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Abstract: Directionally solidified (DS) specimens of Nb-Ti-Si based ultrahigh temperature alloy were heat-treated at (1 500 °C, 50 h)
and (1 500 °C, 50 h) + (1 100 °C, 50 h), respectively. The results show that the microstructures become uniform, the long and big
primary (Nb,X)sSi; (X represents Ti and Hf elements) plates in the DS specimens are broken into small ones, and the eutectic cells
lose their lamellar morphology and their interfaces become blurry after heat-treatment. Meanwhile, the (Nb,X)sSi; slices in the
eutectic cells of the DS specimens coarsen obviously after heat-treatment. Homogenizing and aging treatments could effectively
eliminate elemental microsegregation, and the segregation ratios of all elements in niobium solid solution (Nbss) in different regions
tend to 1. After heat-treatment, the microhardness of retained eutectic cells increases evidently, and the maximum value reaches
HV1 404.57 for the specimen directionally solidified with a withdrawing rate of 100 um/s and then heat-treated at (1 500 °C, 50 h) +
(1100 °C, 50 h), which is 72.8 % higher than that under DS condition.
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1 Introduction

Nb-Ti-Si based ultrahigh temperature alloys have
been widely investigated as the candidates for the
high-temperature structural applications, owing to their
high melting temperature, low density, good
elevated-temperature creep strength and acceptable room
temperature fracture toughness [1—7]. Recently, several
methods, such as arc melting [4], induction skull melting
[7] and directional solidification [1, 8—12] were
employed to prepare this kind of alloys. Among these
processes, directional solidification could improve both
room temperature ductility and high temperature strength
of Nb-Ti-Si based ultrahigh temperature alloys [8—9].
However, solute segregation always exists in the
directionally solidified (DS) specimens. It is well known
that heat treatment has significant influences on the
morphology, size, volume fraction and distribution of the
strengthening phases, and thus a reasonable heat
treatment procedure would improve the mechanical
properties of the alloys [13]. QU et al [14] demonstrated

that the metastable phase Nb;Si in the Nb-10Si (mole
fraction, %) alloy could decompose into Nbss + NbsSi;
completely  through  eutectoid reaction  during
heat-treatment at 1 500 °C for 100 h. ZELENITSAS and
TSAKIROPOULOS [15] found that the high temperature
stable phase f-NbsSi; could transform to a more stable
phase a-NbsSi; according to the precipitation reaction
P-NbsSi; — a-NbsSi; + (Nb,Ti)ss (here (Nb,Ti)ss denotes
Nb and Ti solid solution), and the segregation of Ti in
both (Nb,Ti)ss and (Nb,Ti);Si was eliminated. In our
previous study [16], the arc-melted Nb-Ti-Si based
ultrahigh temperature alloy with the same composition as
that in the present work was homogenized at 1 300,
1 400, 1 500 and 1 600 °C for 50 h, respectively, and
then aged at 1 100 °C for 50 h. The results indicated that
heat-treatment could eliminate both the metastable
phases and solute segregation in the microstructure. The
(Nb,X);Si; precipitates were distributed uniformly in the
Nbss substrate and the microhardness values of both
Nbss and (Nb,X)sSi; (here Nbss denotes Nb solid
solution, X represents Ti and Hf elements) reached the
maxima after heat-treatment at (1 500 °C, 50 h) + (1 100
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°C, 50 h). However, the influences of heat-treatment on
the microstructure and mechanical properties of the DS
specimens have not yet been reported up to now.

To obtain homogenized microstructure and better
mechanical properties, the DS specimens prepared with
different withdrawing rates were heat-treated at (1 500
°C, 50 h) and (1 500 °C, 50 h + 1 100 °C, 50 h),
respectively, and furthermore, the microstructure
evolution upon heat-treatment and the corresponding
change in microhardness were revealed in the present
work.

