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Summary:

Internally nitrided dilute Mo-Ti alloys having a heavily deformed
microstructure near the specimen surface were prepared by a novel two-step
nitriding process at 1173 to 1773 K in N2 gas. For the nitrided specimens,
three-point bend tests were performed at temperatures from 77 to 298 K in
order to investigate the effect of microstructure control by internal nitriding on
the ductile-to-brittle transition temperature (DBTT) of the alloy. Yield strength
obtained at 243 K of the specimen maintaining the deformed microstructure by
the two-step nitriding was about 1.7 times as much as recrystallized specimen.
The specimen subjected to the two-step nitriding was bent more than 90
degree at 243 K, whereas recrystallized specimen was fractured after showing
a slight ductility at 243 K. DBTT of the specimen subjected to the two-step
nitriding and recrystallized specimen was about 153 K and 203 K, respectively.
These results indicate that multi-step internal nitriding is very effective to the
improvement in the embrittlement by the recrystallization of molybdenum
alloys.
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1. Introduction

Molybdenum and its alloys are promising candidates for high-temperature
structural materials such as plasma facing components, aerospace
applications and so on. However, the practical developments for these metals
are not performed enough because of the cold brittleness resulting from the
fragility of grain boundary common to the refractory metals with a bcc structure.
In particular, the cold brittleness becomes conspicuous by the recrystallization,
resulting in a significant increase in the ductile-to-brittle transition temperature
(DBTT) (1). Therefore, it is necessary to suppress the recrystallization of
molybdenum to high temperature by the pinning of grain boundaries.

As one of the solution for the problem, we proposed the recrystallization
control of Mo-Ti alloys by multi-step internal nitriding (2). In this method, it is
possible to disperse TiN particles into the rolled alloys having the deformation
structure because the nitriding temperature is elevated step by step from
below the recrystallization temperature of the alloys. These particles act
effectively as a pinning point of the grain boundary migration. As a result, the
recrystallization temperature of the alloys is improved above 1873 K. In such
alloys, it is expected not only that the high-temperature strength is increased
due to dispersion strengthening but also that the cold brittleness is improved
by maintaining the deformation structure.

The aims of this paper are to examine the DBTT of Mo-Ti alloys subjected
to the multi-step internal nitriding and to discussed the effectiveness of this
nitriding method for the improvement in the cold brittleness of Mo.

2. Experimental

Mo-alloy containing 0.5 mass% Ti (to be referred to hereafter as
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Mo-0.5Ti) are prepared by the powder metallurgy method (3). Rectangular
specimens with the dimensions of 2.5wx1t*25l mm were cut out from the
as-rolled sheet, and mechanical and electrolytic polishing were carried out.
Nitriding was performed at 1173 to 1773 K in a flowing N2 gas of 1 atm. At first,
the preliminary nitriding (to be referred to hereafter as primary nitriding) was
performed at 1223 K for 16 h after nitriding at 1173 K for 64 h, which were
below the recrystallization temperature of the alloys. The secondary nitriding
was performed at 1773 K for 24 h, in order to grow up the Ti nitride precipitates
dispersed by primary nitriding. The recrystallized specimens were obtained as
a comparative specimen by heating Mo-0.5Ti alloy at 1773 K for 1 h in a
vacuum of about 1.3><10"4 Pa. A part of the recrystallized specimens was
nitridedat 1773 K for 24 h.

The cross-sectional observation was carried out by using optical
microscope. Micro-Vickers hardness of the cross section was measured by
using a weight of 0.245 N. In order to examine DBTT, three-point bend tests
were performed at 77 K to room temperature.

3. Results and discussion

Figure 1 shows optical micrographs of the cross section for Mo-0.5Ti alloy
as-rolled (a), recrystallized at 1773 K (b) and subjected to the two-step
nitriding at 1173 to 1773 K (c). The structure of the recrystallized specimen (b)
is an equiaxed grains structure of which the average grain size is about 30 pm.
On the other hand, the structure of the surface region of the two-step nitriding
specimen (c) is similar to that of the as-rolled specimen (a), though the inward
is recrystallized by secondary nitriding at 1773 K. The suppression of the
recrystallization is due to the pinning effect of the. grain boundary migration by
TiN particles dispersed by two-step nitriding. The depth to which the
recrystallization was suppressed depended on the temperature of secondary
nitriding.

