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Abstract: The effect of hydrogen on 120°<111> twin boundaries in y phase of as-cast and as-forged Ti-46A1-2V-1Cr-0.3Ni

alloys was investigated by annealing treatment in hydrogen atmosphere, and the microstructure was observed by an optical

microscope, a scanning electron microscope, an electron back scattered diffraction technique, a transmission electron

microscope and a X-ray diffraction apparatus. The results show that hydrogen could promote y-phase static recrystallization of

the as-cast and as-forged alloys, and the extent of static recrystallization increases with increasing the hydrogen content. Many

static recrystallization grains possess 120°<111> twin boundaries. The relationship between the fraction of 120°<111> twin

boundaries and hydrogen content is given. Hydrogen-weakened p-phase elastic anisotropy increases 120°<111> twin

boundaries.
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Although TiAl based alloys have increasingly attracted at-
tention due to their noticeable engineering application pros-

131" while such application is

pect in aviation and aerospace
restricted by poor ductility and fracture toughness!”. y phase is
generally dominant in TiAl based alloys and so has critical ef-
fect on mechanical properties. In y phase, three types of twins,
namely pseudo (60°<111>), true (180°<111>) and order
(120°<111>) twins, have been distinguished”. Twins can oc-
cur during annealing or deformation, and consequently form
annealing twin boundaries and deformation twin bounda-
ries!™. Annealing twin boundaries have important influence
on the mechanical properties, such as stronger resistance to
intergranular degradation than the random boundaries!*'?.
Since ‘grain boundary design’ was proposed !, quantities of
works have been conducted on grain boundary engineering
(GBE) to improve GBE-related properties'*"".

Previous works report that many GBE-related findings are
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obtained in austenitic stainless steel'), Ni-based alloys[15’16],

copper and its alloys''”. By means of controlling or designing
special grain boundaries, the impurity segregation, inter-
granular corrosion, and the resistance to carbide precipitation
are remarkably improved"”'"!. It has been reported that hy-
drogen can induce twinning to improve the deformability of
TiAl based alloys”*??. Furthermore, the mechanism of hy-
drogen-promoted 60°<111> and 180°<111> twinning is re-
vealed and hydrogen-promoted 120°<111> twinning is found
during hot deformation of a Ti-46Al1-2V-1Cr-0.3Ni (at%) al-

12l However, the mechanism of hydrogen-promoted

loy
120°<111> twinning is still not clear, which makes it hard to
conduct 120°<111> twin boundary design. Therefore,
120°<111> twin boundaries in y phase of a TiAl based alloy
during annealing treatment in hydrogen atmosphere was in-

vestigated in this research.
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The experimental material was Ti-46Al-2V-1Cr-0.3Ni (at%)
alloy fabricated by an alloy induction skull melting technique.
Cylindrical billets with dimensions of @37 mm x 50 mm were
packed by 321 stainless steel and then two-step forged at the
temperature of 1220 °C and speed of 0.8 mm/s, with a total en-
gineering strain of 75%, and eventually the as-forged alloy was
obtained. Samples with dimensions of 10 mmx8 mmx5 mm
were obtained from the as-cast and as-forged alloys. Then, an-
nealing treatment in hydrogen atmosphere test was conducted,
and three samples were tested under each experiment condition,
as shown in Table 1. Finally, microstructure of these samples
was observed by an OLYMPUS GX71 optical microscope
(OM), a Quanta 200FEG scanning electron microscope (SEM),
an electron back scattered diffraction technique (EBSD) as an
additional characterization technique in SEM, a Tecnai G*F30
transmission electron microscope (TEM), and a D/max-rB 12
kW X-ray diffraction (XRD) apparatus.

2 Results and Discussion

Fig.1 shows the OM, SEM microstructures and XRD pattern
of the as-cast and as-forge Ti-46Al-2V-1Cr-0.3Ni alloys. As
shown in Fig.1a and 1c, the as-cast alloy comprised coarse y+a,
phase lamellar colonies with a mean size of approximately
870 um, a few fine y-phase grains distributed along lamellar
colony boundaries, and y phase was dominant. In the as-forged
alloy, y phase (grey areas) was also dominant in the as-forged
billet, with a volume fraction of 91.5%, and a little a,+B2 phase
(white areas) could be observed, as shown in Fig.1b. Because y
phase was the main research object, o, and B2 phases were not
indicated in the EBSD observations (see the white areas).

