Reaction Sintering of Cold-Extruded
Elemental Powder Mixture Ti-48Al

G.-X. WANG and M. DAHMS

The influence of the extrusion ratio on sintering behavior of cold-extruded powder mixture
Ti-48Al has been investigated. Both pressureless reaction sintering and hot isostatic pressing
(HIP) without encapsulation were carried out. Moreover, two-step sintering, i.e., combination
of pressureless sintering and HIP, was conducted. It was found that both porosity and pore size
in reactively sintered specimens largely decrease with increaseing extrusion ratio. For a given
extrusion ratio, the porosity after pressureless sintering decreases with increasing temperature.
Although a reduction of porosity can be reached by directly HIP specimens, the effect of applied
pressure in case of combined treatments is strongly dependent on extrusion ratio. By applying
an extremely high extrusion ratio of 350, material with a porosity of only 0.7 pct has been
prepared by pressureless sintering and subsequent HIP without encapsulation while a reverse
treatment route led to a porosity of 5%. On the contrary, lower porosities were obtained for
low extrusion ratios of 17 and 25 by HIP and following pressureless sintering. The effect of
extrusion ratio, as well as sintering temperature, was discussed. In addition, pore coalescing,
gas penetration, and swelling were considered in order to understand the effect of applying

pressure.

I. INTRODUCTION

TITANIUM aluminide alloys based on the inter-
metallic compound TiAl have become more interesting
owing to their potential applications as high-temperature
materials. These alloys exhibit low densities, high melt-
ing temperatures, good mechanical properties, and en-
vironmental resistance at elevated temperatures. They are
mostly produced using ingot metallurgy. However, ear-
lier work has shown that it is possible to prepare TiAl-
based alloys by reactive powder metallurgy (RPM).!'
In the RPM processing, the cold-extrusion technique is
used to consolidate the elemental Ti- and Al-powder
mixtures with or without additives. The as-extruded ma-
terial exhibits no intermetallics and can therefore be eas-
ily machined to complex shapes, which are then reactively
sintered to get the desired intermetallics. In this way, the
poor workability of titanium aluminides can be evaded.
During reaction sintering, more Al atoms move into Ti
particles and lead to formation of pores if no pressure is
applied. The final pore size is proportional to the size of
Al regions. Normally, hot isostatic pressing (HIP) is ap-
plied to compress pores. An HIP treatment requires en-
capsulation of extruded pieces due to their open porosity
and is therefore relatively expensive. It is thus of prac-
tical importance to reduce the size of Al regions and the
open porosity of extruded pieces. This can be achieved
by increasing the extrusion ratio ¢, which is defined as
the area ratio of the specimen cross sections before (A;)
and after extrusion (A,). In this study, we report on the
influence of the extrusion ratio ¢ on pore formation in
Ti-48Al during both pressureless reaction sintering and
HIP without encapsulation. Two-step sintering, i.e.,
combination of pressureless sintering and HIP, was also
conducted.
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II. EXPERIMENTAL

Elemental titanium and aluminium powders of sizes
smaller than 100 wm, with purities of 99.8 pct and 99.9
pct, respectively, were mixed in air to the desired com-
position Ti-48 at. pct Al. The powder mixture was uni-
axially pressed at room temperature with 500 MPa to a
green compact. This compact was cold extruded (at room
temperature) using different extrusion ratios of ¢ = 17
and 25. A considerably higher extrusion ratio was ob-
tained by bundling pieces of a previously extruded rod
(Mueller et al.!) and by extruding the bundle again to
give a total extrusion ratio of 350. Altogether, three ex-
trusion ratios were applied in this study: ¢ = 17, 25,
and 350.

The extruded specimens were reactively sintered un-
der different conditions: in a vacuum (=10"° N/m?) fur-
nace for 6 hours at 600 °C, 1000 °C, and 1350 °C and
in HIP equipment at 1350 °C/4 h/200 MPa. A heating
rate of 20 °C/min was used in both cases. A combina-
tion of both pressureless sintering and HIP, i.e., first
pressureless sintering and then HIP or vice versa, was
also conducted.

As-extruded specimens as well as specimens reac-
tively sintered under different conditions were examined
using light microscopy (LM). A quantative determina-
tion of the porosity, as well as the pore size distribution
in the reactively sintered specimens, was carried out with
the help of a computer-aided image analysis system. Po-
larized light was used to observe microstructural details,
such as grain and phase boundaries. X-ray difraction
analysis was carried out to get information about phase
formation.

