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Abstract: The effect of size and distribution of titanium carbide on the microstructure and mechanical properties of

nomrburning Btitanium alloy T+25V-15Cr-2A 0. 2C-0. 2Si ( mass fraction, %) was investigated. The microstructure

of the heat-treated and exposed alloy was studied using optical microscopy (OM), scanning electron microscopy

(SEM) and transmission electron microscopy( TEM). It is found that carbides with finer size and more uniform dis-

tribution can suppress the formation of a precipitates more effectively, and can especially decrease the amount of

grain boundary a precipitates after long-term exposure at 540 C (the expected application temperature). Thus, sig-

nificant improvement in thermal stability can be achieved by refining carbide particles in the matrix of the alloy.
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1 INTRODUCTION

In the early 1990s, Pratt & Whitney in the
USA developed a non-burning alloy based on Tt
35V-15Cr, designated Alloy C'"?. The produc
tion cost of this alloy is very high because of a
large amount of expensive vanadium addition. In
recent work undertaken jointly by the TRC and
Rolls-Royce in UK, a low-lost non-burning al-
loy has been developed with nominal composition
Tr25V-15Cr-2AF0. 2C. The effect of carbon addr
tions on microstructure and mechanical properties
of non-burning titanium alloy Tr25V-15Cr-2A1 has
been studied by Li et al> ® . It was found that car-
bon additions significantly improved the ductility of
the alloy. The aprecipitation was reduced through
gettering of oxygen by carbides, thus the stability
of the alloy was improved. 0.2% carbon was con-
sidered to be the optimum content added to the Tt
25V-15Cr-2A1 alloy'”.
exposure a large number of a phases still precipr
tate at expected application temperatures (although
much less than those in alloys without carbon addi-

tions), which can degrade the ductility of the alloy
[811]

However, after long-term

drastically . In the previous study''”, a parti-
cular heat treatment process was introduced to im-
prove the ductility of the alloy after exposure. The
objective of the present work is to study the effect

of size and distribution of carbide on microstruc

ture and mechanical properties of
Tr25V-15Cr-2A10. 2C-0. 2Si alloy. We have found
that it is possible to significantly improve the duc
tility of the alloy by refining carbide particles. It
should also be noted that 0. 2% Si addition was
used to improve the creep properties of the alloy,
whose effect on the microstructure and properties
of the alloy will be discussed in other articles.

2 EXPERIMENTAL

After mixing and compacting raw materials of
Tr25V-15Cr-2A 0. 2C-0. 2Si alloy, a 15 kg ingot
was produced by vacuum arc remelting ( VAR).
The chemical composition of the ingot is listed in

Table 1.

Table 1 Chemical composition of
alloy ( mass fraction, %)

Ti \ Cr Al C
Balance 25.4 14.7 1.95 0.21

Si (0] N H

0.2 0.078 0. 006 < 0.002

The ingot was forged and finally hot-rolled in-
to bars with 18. 5 mm diameter, some (sample S1)
of which underwent larger deforming compared
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with the others (sample S2) so that carbides with
different sizes and distribution were obtained. All
of the samples were solution-treated at 1 050 C for
30 min and aged at 700 C for 4 h (named condition
1 in this paper) to obtain a fully recrystallized and
stabilized microstructure. In order to investigate
the thermal stability of the alloy, the heat-treated
samples were exposed for 100 h at 540 C ( named
condition 2) .

All samples were cut, polished and etched for
optical microscopy (OM ) and scanning electron
microscopy(SEM) study. The etchant consisted of
5% HF, 10% HNOs and 85% H:0(volume frac
tion) . Thin foils for transmission electron micros-
copy( TEM) were prepared by a twinjet electro-
polishing technique, using an electrolyte composed
of 6% perchloric acid, 34% n-butanol and 60%
methanol at about 40 V and - 30 C. TEM obser-
vations were carried out on a JEOL-200CX trans-
mission electron microscope operated at 200 kV.
Fracture surfaces were observed using a JSM-
5600LV scanning electron microscope filled with
LINK ISIS300 EDX analytical systems operated at
20kV.