The grain orientation spread (GOS) in each grain is
determined by calculating the average miosrientation between
all points sampled within the grain, and GOS maps can be
used to determine recrystallization grains which typically have
an orientation spread less than 1°~2°C* Additionally, the
critical GOS value (CGV) to determine recrystallization grains
can be viewed as the end point of the first prominent peak>>**".
Fig.2 shows the GOS distribution maps of the samples C-I,

Table 1 Samples under different annealing treatment in hydro-

gen atmosphere

. H
Samples  Status Annealing treatment content/at%
Cl1 As-cast 750 °C, 2 h, w1thout. hydrogen; 0
furnace cooling
750 C, 2 h, with hydrogen pressure
e As-cast of 0.148 MPa; furnace cooling 0.8
750 °C, 2 h, with hydrogen pressure
F-I - As-forged of 0.117 MPa; furnace cooling 0.2
750 °C, 2 h, with hydrogen pressure
FIL As-forged of 0.132 MPa; furnace cooling 0.4
750 C, 2 h, with hydrogen pressure
F-IIT As-forged of 0.136 MPa; furnace cooling 0.64
FIV  As-forged 750 °C, 2 h, with hydrogen pressure 0.8

of 0.148 MPa; furnace cooling

C-I1, F-1, F-1I, F-III and F-IV. CGVs of the samples C-I, C-II,
F-1, F-11, F-1II and F-IV were 0.93°, 1°, 1.13° 1.3° 0.9° and
0.8°, respectively, all of which were less than 2°. Consquently,
their static recrystallization (SRX) fractions were 79%, 84.3%,
85.3%, 87.3%, 90.3% and 91.1%, respectively. Obviously, the
SRX fraction increased due to hydrogen addition, and
increased with increasing hydrogen content. Furthermore,
many grains determined as SRX grains possessed 120°<111>
twin boundaries. Note that 120°<111> meant the orientation
relationship between the SRX grains and the parent grains was
120° around <111> direction.

Fig.3 shows the distribution maps of 120°<111> twin
boundaries of the samples C-1, C-1I, F-I and F-IV. Obviously,
most of the SRX grain boundaries consisted of 120°<111>
twin boundaries. As shown in the inset (a;) of Fig.3, the SRX
grains nucleated in the curved y/a, interface (marked by dotted
line) and grew into (marked by red arrows) an adjacent
y-phase lamella. The inset (a,) of Fig.3 shows a TEM image of
the as-cast alloy before hydrogenation. Obviously, curved y/a,
interfaces were common in the as-cast alloy, and meanwhile
coherency strain generating dislocations could be also
observed. Similarly, it could be observed that some SRX
grains formed along grain bounadries and grew into the
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Fig.1 OM (a), SEM (b) microstructures and XRD pattern (c) of the as-cast (a, c) and as-forge (b) Ti-46AI1-2V-1Cr-0.3Ni alloys
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Fig.2 GOS distribution maps of the samples: (a) C-1, (b) C-II, (c) F-I, (d) F-II, (e) F-III, and (f) F-IV

Fig.3 Distribution maps of 120°<111> twin boundaries of the samples: (a) C-1, (b) C-II, (c) F-I, and (d) F-IV (grains with blue color were
determined as SRX grains, the yellow line meant 120°<111> twin boundaries and the inset (a;) was a TEM image of the as-cast alloy

before hydrogenation)
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adjacent y—phase grains in the as-forged alloy after
hydrogenation, as shown in the inset of Fig.3c. For the as-cast
alloys, the fraction of 120°<111> twin boundaries in the
sample C-II was 81.9%, more than that (72.1%) in the sample
C-1. Similarly, for the as-forged alloys, the fraction of
120°<111> twin boundaries
hydrogen content. Fig.4 shows the dependence of 120°<111>
twin boundary fractions on hydrogen content in the samples
F-1, F-1I, F-III and F-IV. The relastionship between the the
fraction of 120°<111> twin boundaries (Cjyp<;;;>) and
hydrogen content (Cy) could be described as:
Ciapo<111>=15.26Cyy+32.86 (%, for the as-forged alloy) (1)
Recrystallization is defined as the formation of a new grain

increased with increasing

structure by the formation and migration of high angle grain
boundaries (15°~180°) driven by the stored energy of
deformation. Nevertheless, recrystallization can also be
triggerd by the stored strain due to residual quenching stresses,