III. RESULTS
A. Characterization of As-Extruded Conditions
Figure 1 shows the microstructures of the three as-

extruded conditions with Al having a light and Ti a dark
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Fig. 1—LM photographs of as-extruded conditions with extrusion ratio of (a) and (b) 17, (c) and (d) 25, and (e) and (f) 350 in directions (a),
(c), and (e) perpendicular and (b), (d), and (f) parallel to the extrusion direction.
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appearance. During extrusion, particles, especially the
Al particles, are elongated in the extrusion direction to
fibers. With increasing extrusion ratio, both Al and Ti
fibers become thinner and longer. Some small pores,
mostly situated between Ti particles, can be detected in
the specimens extruded with the low extrusion ratios of
17 and 25 (Figures 1(a) through (d)). The porosity is
smaller than 0.5 pct. The specimen with the high extru-
sion ratio of 350 exhibits almost no pores (Figures 1(¢e)
and (f)).

During extrusion with high extrusion ratios, a local
temperature increase, which can cause reaction between
elemental Ti and Al to the intermetallic phases, is pos-
sible due to heavy deformation. However, as shown in
Figure 2, only intensity peaks of pure Ti and Al were
measured by X-ray difraction analysis. It can thus be
concluded within detection limits of about 5 vol pct that
the reaction of elemental Ti and Al to intermetallics did
not take place during extrusion, even with an extrusion
ratio as high as 350. The as-extruded materials therefore
can be easily machined or reformed to diffrent shapes.
This is, as pointed out earlier, of practical importance,
since the presence of titanium aluminides will make the
manufacture much more difficult. The as-extruded ma-
terials are strongly textured because of the alignment of
both Al and Ti fibers in extrusion direction (Figure 1).
With increasing extrusion ratio, the texture becomes more
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Fig. 2—X-ray diffraction diagrams of as-extruded conditions with
extrusion ratio of (a) 17 and (b) 350.
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intense so that some peaks disappear after the most heavy
extrusion with ¢ = 350 (Figure 2(b)).

B. Pressureless Sinterings

The previously mentioned three as-extruded speci-
mens were pressureless sintered at 600 °C/6 h, 1000 °C/
6 h, and 1350 °C/6 h. After these heat treatments, all
three specimens are porous. Figure 3 shows LM pho-
tographs taken from specimens heat-treated at 1350 °C/
6 h. The porosity is shown in Figure 4 as a function of
temperature. It is obvious that the porosity decreases with
increasing temperature. This is the case for specimens
extruded with small extrusion ratios of 17 and 25. For
example, the specimens with ¢ = 17 show a porosity of
about 31.4 pct after sintering at 600 °C/6 h, much greater
than after sintering at 1350 °C/6 h (15.9 pct). For the
high extrusion ratio of 350, a porosity of 2.8 pct was
measured after sintering at 600 °C/6 h, only a bit larger
than the porosity after sintering at 1350 °C/6 h. The
temperature effect by large extrusion ratio is not as large
as that by small extrusion ratio. For a given sintering
condition, the porosity decreases largely with increasing
extrusion ratio. For specimens sintered at 1350 °C/6 h,
the porosity was measured to be approximately 15.9 pct
for ¢ = 17, 7.4 pct for ¢ = 25, and 2.0 pct for the high
extrusion ratio of 350. At lower temperatures (600 °C/
6 h and 1000 °C/6 h), larger porosities were obtained
and the effect of extrusion ratio was also more
pronounced.