Figure 2 shows stress-displacement curves obtained at 243 K for the
specimen recrystallized (a) and subjected two-step nitriding (b). The cross
represents the occurrence of brittle fracture. The yield stress of the
recrystallized specimen (a) and the two-step nitriding specimen (b) were 970
MPa and 1620 MPa, respectively. The high yield stress of the two-step
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Fig. 1 Optical micrographs of the cross section for Mo-0.5%Ti alloy as rolled
(a), recrystallized at 1773 K (b) and subjected to the two-step nitriding at 1173
to1773K(c).
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Fig. 2 Stress-displacement curves obtained at 243 K for the specimens
recrystaliized (a) and subjected to the two-step nitriding (b). The cross
represents the occurrence of brittle fracture.

nitriding specimen is explained mainly by the precipitation hardening by
internal nitriding.

Figure 3 shows appearance photographs of the specimens after the bend
test at 243 K. It is found that the two-step nitriding specimen is bend more than
90 degree at 243 K, whereas recrystallized specimen is fractured after
showing a slight ductility at 243 K. In many case, the increase in the yield
stress brings the decrease in the ductility. However, the two-step nitriding
specimen of this study exhibited excellent ductility, even though it had a high
yield stress compared with the recrystallized specimen. These results suggest
that the two-step nitriding specimen has high toughness.

In order to investigate the influence of the nitriding on a strength property,
a part of the recrystallized Mo-0.5Ti alloys was nitrided at 1773 K for 24h.
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Fig. 3 Appearance photographs of the specimens after the bend test at 243 K.

Stress-displacement curve obtained at 242 K for this specimen is shown in Fig.
4. In case of the nitrided specimen after the recrystallization, it is found that the
brittle fracture occurs without showing ductility. From the experiment about Mo
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Fig. 4 Stress-displacement curve obtained at 243 K for the specimen nitrided
at 1773 K for 24h after recrystallization.

which had bamboo-type grain structure, Hiraoka et al. (3) reported that the
segregation of nitrogen to grain boundaries embrittled remarkably grain
boundaries of Mo. Furthermore, Kobayashi et al. (4) concluded that the
increase in the hardness by internal nitriding brought the decrease in the
low-temperature ductility from the results for internally nitrided TZM alloy
(Mo-0.5Ti-0.08Zr-0.03C). The result of Fig. 4 is not contradictory to these
results. Thus, for Mo alloys, the internal nitriding is one of the surface
modification methods by which the low-temperature ductility is spoiled, though
it is very effective in improvement in the high-temperature strength (5).
Therefore, it is found that the excellent low-temperature ductility of the
two-step nitriding specimen in this study is not due to the dispersion
strengthening by the internal nitriding but due to the suppression of the
recrystallization in the surface region by the two-step nitriding.

Figure 5 shows relation between strength and reciprocal of bend test
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Fig. 5 Relation between strength and reciprocal of bend test temperature for
the two-step nitriding specimens.

temperature for the two-step nitriding specimens. It is found that the yield
strength becomes equal to the maximum strength (fracture strength) at about
153 K. Therefore, the DBTT of the two-step nitriding specimen is estimated as
153 K. The DBTT of the recrystallized Mo-0.5Ti alloy is about 203 K (6). Thus,
the two-step nitriding specimen is excellent not only in the strength but also in
the low-temperature ductility compared with the recrystallized specimen.

4. Conclusions

Mechanical properties of the Mo-0.5Ti alloy micro-structurally controlled
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by novel two-step internal nitriding were investigated by the low-temperature
three-point bend tests. The results are summarized as follows.

(1) The two-step nitriding specimen having a heavily deformed
microstructure near specimen surface had high yield strength and excellent
ductility compared with the recrystallized specimen.

(2) The DBTT of two-step nitriding specimen was about 153 K, and the
cold brittleness was remarkably improved compared with the recrystallized
specimen.

(3) The multi-step internal nitriding is very effective in the improvement in
the cold brittleness caused by the recrystallization of Mo.
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