3 RESULTS

3.1 Ascast and as forged microstructures

Fig. 1(a) shows the microstructure of as-cast
samples of the alloy. It can be seen that titanium
carbides formed by a eutectic reaction in terms of

'l are presented as long

the TrC binary diagram
rods in the B matrix. Primary large B grains are
such that grain boundaries can not be observed in
the as-cast microstructure.

Fig. 1 (b) shows the microstructure of as
forged samples. The as-cast microstructure of the
alloy is broken down and some fine B grains are ob-
tained. Moreover, it can also be clearly seen that
primary long-rod shape carbides fracture into
short-rod or globular particles, which are homoge-
neously distributed in grains and on grain bounda-
ries. Obviously, the direct impact of fine carbide
particles on the microstructure of the alloy is to re-
fine the as-forged microstructure.

Fig. 2 shows the morphology and correspond-
ing SAD pattern of a carbide particle. As reported
by Li et al'®, some superlattice spots can be seen
in the [ 011] pole SAD pattern ( see inset in Fig.
2), indicating that the carbides have an ordering
structure. It was found that the intensity of these
spots decreased and eventually disappeared with
the time of exposure to the electron beam.

3.2 Effect of size and distribution of carbide on
heat treatment and exposure microstructure of
samples

Fig. 1 Optical microstructures of

Tr25V-15Cr-2AF0. 2C-0. 2Si alloy
(a) —Ascast; (b) —Asforged

Fig2 TEM micrograph of carbide precipitation
(The inset is a SAD pattern taken from
[O11] pole of carbide)

SEM secondary electron micrographs in Figs.
3(a) and (b) show the microstructures of samples
S1 and S2 (cf. section 2) aged at 700 C for 4 h fol-
lowing solution treatment at 1050 ‘C for 30 min. It
can be clearly observed that the microstructure of
sample S1 (Fig. 3(a)) has much finer B grains
(about 50 Bm) and carbides (about 2 Hm) as com-
pared with that of sample S2 in which the average
sizes of B grains and carbides are about 90 Mm and
4 Hm, respectively (Fig. 3(b)). Moreover, carbide
particles are more uniformly distributed both in
grains and on grain boundaries in sample S1 com-
pared with sample S2. Except for the difference in
the average sizes of carbide particles and B grains,
it is especially interesting to note that only a little
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Fig. 3 SEM microstructures of Tr25V-15Cr-2AF0. 2C-0. 2Si alloy under different conditions
(a) —Sample S1, condition 1; (b) —Sample S2, condition 1;
(¢) —Sample S1, condition 2, (d) —Sample S2, condition 2

a precipitation is seen in sample S1, whereas in
sample S2 higher level of a precipitation is pro-
duced in grains and on grain boundaries.

Figs. 3(¢) and 3(d) show the microstructures
of samples S1 and S2 exposed for 100 h at 540 C
follow ing solution treatment at 1 050 C plus aging
treatment at 700 C. After longterm exposure, a
precipitation is merely slightly increased in sample
S1 (Fig.3(c)). However, as shown in Fig. 3(d),
a markedly increased number of a precipitates are
formed in exposed sample S2 when compared with
the sample S2 without exposure (Fig. 3(b)). TEM
micrographs in Figs. 4(a) and (b) show the mor-
phologies of grain boundary a (GB a) precipitates
in samples S1 and S2 exposed for 100 h at 540 C.
The number of GB a precipitates in sample S2 is
greatly larger than that in sample S1 so that a con-
tinuous a film is formed (Fig. 4(b)).

3.3 Tensile properties

The results of room temperature tensile prop-
erties of samples S1 and S2 are listed in Table 2. It
can be seen from Table 2 that sample S1 has signif-
icantly higher ductility than sample S2 under the
same conditions though they are not as strong.
The elongation of sample S1 under condition 1 is 4
times as large as that of sample S2 under the same
condition. It is noteworthy that after exposure at
540 C for 100 h the ductility of sample S2 seems to
be entirely lost whereas that of sample S1 is only

Grain bo

o

Fig.4 TEM micrographs of GB a precipitates in

Tr25V-15Cr-2AF0. 2C-0. 2Si alloy
(a) —Sample S1; (b) —Sample S2

slightly decreased.