Not only porosity but also pore size distribution is
largely influenced by extrusion ratio (Figures 5 and 6).
Defined as area on the specimen section, the pore size
of almost all pores observed in the specimens with high
extrusion ratio of 350 is smaller than 100 wm’, whereas
45 to 60 pct of pores in specimens with low extrusion
ratio of 17 are larger than 100 um’. For the extrusion
ratio of 25, the fraction of pores larger than 100 pm? is
about 28 to 36 pct. The largest pore after sintering at
600 °C/6 h has an area of about 3640 ,u,m2 for ¢ = 350,
9810 um’ for ¢ = 25, and 16,100 um’ for ¢ = 17. After
sintering at 1350 °C/6 h, the largest pore was measured
to be about 2130 um’ for ¢ = 350 and 9810 um’ for ¢
= 25 and ¢ = 17. The smallest pore sizes of about
4 um?® for ¢ = 350 and 16 wm’for ¢ = 25 and ¢ = 17
are given by the magnification factor used for pore area
measurement, which was, due to much smaller pores,
200 for specimens with high extrusion ratio of 350, twice
as large as for other specimens. For a given cumulative
frequency, the pore size increases with decreasing ex-
trusion ratio. For example, the pore size for the cumu-
lative frequency of 50 pct, Asy, can be determined after
sintering at 600 °C/6 h to be about 6 wm’ for ¢ = 350,
28 um’ for ¢ = 25, and 200 um’ for ¢ = 17. After
sintering at 1350 °C/6 h, A5, can be determined to be
about 8 um® for ¢ = 350, 60 um’for ¢ = 25, and
80 wm’ for ¢ = 17. The influence of sintering temper-
ature increase on the pore size distribution seems not to
be so clear (compare Figures 5 and 6). For the specimens
with extrusion ratios of 25 and 350, the curve of cu-
mulative frequency vs pore size is slightly shifted to larger
pores. On the contrary, the curve for specimen of ex-
trusion of 17 is shifted to smaller pores.
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Fig. 3—LM photographs of specimens with extrusion ratio of (a) 17, (b) 25, and (c) 350 after pressureless sintering at 1350 °C/6 h; taken from

specimen sections perpendicular to the extrusion direction.
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Fig. 4—Porosity of pressureless sintered specimens as function of
temperature.

C. HIP Treatment

As mentioned in the introduction, a HIP treatment re-
quires normal encapsulation of extruded pieces due to
open porosity. Since encapsulation is normally very ex-
pensive, HIP without encapsulating is desirable in view
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Fig. 5— Pore size distribution after pressureless sintering at 600 °C/
6 h.

of economy. We therefore attempted to carry out HIP
treatment of the three as-extruded materials without
encapsulation.

Figure 7 shows LM photographs of the three differ-
ently extruded specimens after the HIP treatment
(1350 °C/4 h/200 MPa). These photos were taken in
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Fig. 6— Pore size distribution after pressureless sintering at 1350 °C/
6 h.

the center of specimen sections. Near the surface of
specimens with small extrusion ratios of 17 and 25, a
small porosity is present (see, for example, Figure 8),
whereas the specimen extruded with ¢ = 350 does not
have such a clear zone of lower porosity. For the case
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of the small extrusion ratio, the pore size distributions
near the surface and in the center of specimen differ from
each other. Near the surface of the specimen, more small
pores were seen, whereas the fraction of large pores
became large in the center of the specimen
(Figure 8(b)).The average porosity was measured to be
6.5 pct and 4.9 pet for specimens extruded with ¢ = 17
and ¢ = 25, respectively. They are much smaller than
those after pressureless sintering at the same temperature
(1350 °C/6 h). The reduction of porosity is doubtless
due to the pressure applied for HIP treatment. However,
this effect of pressure cannot be as clearly observed for
the specimen extruded with the high extrusion ratio of
350. For this specimen, a porosity of 2.1 pct was mea-
sured, nearly the same as after the pressureless sintering
at 1350 °C/6 h. The pore size distribution in the center
of hot isostatically pressed specimens is shown in
Figure 9. It can also be seen that the fraction of large
pores increases with decreasing extrusion ratio. The
fraction of pores larger than 100 wm’ is smaller than 0.5
pct for ¢ = 350, about 16 pct for ¢ = 25, and 32 pct
for ¢ = 17. The pore size for 50 pct cumulative fre-
quency As, is about 6 um?” for ¢ = 350, 22 um’ for ¢

Fig. 7— LM photographs of specimens with extrusion ratio of (@) 17, (b) 25, and (¢) 350 after HIP treatment at 1350 °C/4 h/200 MPa; taken

from specimen sections perpendicular to the extrusion direction.
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Fig. 9— Pore size distribution in the center of HIP’ed specimens with
different extrusion ratios.