(27281 coherecy strains due to

microstructural imperfections
lattice misfits during phase transformation, and high strain
energy due to rapid growth of lamella™’. According to the
phase diagrams of TiAl based alloys”"*", the recrystallizatoin
temperature of the present alloy is about 477 °C, and hence
recrystallization can occur in both the unhydrogenated and
hydrogenated alloys during annealing treatment. Therefore,
many SRX grains were observed in the samples C-I and C-II
after hydrogenation. It has been reported that hydrogen can
promote recrystallization of the Ti-46A1-2V-1Cr alloy during
the high-temperature deformation, which is partly attributed to

B2 That also partly

hydrogen-increased element diffusion
contributed to the more SRX grains in the samples with
hydrogen addition.

As shown in Fig.3, dominant 120°<111> twin boundaries were
distributed in the SRX grains. It has been reported that the forma-
tion of 120°<111> twin boundaries was due to strain generated by

34 However, the formation of

the a,—y transformation'
120°<111> twin boundaries was also related to recrystallization. Tt
is reported that recrystallization grains are preferentially oriented

(i.e. recrystallization texture) according to the oriented nucleation
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Fig4 Dependence of 120°<111> twin boundary fractions on
hydrogen content in the samples F-1, F-II, F-11I and F-IV

B33 It is generally agreed that a major

and growth theories
driving force for recrystallization is the stored energy due to
dislocations generated during deformation””. Lee proposed strain
energy release maximization model (SERMM) where the
absolute maximum stress direction will become the direction of
the minimum elastic modulus of recrystallization grains to reduce
the stored energy”®. Note that SERMM is based on elastic
anisotropy™*"\. The anisotropy indexes, 4 and 4", can be given
by[40,41]

= GG 00w 2)
G, + G,
4 =58, By ¢ €)
GR BR

where G and B are shear and bulk moduli, respectively, and
the subscripts V' and R denote the Voigt and Reuss
approximations, respectively.

According to Eq.(2), and Eq.(3), the 4G and 4" of the
unhydrogenated alloy were 8.965 and 0.914, respectively,
which were consistent with the results by Chen et al.l*?.
According to SERMM, the formation of SRX grains can lead
to the strain energy release maximization. However, numerous
SRX grains possess 120°<111> twin boundaries whose
interface energy is approximately 250 mJ/m*, more than that
of the 180°<111> twin boundaries'”. That means the
formation of SRX grains with 120°<111> twin boundaries can
not be completely explained by SERMM. Similarly, the
recrystallization grains with 27°<110> grain boundaries can
also not be explained by SERMM in a rolled V-4Cr-4Ti alloy,
because SERMM is proposed according to the elastic
anisotropy of steel which is opposite to the V-4Cr-4Ti alloy™**.
The elastic anisotropy of the unhydrogenated alloy in this
paper is lower than that of steel. Furthermore, it is reported
that hydrogen can remarkably weaken elastic anisotropy of a
TiAl alloy, with 4; and A" decrease of 48% and 50%,

respectively®”.  Therefore, hydrogen-weakened elastic
anisotropy led to more 120°<111> twin boundaries in the

hydrogenated alloy, compared with the unhdrogenated alloy.
3 Conclusions

1) Hydrogen can promote y-phase static recrystallization of
the as-cast and as-forged Ti-46A1-2V-1Cr-0.3Ni alloy, and the
extent of static recrystallization increases with increasing the
hydrogen content. Many static recrystallization grains possess
120°<111> twin boundaries.

2) For the as-forged alloy, the relationship between the frac-
tion of 120°<111> twin boundaries (Cjyp<i11>) and hydrogen
content (Cy) can be described as Ciypc-=15.26Cyxt+
32.86 (%). Hydrogen-weakened elastic anisotropy leads to
more 120°<111> twin boundaries.
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