar front at the same time.
In the studied as-cast ingot, it is unlikely that the
equiaxed grains originating at the mould walls are
sufficient to arrest columnar growth, and other mech-
anisms such as dendrite fragmentation are important
[26]. The CET occurs gradually over the advancing
columnar front probably due to equiaxed grains set-
tling onto the lower part of the front or attachment of
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individual grains to the vertical faces. An insufficient
fraction of grains reaching/attaching to the front leads
to entrapment of the equiaxed grains in the columnar
zone and formation of the mixed zone.

4.2. Effect of local solidification parameters
on microsegregation

As shown recently by Klimové et al. [10, 29] for
DS Ti-44A1-5Nb-0.2B-0.2C (at.%) alloy, segregation
deviation parameters slightly increase with increas-
ing growth rate V and decrease with increasing tem-
perature gradient Gy, below the mushy zone of the
quench during solidification samples. As shown in
Fig. 3, the segregation deviation parameters for the
main alloying elements decrease from the columnar
zone C1 towards the equiaxed zone E. The columnar
zone C1 results from the directional solidification at
the constant growth rate of V = 2.78 x 107* ms™!
and constant temperature gradient of Gr, = 5.5 x 103
K m™!. In this zone, the highest measured segregation
deviation parameters of the main alloying elements
result mainly from the high V| the effect of which
is reduced only partially by high Gr,. As shown by
numerical calculations based on experimental meas-
urements of temperature distribution during power
down solidification by Mooney et al. [30], the local
solidification conditions in the columnar zone C2 and
mixed zone M can be characterised by a continuous
increase of V from about 5 x 107¢ to about 1 x 10~*
ms~! and decrease of Gy, from about 5 x 103 to about
7 x 102 Km~!. The lower V calculated for the zones
C2 and M than that in the zone C1 should lead to
a decrease of segregation deviation parameters, which
can be compensated by decreasing Gy, only partially.
The local combinations of V and Gy, favour continu-
ous decrease of the segregation deviation paramet-
ers in the columnar zone C2 and mixed zone M, as
shown in Fig. 3. The equiaxed microstructure in the
zone E, which is formed at the lowest Gy, is char-
acterised by the lowest values of the segregation de-
viation parameters. Previous works on Al-Si alloys
[27, 31] using power down technique showed that the
equiaxed zone was formed at a critical undercooling
of 5 K. It should be noted that the calculated se-
gregation deviation parameters for the studied alloy
are affected by the solid phase transformations during
cooling. Lower cooling rates result in more complete
transformation of the primary 3 phase and more ex-
tended homogenisation of the forming « phase due
to longer soaking time in the single o phase field.
Hence, redistribution of the alloying elements in the
power down samples passing complete temperature
profile of the furnace can be significantly affected by
the solid state homogenisation processes during cool-
ing and may deviate from the findings reported re-
cently by Klimova et al. [10, 29] for the samples pre-

pared by quench during directional solidification tech-
nique.

The local solidification conditions affecting redis-
tribution of alloying elements are more complex in the
as-cast ingot. The highest local values of Vand Gy, are
in the vicinity of the surface and decrease towards the
central region of the ingot. However, since the ingot
was prepared by a vacuum casting, some fluctuations
in thermal conditions could affect redistribution of the
alloying elements, origin of which cannot be assessed
fully by post-mortem analysis of the microstructure
[8]. The decrease of segregation deviation parameter
for Nb from columnar to equiaxed zone corresponds
very well to its evolution in the samples prepared by
power down technique. On the contrary to the power
down samples, the calculated values of o/l and ol
are not significantly affected by the local type of mi-
crostructure in both parts of the ingot.

5. Conclusions

The investigation of the effect of columnar to
equiaxed transition on the microsegregation behaviour
of main alloying elements in a peritectic Ti-44AI-5Nb-
0.2B-0.2C (at.%) alloy can be summarised as follows:

1. The CET is not sharp but develops gradually
during solidification of the studied alloy. The mixed
zone composed of columnar and equiaxed grains is
formed between the columnar and equiaxed zones in
the samples prepared by power down technique as
well as in the as-cast ingot. The size of columnar and
equiaxed grains depends on the position in the as-cast
cast ingot.

2. The severity of the microsegregation expressed
by segregation deviation parameters calculated for Al
Ti and Nb decreases from the columnar zone to the
equiaxed zone in the samples prepared by power down
technique. The calculated segregation deviation para-
meters for Al and Ti are significantly lower than that
for Nb. The evolution of the segregation deviation
parameters within the samples can be attributed to
local variations of solidification parameters.

3. The segregation deviation parameter for Nb de-
creases from the columnar to equiaxed zone in the as-
cast ingot. The segregation deviation parameters for
Al and Ti are significantly lower than that for Nb and
show negligible variations with the local microstruc-
ture.
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