= 25 and 40 um’ for ¢ = 17. In comparison with
pressureless sintering at 1350 °C/6 h, both of the frac-
tions of pores larger than 100 um® and the pore size for
50 pct cumulative frequency have been clearly reduced
by applying pressure.
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D. Two-Step Sinterings

Since the cost for HIP treatment increases with in-
creasing HIP time, it is of practical importance to reduce
the HIP time. However, this is limited because of the
time required to complete the reaction between elemen-
tal Ti and Al to form the intermetallics TiAl and Ti;Al.
In addition, the process of pore shrinkage during HIP is
also time dependent (creep process). In this respect, a
two-step sintering, i.e., a combination of the relatively
cheaper pressureless sintering and the expensive HIP
treatment, seems to be reasonable. In this work, two
variations were carried out:

Scheme 1: pressureless sintering (1350 °C/6 h)
+ HIP (1350 °C/4 h/200 MPa)

Scheme 2: HIP (1350 °C/4 h/200 MPa)
+ pressureless sintering (1350 °C/6 h)

The porosities after these treatments are shown in
Figure 10, together with those after the pressureless sin-
tering 1350 °C/6 h (PS) and after the HIP treatment
1350 °C/4 h/200 MPa (HIP). It is visible that the treat-
ment scheme does influence the final porosity and that
this influence seems also to be dependent on extrusion
ratio. For the high extrusion ratio of 350, scheme 1 is
more beneficial than scheme 2. The porosity after treat-
ment of scheme 1 is only 0.7 pct, much smaller that that
for scheme 2 (5.0 pct). The pores formed during the
pressureless sintering 1350 °C/6 h (Figure 3(c)) have been
almost fully suppressed by the additional HIP treatment
(Figure 11(a)). On the contrary, the relatively high-density
HIP’ed material (Figure 7(c)) became more porous
after the postpressureless sintering at 1350 °C/6 h
(Figure 11(b)).

The situation for small extrusion ratios of 17 and 25
is quite different (Figure 10). In comparison with the
simple pressureless sintering 1350 °C/6 h or HIP treat-
ment 1350 °C/4 h/200 MPa, both schemes resulted in
increase of porosity. After the simple pressureless sin-
tering 1350 °C/6 h, the porosities were measured to be
about 16 pct and 7.4 pet for ¢ = 17 and ¢ = 25, re-
spectively. They were enlarged by the additional HIP
treatment (scheme 1) to about 19.4 pct (¢ = 17) and
12.3 pct (¢ = 25) in spite of applying an external pres-
sure as high as 200 MPa. Only HIP’ed at 1350 °C/4 h/
200 MPa, specimens extruded with ¢ = 17 and ¢ = 25
showed porosities of 6.5 and 4.9 pct, respectively
(Figures 7(a) and 7(b)). They were also enhanced by the
following pressureless sintering 1350 °C/6 h (scheme 2)
to about 9.1 (¢ = 17) and 8.5 pct (¢ = 25). For extru-
sion ratio of 17 or 25, the porosities after scheme 1 are
larger than those after scheme 2 so that scheme 2 seems
here to be more beneficial than scheme 1.

E. X-ray Diffraction Analysis of Reactive
Sintered Specimens

The reflections found by X-ray diffraction analysis in
all specimens reactively treated at T = 1000 °C, i.e.,
specimens sintered at 1000 °C/6 h and 1350 °C/6 h,
specimens HIP’ed at 1350 °C/4 h/200 MPa, as well as

METALLURGICAL TRANSACTIONS A
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Fig. 11—LM photographs of specimen extruded with extrusion ratio (b)
of 350 after combined treatments: (a) pressureless sintering 1350 °C/
6 h followed by HIP 1350 °C/4 h/200 MPa and (b) HIP 1350 °C/ Fig. 12— Typical X-ray diffraction diagrams of reactive treated spec-
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specimens treated after schemes 1 and 2, are identified
as belonging to the intermetallic phases TiAl and Ti;Al
(Figure 12(a)). Only in the specimens sintered at
600 °C/6 h were additional reflections of the inter-
metallic phases TiAl; and TiAl, observed (Figure 12(b)).
Both TiAl; and TiAl, are intermediate products of the
reaction between Ti and Al. They will be consumed in
progress of the reaction in favor of formation of the phases
TiAl and Ti;ALU4 No peaks of pure Ti and Al were
detected in any reactive sintered specimens.

