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The Effect of Lamellar Morphology on Tensile and High-Cycle
Fatigue Behavior of Orthorhombic Ti-22Al-27Nb Alloy

MASUO HAGIWARA, AYA ARAOKA, SEUNG JIN YANG, SATOSHI EMURA,
and SOO WOO NAM

The room-temperature tensile and high-cycle fatigue (HCF) behavior of orthorhombic Ti-22Al-27Nb
alloy with varying lamellar morphology was investigated. Varying lamellar morphology was produced
by changing the cooling rate after annealing in the single B2 phase region. A slower cooling rate of
0.003 K/s, for example, resulted in several large packets or colonies of similarly aligned O-phase lamel-
lae and a nearly continuous massive �2 phase at the prior B2 grain boundaries, while a faster cooling
rate of 0.1 K/s led to the refinement of colony sizes and the O-phase lamellae. The interface of O-phase
lamellae and B2 phases was semicoherent. Water quenching produced a very fine tweed-like microstruc-
ture with a thin continuous O phase at the prior B2 grain boundaries. The 0.2 pct yield stress, tensile
strength, and HCF strength increased with increasing cooling rate. For example, the tensile strength
and HCF strength at 107 cycles of 0.003 and 0.1 K/s-cooled were 774 and 450 MPa, and 945 and
620 MPa, respectively. Since the fatigue ratio, which is the ratio of HCF strength at 107 cycles to ten-
sile strength, did not show a constant value, but instead increased with increasing cooling rate, part of
the fatigue improvement was the result of improved resistance to fatigue associated with the microstruc-
tural refinement of the lamellar morphology. Fatigue failure occurred by the subsurface initiation, and
every initiation site was found to contain a flat facet. Concurrent observation of the fatigue initiation
facet and the underlying microstructure revealed that the fatigue crack initiated in a shear mode across
the colony, irrespective of colony size, indicating that the size of the initiation facet corresponded to
that of the colony. Therefore, the colony size is likely a major controlling factor in determining the
degree of fatigue improvement due to the microstructural refinement of lamellar morphology. For the
water-quenched specimens, fatigue crack initiation appeared to be associated with shear cracking along
the boundary between the continuous grain boundary O phase and the adjacent prior B2 grain.

I. INTRODUCTION

IN the previous 2 decades, considerable efforts have been
made to develop Ti3Al(�2)-based and TiAl(�)-based tita-
nium intermetallic alloys for elevated temperature applica-
tions. However, their application is still limited by the low
ductility and lack of resistance to fracture of these alloys at
low temperatures.[1,2]

Recently, a new class of titanium intermetallic alloys,
based on the Ti2AlNb phase, have become the focus of atten-
tion as potential materials for aircraft engine applications
due to their higher specific strength and fracture toughness
than �2-based and �-based alloys.[3–15] These alloys are often
called orthorhombic alloys because of the ordered orthorhom-
bic structure of the Ti2AlNb phase. One typical orthorhom-
bic alloy is the Ti-22 at. pct Al-27at. pct Nb alloy,[3,4] which
consists mainly of the Ti2AlNb phase (O phase) and ordered
B2 phase.[5] A wide range of microstructures and hence a
variety of properties can be developed in a Ti-22Al-27Nb
alloy through control of processing and heat treatments. For

example, O-phase lamellae separated by thin B2-phase films
are formed by cooling from the single B2 region, and there-
fore, this type of microstructure is often called a lamellar
microstructure. Similar to conventional �-� type titanium
alloys such as Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo alloys,
the morphology of lamellar microstructure, i.e., lamellar
morphology, can be arranged in packets or colonies of simi-
larly aligned O-phase lamellae or in a basketweave mor-
phology depending on the cooling rate. The equiaxed O-phase
microstructure can be obtained by applying a major defor-
mation in the (O � B2) two-phase region and subsequent
annealing in the same (O � B2) two-phase region.[8] Dur-
ing subsequent annealing, the heavily deformed O phase
becomes equiaxed or spherical in shape due to recrystal-
lization. Studies of the relationship between mechanical pro-
perties and microstructures in a Ti-22Al-27Nb alloy have
revealed that, among these two typical microstructures, a
lamellar microstructure has the best high-temperature pro-
perties, especially with respect to creep resistance.[3,5] There-
fore, the control of processing and heat treatment needs to
be carried out in order to give the Ti-22Al-27Nb alloy a
lamellar microstructure.