2 Experimental

The alloy with a nominal composition of Nb-22Ti-
16Si-6Cr-4Hf-3A1-1.5B-0.06Y (mole fraction, %) was
integrally directionally solidified at 2 000 °C in an
ultrahigh temperature and high vacuum directional
solidification furnace. The withdrawing rates (R) were
2.5, 10 and 100 pm/s, respectively. Specimens with
dimensions of 2.5 mm x 5 mm x 15 mm used for
heat-treatment experiments were cut from the DS bars
using electro discharge machining (EDM). Before these
specimens were heat-treated, they were ground using
80—600" sand papers and then cleaned in an ultrasonic
acetone bath. Two-step heat-treatment was employed,
firstly homogenizing at 1 500 °C for 50 h and
subsequently aging at 1 100 °C for 50 h. Heat-treatment
was carried out in a high vacuum heat treatment furnace.
After the vacuum level was higher than 1.0 x 10~ Pa, the
furnace chamber was heated up, and the temperature rise
rate in the furnace chamber was about 20 °C/min. The
molecular vacuum pump system did not stop until the
temperature reached to 1 000 °C, and then high-purity
argon (99.999%, mass fraction) as a protective
atmosphere was filled into the furnace chamber. The
temperature was further raised to the target
temperature subsequently and then kept isothermally for
50 h. After heat-treatment, all specimens were furnace-
cooled.

Microstructural analysis was performed by scanning
electron microscopy (SEM, Supra 55) and energy
dispersive X-ray spectroscopy (EDS, INCA Penta
FETx3). EDS analysis data for the composition of each
constituent phase were given in average values from
three analysis sites. In order to reduce the influence of
neighboring phases on the analyzing composition, the
sampling points of EDS were chosen within phase areas
of larger size (both the width and length of the analyzed
phase were larger than 5 pm). The Vickers
microhardness of the specimens was measured using an
HXP-1000TM hardness machine with a load of 0.98 N.
In all cases, the Vickers indenter was oriented parallel to
the growth direction of the directionally solidified

specimens. The microhardness values were the average
of at least 10 indentations.

3 Results and discussion

3.1 Directionally solidified microstructure

Figure 1 illustrates the microstructure of the
Nb-Ti-Si based ultrahigh temperature alloy integrally
directionally solidified (DS) with the withdrawing rate of
2.5, 10 and 100 pm/s, respectively The DS
microstructure was composed of gray primary (Nb,X)sSis
blocks and Nbss + (Nb,X)sSi; eutectic cells. From the
transverse sections of the DS specimens (Figs. 1(a), (b)
and (c)), it can be seen that most eutectic cells were
nearly round and had an intrinsic lamellar morphology,
which was resulted from a coupled growth of Nbss and
(Nb,X);5Si; slices during directional solidification. The
interfaces between every two eutectic cells were distinct.
In each eutectic cell, both Nbss and (Nb,X);Si; slices
emanated radially from the cell interior and grew to the
cell boundaries in a coupled manner; while in the
exterior margin of some eutectic cells, Nbss dendrites
became coarser (as shown by the circle in Fig. 1(b)),
which might be caused by microsegregation. At the end
of the eutectic solidification, the composition of the
molten pool deflected the eutectic point, then the regular
interfaces of the two phases in eutectic cells were
destabilized, and Nbss dendrites became coarser.

From the longitudinal sections of the DS specimens
(Figs. 1(a"), (b"), (c)), it can be seen that both primary
(Nb,X)sSi; rods and Nbss + (Nb,X)sSi; eutectic cells
aligned erectly along the growth direction. The primary
(Nb,X)sSi; rods with regular morphology were very long
(some were longer than 1 000 pm), and their side
surfaces were usually sharp and straight, as shown by the
arrow in Fig. 1(c"). In the center of each eutectic cell,
Nbss and (Nb,X)sSi; plates coupled grew regularly and
formed well-aligned lamellar structure; while in the
exterior margins of most eutectic cells, the eutectic
possessed a continuous network morphology, as pointed
out by the circle in Fig. 1(a’), which indicated that the
coupled growth of Nbss and (Nb,X)sSi; was weakened
due to a relatively lower solidification rate there. In the
intercellular regions, the eutectic was composed of Nbss
dendrites and (Nb,X);Si; blocks, as shown by the circle
in Fig. 1(b"), which indicated that the coupled growth of
(Nb,X)sSi; and Nbss was weakened further, and thus
(Nb,X);5Si; blocks distributed irregularly with coarser
Nbss dendrites.