As indicated by previous work” "' the
loss of ductility of Tr25V-15Crx system alloys is
closely related to the presence of a precipitation.
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Table 2 Tensile properties of samples S1 and S2

— Heat 9/ .2/ & &
treatment MPa MPa % %
Condition 1 1015 997 20 44
> Condition 2 1005 990 17 33
Condition 1 1079 1048 5 14

> Condition 2 1054 - - -

Condition 1 —1 050 C, 0. 5h, air cooling+ 700 C, 4 h, air
cooling; Condition 2 —Condition 1+ 540 ‘C, 100 h, air
cooling

Since the formation of d precipitates is greatly sup-
pressed in sample S1, the significant improvement
in ductility is obtained. Furthermore, the refined B
grains also contribute to the enhancement in the
ductility of sample S1. In contrast, the ductility of
sample S2 is very low due to the occurrence of the
higher level of a precipitation, especially the con-
tinuous GB a film formed after exposure leads to

the exhausted ductility.

3.4 Fractograph observation

Fig. 5 shows the tensile fracture surfaces of
samples S1 and S2 at room temperature. In Fig. 5
(a), the ductile dimples can be seen throughout
the fracture surface of sample S1 under condition
1, indicating a micro-void coalescence mode. How-
ever, the fracture surface of sample S2 under con-
dition 1 mainly fails by intergranular cracking

(Fig.5(b)). As shown in Flgs 5( c) and (d), after

long-term exposure sample S1 fractures by a mix-
ture of transgranular and ductile intergranular
modes, whereas sample S2 shows typical brittle in-
tergranular fracture.

The results of fractograph examination are
consistent with the changes in the ductility listed in
Table 2. It is obvious that the existence of exces-
sive GB amainly leads to the intergranular fracture
of sample S2, due to facilitating crack propagation.

4 DISCUSSION

It has been confirmed that carbides in TrV-Cr
system alloys can provide a stable sink for intersti-
tial oxygen, a strong astabilizing element, in the B
matrix'®
duce aprecipitation, thus the ductility of the alloys

. Carbon additions can significantly re

are improved. Since the number of carbides mainly
depends on the carbon content added to the experi-
mental alloy, the volume fraction of carbide parti-
cles remains almost constant (approximately 4%) .
The mean planar particle spacing [ reduces with a
decrease in average particle size according to the

formula' ' :

I
l:rJg__ﬁP

where @is the volume fraction of particles, r is
This means that the
diffusion distance of interstitial oxygen toward car-
bides is significantly decreased as well, thus lead-
ing to that interstitial oxygen in the matrix can be

the average particle radius.

Fig. 5 SEM fractographs of room temperature tensile surfaces of samples S1 and S2

(a) —Sample S1, condition 1;

(b) —Sample S2, condition 1;

(¢) —Sample S1, condition 2; (d) —Sample S2, condition 2
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more sufficiently absorbed by carbides. This will
further suppress the formation of a precipitation in
grains and on grain boundaries.

Besides the possible reason mentioned above,
the very low level of GB a precipitation in sample
S1 is also believed to be associated with other two
a direct effect of
fine carbide is to refine the as-forged and heat-trea-

factors. As mentioned earlier,

ted microstructure of the alloy. The finer and more
uniformly distributed the carbide particles are, the
larger the effect is. The decrease in Bgrain size en-
hances the grain boundary area available for a pre-
cipitates, thereby less a on each boundary. On the
other hand, the markedly refined carbide particles
in sample S1 result in higher density of carbide/ B
matrix interfaces, a few of which possibly act as a
nucleation sites ( see Fig. 6), thus reducing the
tendency of a precipitating preferentially on B grain
boundaries.

Fig. 6 TEM morphology of a precipitation

on B carbide interface
(The inset is a SAD pattern taken from

[101] pole of a phase)
5 CONCLUSIONS

The effect of size and distribution of titanium
carbide on the microstructure and mechanical prop-
erties of Tr25V-15Cr-2AF0. 2C-0. 2Si norrburning
B titanium alloy was investigated. It was found
that finer and more uniformly distributed carbide
particles can more effectively suppress the forma-
tion of a precipitates detrimental to the ductility of
the alloy, besides playing a direct role in refining
the as-forged and heat-treated microstructure of
the alloy. Thus, the significant improvement in
the ductility can be achieved by refining the prima-
ry carbide particles formed mainly from the melt.
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