F. Microstructural Features

Basically, all reactive treated specimens consist of two
intermetallic phases, TiAl and Tis;Al, as the results of
X-ray diffraction analysis revealed. However, the mor-
phology of both phases is dependent on the temperature
applied for treatment. Depending upon the temperature
applied for pressureless sintering or HIP, two types of
microstructure were observed in this work. At 600 °C
and 1000 °C, a dual-phase structure consisting of Ti;Al
islands in a matrix of equiaxed TiAl grains is developed
(Figure 13(a)). For all specimens sintered or HIP’ed at
1350 °C, a typical duplex structure with TiAl and Ti;Al
lamellae and equiaxed TiAl regions is visible (Figures 3
and 13(b) and (c)). Both structures differ from each other
in the hard dispersions which are the Ti;Al islands in the
dual-phase structure and the lamellar regions in the du-
plex structure. On the contrary, the matrix in both struc-
tures consists of the same TiAl phase. The grain size,
especialy the size of lamellar grains, decreases with in-
creasing extrusion ratio. For example, after the pres-
sureless sintering at 1350 °C/6 h, the sizes of lamellar
grains are about 70- and 50-um diameter for the extru-
sion ratios of 17 and 350, respectively. Moreover, the
size of lamellar grains increases with increasing treating
time (compare Figures 13(b) and 13(c)). Figure 14 shows
the time dependence of lamellar grain size in specimens
extruded with an extrusion ratio of 350 and reactive treated
at 1350 °C. It is worth mentioning that the lamellar grains
in all specimens investigated in this study are much smaller
than those of the alloys prepared by ingot metallurgy
(larger than 300 um; see, for example, Reference 5).
Formation of dual-phase structure or duplex structure was
the topic of an earlier article!? and will not be treated
here in detail.

IV. DISCUSSION

Depending on the applied temperature, sintering of
extruded elemental Ti- and Al-powder mixtures can be
primarily pure solid state interdiffusion (at temperatures
below the Al melting point of about 655°C) or it can be
regarded as a transient liquid phase sintering (at tem-
peratures above the Al melting point). In the first case,
Kirkendall diffusion takes place. The Al atoms move into
Ti particles, whereas the Ti atoms stay almost immo-
bile.!®! As a result of such one-sided diffusion, the orig-
inally dense specimens of the as-extruded conditions
(Figure 15(a)) become porous, with pores being situated
mostly at the interface region (Figure 15(b)). In the sec-
ond case, Al melt flows away along particle or grain
boundaries, leaving pores behind (Figure 15(c)). The Al
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melt then wets the Ti particles so that the contact surface
between Ti and Al is enlarged and the reaction between
Ti and Al is accelerated. The products of the reaction
are the intermetallics, such as TiAls, TiAl (as two inter-
mediate products), TiAl, and Ti;AL!"*4 which are indi-
cated by the hatched areas in Figure 15. After all elemental
Al has been consumed, further solid state interdiffusion
between Ti and the intermetallics formed can take place.
The final microstructure consists of the intermetallics TiAl
and Ti;Al and pores (Figure 15(d)).

If sintering is carried out at temperatures lower than
the Al melting point, such as pressureless sintering at
600 °C/6 h, then the situation in Figure 15(c) is absent.
Kirkendall diffusion is responsible for the pore forma-
tion during this sintering. The conditions shown in
Figure 15 can also appear successively during a sintering
process. This is the case in pressureless sintering at
1000 °C/6 h or at 1350 °C/6 h. The Kirkendall diffusion
(Figure 15(b)) took place during heating prior to the Al
melting point. Because of the relatively high heating rate
of 20 °C/min, the fraction of the porosity due to the
Kirkendall diffusion must be considered to be not es-
sential for both treatments. We can thus assume that the
pore sizes immediately after the flow away of Al melt
are approximately equal to the sizes of Al fibers of the
as-extruded conditions; i.e., the specimen with the high
extrusion ratio of 350 has much smaller pores at this stage
than those in the specimens with the low extrusion ratio
of 17 or 25. Later, pore sizes as well as porosities will
be reduced. This has been confirmed by the dilatometric
measurement of Leitner ez al.!”! They have shown that a
volume reduction takes place after a maximum of di-
mensional increase has been reached. This volume re-
duction is observed at later stages of the sintering, at
which no Al melt is present. It is thus believed that dis-
location creep processes due to the well-known capil-
larity take place in the solid state and lead to the reduction
of pore sizes as well as porosities. Under the action of
the capillary forces, vacancy migration (Nabarro-Herring
creep) and dislocation climb (Peach-Koéhler creep) can
take place. The capiliary force increases with decreasing
pore size.’®! Due to larger capillary forces, the pore size
and the porosity in the specimen with the high extrusion
ratio of 350 have been more reduced than those in the
specimens with the low extrusion ratio of 17 and 25
(Figure 3). Both the vacancy migration (Nabarro-Herring
creep) and the dislocation climb (Peach-Koéhler creep)
become easier with increasing temperature. Hence, the
porosity and pore size decrease with increasing temper-
ature (Figures 4 through 6).