3.2 Microstructure after homogenizing treatment
Figure 2 shows the typical microstructure of the DS
specimens after homogenizing treatment (HT) at 1 500
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Fig. 1 SEM images of both transverse ((a), (b, (c)) and longitudinal ((a"), (b’), (c')) sections of Nb-Ti-Si based ultrahigh temperature
alloy integrally directionally solidified at different withdrawing rates: (a), (a’) 2.5 umy/s; (b), (b’) 10 um/s; (c), (¢') 100 um/s

°C for 50 h. It can be seen that the (Nb,X);Si; blocks
became coarser but distributed more uniformly after this
homogenizing treatment. From the transverse sections
(Figs. 2(a), (b), (c)) it can be seen that some eutectic cells
lost their lamellar morphology after homogenizing
treatment, and the interfaces between the retained
eutectic cells became blurry, which can be attributed to
the diffusion between the every two adjacent eutectic
cells. After homogenizing treatment at 1 500 °C for 50 h,
the previous emanative and couple-grown morphology of
Nbss and (Nb,X)sSi; slices in the eutectic cells in the DS
specimens was weakened obviously, but (Nb,X);Si; rods
distributed irregularly in the Nbss matrix instead (Fig.
2(c)). As shown in Fig. 2(a), many small aciform
precipitates that were probably (Nb,X)sSi; existed in the

Nbss matrix. Some white and fine HfO, particles
appeared in the heat-treated specimens, as shown in Fig.
2, which indicated that some Hf atoms were oxidized
during the long time heat-treatment.

From the longitudinal sections of the DS + HT
specimens (Figs. 2(2"), (b'), (¢")), it is seen that (Nb,X)sSi;
plates still distributed erectly along the growth direction
for DS process. The width of (Nb,X);sSi; plates increased
but their length decreased obviously, and their side
surfaces became smooth and blurry. Some original big
(Nb,X)sSi; blocks in the DS specimens dissolved
partially or broke into small ones (as shown by the circle
in Fig. 2(a’)), and therefore, the amount of very big
(Nb,X);Si; blocks decreased, especially in the specimens
with higher withdrawing rates after homogenizing
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Fig. 2 SEM images of both transverse ((a), (b), (c)) and longitudinal ((a"), (b’), (c')) sections of DS specimens with different
withdrawing rates after homogenizing treatment at 1 500 °C for 50 h: (a), (a’) 2.5 um/s; (b), (b") 10 um/s; (¢), (c') 100 pm/s

treatment. The (Nb,X)sSi; slices became shorter and
wider after homogenizing treatment at 1 500 °C for 50 h,
but distributed still regularly, just like unidirectional
fibers reinforcing the Nbss matrix (as shown in Fig.
2(c")). The former continuous network morphology in the
exterior margins of eutectic cells in the DS specimens
(Figs. 1(a") and (b')) was hardly observed after
homogenizing treatment at 1 500 °C for 50 h, but
(Nb,X)sSi; slices distributed almost erectly along the
growth direction for DS processes instead (Fig. 2(c')),
which suggested that the diffusion between Nbss and
adjacent (Nb,X)sSi; phases caused Ostwald ripening of
(Nb,X)sSi; plates. Furthermore, the former fine
(Nb,X);Si; slices that did not align along the direction
parallel to the growth direction for DS process also
coarsened during the homogenizing treatment, as shown

by the circle in Fig. 2(b").

3.3 Microstructure after homogenizing and aging

treatments

Figure 3 shows the microstructures of the DS
specimens after homogenizing treatment at 1 500 °C for
50 h and then aging treatment at 1 100 °C for 50 h (HT +
AT). It can be found that the microstructure became
further coarser but more uniform after the compound
heat-treatments. From the transverse sections of the DS +
HT + AT specimens (Figs. 3(a), (b), (c)), it can be seen
that a lot of eutectic cells in the DS specimens lost their
lamellar morphologies, and the interfaces of eutectic
cells were pretty blurry after aging treatment. In the
retained eutectic cells, the former short and fine
(Nb,X);5Si; slices were spheroidized sufficiently, and



GUO Hai-sheng, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1283-1290 1287

withdrawing rates after homogenizing treatment at 1 500 °C for 50 h and then aging treatment at 1 100 °C for 50 h: (a), (a') 2.5 pm/s;
(b), (b) 10 pn/s; (c), (¢') 100 pm/s

distributed uniformly in the Nbss matrix (Fig. 3(c)).
After heat-treatment at (1 500 °C, 50 h) + (1 100 °C, 50
h), more fine aciform precipitates distributed in the Nbss
matrix, as shown in Figs. 3(a) and (b).

From the longitudinal sections of the DS + HT + AT
specimens (Figs. 3(2"), (b"), (¢")), it can be found that the
morphology of former primary (Nb,X)sSi; blocks became
more irregular, and their surfaces became more smooth
and blurry after the aging treatment. Furthermore, more
original big (Nb,X)sSi; blocks broke into small ones, and
therefore, the number of the typical long primary
(Nb,X)sSi; plates in the DS specimens decreased further
after the two-step heat-treatment, as shown in Fig. 3. In
the retained eutectic cells, (Nb,X)sSi; slices coarsened
further, but still aligned erectly along the growth

direction for DS processes, as shown in Figs. 3(a’), (b"),
(¢), thereby forming unidirectionally aligned short-fiber
reinforced composite microstructure, as shown in Fig.
3(¢'). The network-like eutectic morphology only
retained in very limited regions of the specimens with a
lower withdrawing rate after the compound heat-
treatments, as shown by the circle in Fig. 3(a’).
3.4 Microsegregation in specimens after both

homogenizing and aging treatment

From the SEM images of the DS specimens (Fig. 1),
it can be noticed that the Nbss in the center of each
eutectic cell was obviously brighter than that in the
neighbouring intercellular region, which indicated that
elemental microsegregation existed in these two regions.
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Because of relatively low solidification rates during
directional solidification, the microstructure did not form

simultaneously, but in a sequential order, their

compositions and morphologies were obviously different.

For example, high freezing temperature elements such as
Nb solidified firstly from the melt, while low freezing
temperature elements such as Ti and Cr were enriched in
the retained melt. The intercellular region was the last
crystallizing part during solidification, and therefore, the
content of Nb in these regions was lower, while the
contents of elements Ti and Cr were higher.

To determine the differences in the concentrations
of Nb, Ti, Si, Cr, Hf and Al in Nbss located in the center
of eutectic cells from those in intercellular regions, EDS
conducted (see Table 1), and the
(see Fig. 4), defined as the
concentration of one element in Nbss in the center of a
eutectic cell over that in Nbss located in the
neighbouring intercellular region, were determined from
the measured data. Figure 4 shows that only Nb
exhibited positive segregation for its segregation ratio
was over 1 and Ti, Si, Cr, Hf and Al showed negative
segregation for their segregation ratios were less than 1
under the DS condition. After heat-treatment, the
segregation ratio of Nb element had the tendency to
decrease toward 1, while the segregation ratios of other
elements had the tendency to increase toward 1, which
indicated that the solute segregation in the DS specimen
was weakened by the heat-treatments.

Table 1 also presents the compositions of both
primary (Nb,X)sSi; blocks and (Nb,X)sSi; slices in the
eutectic cells. It can be seen that the compositions of
these two kinds of silicides were close to each other,

analysis was

segregation ratios

Table 1 Compositions of constituent phases in Figs. 1(a), 2(a)
and 3(a)