Shibue!® showed that the porosity can be reduced by
replacing Al powder with Al-7 wt pct Mn alloy powder.
This can also be explained as a result of reducing the
size of the Al fibers. For the same extrusion ratio of 15,
the as-extruded Ti- and Al-7 wt pct Mn powder mixture
exhibits a finer microstructure than the as-extruded Ti-
and Al-powder mixture. The strength difference between
Ti and Al is reduced by using the Mn alloyed Al powder
so that Ti particles are more deformed during extrusion.
For a constant section area of extruded parts, i.e., for a
same extrusion ratio, this means a reduction of both Ti
and Al fibers.

Both vacancy migration and dislocation climb can be

METALLURGICAL TRANSACTIONS A



(b)

Fig. 13— Polarized LM photographs of specimens extruded with extrusion ratio of 350 showing (a) dual-phase structure developed at 1000 °C/
6 h, (b) duplex structure developed after pressureless sintering at 1350 °C/6 h, and (c) after combined treatments: 1350 °C/6 h + 1350 °C/6 h/

200 MPa.

accelerated by applying an external pressure resulting in
a reduction of porosity, provided that no gas from the
environment penetrates into the specimens. If as-extruded
materials which are nearly pore-free (Figure 1) are di-
rectly HIP’ed, then gas penetration is limited, at least at
the beginning of the HIP treatment. This can be the rea-
son for the relatively lower porosities of simple HIP’ed
specimens, especially near the specimen surface
(Figures 7 and 8). Experimental results of pressureless
sinterings show that the overall porosity can be greatly
reduced by applying a high extrusion ratio. Open po-
rosity after pressureless sintering must also be decreased
with increasing extrusion ratio. Gas penetration must
therefore be largely limited for specimens extruded with
high extrusion ratio of 350 so that very low porosities
have been obtained through pressureless sintering fol-
lowed by HIP treatment (Figures 10 and 11(a)). On the
contrary, gas penetration can easily take place in spec-
imens extruded with low extrusion ratios of 17 and 25,
which are very porous after pressureless sintering
(Figures 3(a) and (b)). This accounts for the high po-
rosities of these specimens after treatments of scheme 1,

METALLURGICAL TRANSACTIONS A

i.e., first pressureless sintering and then HIP treatment
(Figure 10).

The vacancy migration can also introduce Ostwald
ripening, during which small pores are consumed to form
large pores. For a given detection limit, the measured
porosity will be larger due to Ostwald ripening, although
the real porosity should not be changed by Ostwald rip-
ening. Moreover, swelling of the gas included in spec-
imens at HIP treatment can also cause an increase of
porosity. Taking these two factors into account, it is easy
to understand why porosities of HIP’ed specimens were
increased by additional pressureless sintering (Figures 7,
10, and 11(b)).

V. CONCLUSIONS

The results obtained in this study can be summarized
as follows.

1. For pressureless sintering, the maximum pore size as
well as the porosity can be effectively reduced by ap-
plying a high extrusion ratio. This effect is larger at
higher temperatures.
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2. By applying a high extrusion ratio, it is possible to
prepare nearly pore-free material by HIP treatment
without encapsulating.

3. To reduce expensive HIP time, a combination of
pressureless sintering and HIP can be applied. Whether
HIP should be carried out before or after pressureless
sintering depends on the extrusion ratio applied. For
extrusion ratio as high as 350, it is more beneficial
with respect to porosity to carry out HIP after prior
pressureless sintering than the reverse route. For low
extrusion ratio, HIP should be performed before
pressureless sintering.

4. Depending on the temperature applied, different types
of microstructures can be obtained. In this work, a
duplex structure is developed at 1350 °C, whereas at
600 °C and 1000 °C, a dual-phase structure is formed.

5. The size of lamellar grains obtained at 1350 °C in-
creases with decreasing extrusion ratio and increasing
treating time. Lamellar grains of reactive powder-
processed material in this work are much finer than
those of ingot alloys.
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