Mole fraction/%

Nb Ti Si Cr Hf Al
Arrow 1 in Fig. 1(a) 56.38 31.64 0.94 6.13 1.74 3.17
Arrow 2 in Fig. 1(a) 42.42 41.29 1.12 947 229 3.41
Arrow 3 in Fig. 1(a) 35.10 22.11 36.30 0.09 4.54 1.86
Arrow 4 in Fig. 1(a) 35.34 21.10 35.75 0.67 591 1.23
Arrow 1 in Fig. 2(a) 61.10 27.92 0.49 6.57 0.60 3.32
Arrow 2 in Fig. 2(a) 56.69 30.67 0.56 7.80 0.78 3.50
Arrow 3 in Fig. 2(a) 34.60 25.63 35.24 091 1.56 2.07
Arrow 4 in Fig. 2(a) 34.80 26.24 35.38 0.47 128 1.82
Arrow 1 in Fig. 3(a) 62.71 26.61 0.39 6.32 0.74 3.23
Arrow 2 in Fig. 3(a) 61.85 27.15 0.42 6.46 0.78 3.34
Arrow 3 in Fig. 3(a) 35.94 25.19 34.83 1.12 0.88 2.05
Arrow 4 in Fig. 3(a) 35.48 26.58 34.73 0.47 0.86 1.87

Position
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Fig. 4 Segregation ratios of different elements in Nbss in center
of eutectic cells over that Nbss located in neighbouring
intercellular region after DS, homogenizing and aging
treatments respectively

even under the DS condition, which indicated that the
microsegregation in (Nb,X)sSi; was not so noticeable as
that in Nbss. After homogenizing and aging treatments,
the composition of (Nb,X)sSi; in different regions did not
change obviously, as shown in Table 1. In addition, as Hf
atoms were extremely active at high temperatures, some
Hf atoms had been oxidized during the heat-treatment,
and therefore, the content of Hf in both Nbss and
(Nb,X)sSi; phases
treatments.

decreased evidently after heat-

3.5 Microhardness of specimens after homogenizing

and aging treatments

Figure 5 shows the variation in microhardness of
eutectic cells after homogenizing and aging treatments. It
is worth noticing that the microhardness of still visible
(Nbss + (Nb,X)sSi;) eutectics
specimens  increased evidently. =~ The maximum
microhardness of retained eutectic reached HV 1 404.57
in the specimen with the withdrawing rate R = 100 pum/s
after heat-treatment at (1 500 °C, 50 h) + (1 100 °C, 50
h), which was 72.8 % higher than that under DS
condition. The main reason for the increase in

in all heat-treated

microhardness of eutectic cells after heat-treatment is the

microstructural  evolution and improved solution
strengthening effect in Nbss. After heat-treatment,
(Nb,X);sSi; plates distributed more regularly, and their
width became more uniform, providing short fiber
reinforcement. More importantly, the difference in
compositions of Nbss located either in the center of each
eutectic cell or neighbouring intercellular regions was
almost eliminated, thereby guaranteeing the deserved
solution strengthening effects in Nbss. These changes in

the microstructure and composition resulted in increase
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in the microhardness of visible eutectic cells. In addition,
the small and dense aciform precipitates separated out
from the Nbss after the heat-treatment could also
attribute to the increase in the microhardness of retained
eutectic cells.

1400 - DS
> Bl DS-+homogenizing
T 1200 | J DS+homogenizing+aging

1000

800
600
400

Microhardness of eutectic

200

2.5 10 100
Withdrawing rate, R/(um-s™)
Fig. 5 Average microhardness of retained eutectic cells of DS
specimens after homogenizing and aging heat-treatment

4 Conclusions

1) (Nb,X)sSi; plates become coarser but more
uniform after heat-treatment at (1 500 °C, 50 h) and
especially (1 500 °C, 50 h + 1 100 °C, 50 h). Primary
(Nb,X)sSi; blocks after the DS specimens break into
small ones, and the eutectic cells lose their lamellar
morphology gradually in the heat-treatments. (Nb,X)sSi;
plates distribute, regularly along the original DS growth
direction, forming short fiber reinforced composite
microstructure. Furthermore, many small aciform
precipitates form in the Nbss matrix after heat-treatment.

2) The elemental microsegregation in Nbss in the
center of eutectic cells over that in the neighbouring
intercellular regions is eliminated effectively, and the
segregation ratio of each element in Nbss has the
tendency to reach 1 after homogenizing and aging
treatments.

3) The microhardness of visible retained eutectic

cells increases obviously after heat-treatment.
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