To ensure the material’s reliability, Ti-22Al-27Nb alloy
should also have a very good high-cycle fatigue (HCF) pro-
perty at room temperature. However, so far, there are little data
available on the relationship among tensile strength, HCF
strength, and lamellar morphology. The purpose of the present
study therefore was to investigate the effect of lamellar mor-
phology on tensile and HCF behavior of Ti-22Al-27Nb alloy.
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II. EXPERIMENTAL PROCEDURE

A Ti-22Al-27Nb alloy ingot with a diameter of about 50 mm
was prepared by plasma arc melting under Ar gas atmosphere.
Melting was performed 3 times to ensure homogeneity.
Chemical analysis of the ingot showed Ti-22.0 at. pct Al-26.8
at. pct Nb and oxygen content of 640 ppm. The alloy ingot
was first hot rolled at 1423 K in the B2-phase region into
12-mm square bars. Hot rolling was performed using 16 passes,
with the rolled bars reheated every 2 passes. These rolled
bars were annealed at 1423 K for 3.6 ks and then cooled to
produce a lamellar microstructure. The lamellar morphology
was varied by changing the cooling rate. Four different cooling
rates were applied, i.e., 0.003 K/s (very slow furnace cooling),
0.03 K/s (slow furnace cooling), 0.1 K/s (fast furnace cooling),
and water quenching (about 130 K/s[16]). The controlled cool-
ing in the furnace was maintained until the temperature reached
873 K, after which air cooling was applied. These cooled
bars were finally held at 1123 K for 118.8 ks in the (B2 � O)
two-phase region[5] to stabilize the microstructure. These heat-
treatment conditions are listed in Table I.

Room-temperature tensile tests were performed in air with
specimens 3.5 mm in diameter using a 16-mm gage length.
The HCF tests were performed in air with specimens 3.0 mm
in diameter using a 14-mm gage length, an R ratio of 0.1 in
the load-control mode, and a frequency of around 80 Hz.

The microstructures and deformation behavior were eval-
uated using optical microscopy, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Thin
foils for TEM observation were prepared by twin-jet polish-
ing at 233 K with a mixed solution of 10 vol pct H2SO4 and
90 vol pct ethanol.

III. RESULTS AND DISCUSSION

A. Microstructure

The average size of prior B2 grains was 100 �m after
annealing at 1423 K for 3.6 ks and water quenching. Figure 1
shows the microstructures of the Ti-22Al-27Nb alloy cooled
from the annealing temperature of 1423 K at four different
cooling rates of 0.003 K/s, 0.03 K/s, 0.1 K/s, and water
quenching (designated as the 0.003 K/s-cooled, 0.03 K/s-
cooled, 0.1 K/s-cooled, and water-quenched specimen, respect-
ively). The lamellar morphology is summarized in Table I.
The morphological features of O-phase lamellae, colony size,
and lamellae width are seen to be strongly dependent on the

cooling rate. The very slow cooling rate of 0.003 K/s resulted
in several colonies of similarly aligned O-phase lamellae
(gray area) within the prior B2 grains and a nearly continu-
ous �2 phase (black area) of about 5 �m in width at the grain
boundaries[5,7,13] (Figure 1(a)). Although final heat treat-
ment was performed in the (B2 � O) two-phase region, the
microstructure maintained the grain boundary �2 phase, but
the rim O phase was observed around the �2 phase. The
size of each colony was determined to be in the range of
100 to 200 �m. The width of the O-phase lamellae was about
4 �m. The B2 phase (bright area) was present as thin films
between the O-phase lamellae. The slow cooling rate of
0.03 K/s led to smaller colonies ranging from 30 to 100 �m
in size, a narrower grain boundary �2 phase, and thinner
O-phase lamellae of about 2 �m in width (Figure 1(b)). In
addition, O-phase lamellae with a type of basketweave mor-
phology were present in the central area of the prior B2 grains.
The further refinement of the lamellar morphology could be
accomplished at a fast cooling rate of 0.1 K/s (Figure 1(c)).
At this cooling rate, most of the area in the prior B2 grains
was occupied by the O-phase lamellae with a type of bas-
ketweave morphology, and the colonies with limited growth
of O-phase lamellae were only seen adjacent to the grain
boundaries. Water quenching and the subsequent stabilization
annealing at 1123 K for 118.8 ks produced very fine O-phase
lamellae with a tweed-like morphology[20] and a thin con-
tinuous O phase of about 2 �m in width at the prior B2 grain
boundaries (Figure 1(d)). Since the water quenching retained
the B2 phase, this microstructural morphology was produced
during the subsequent stabilization annealing.

Figure 2(a) shows the TEM micrograph of the 0.003 K/s-
cooled specimen. It can be seen that the B2 phase is present
between the O-phase lamellae as thin films. The selected area
diffraction pattern (SADP) of Figure 2(a) is shown in Fig-
ure 2(b), and the diffraction patterns are identified in Figure
2(c). The indexing result of SADP shows that there is a crys-
tallographic relationship between the B2 and O phases:
[111]B2//[110]o, (10

–
1)B2//(00

–
1)o, or (01

–
1)B2//(0

–
2

–
1)o. This rela-

tionship is known as the Burger’s relationship. This obser-
vation result is in agreement with previous reports by other
researchers on orthorhombic alloys.[5,17–20]

Figure 3 shows the high-resolution TEM micrograph of
the O/B2 phase interface in the Ti-22Al-27Nb alloy annealed
at 1423 K and cooled at the rate of 0.003 K/s. It is clear that
the O/B2 phase interface is semicoherent. The lattice lines of
the O and B2 phases indicated by the arrow show a crystallo-
graphic relationship and a semicoherency between two phases.

Table I. Heat-Treatment Conditions and Lamellar Morphology of Ti-22Al-27Nb

Heat-Treatment Conditions Lamellar Morphology

Solution Treatment Annealing Treatment Morphological 
Specimen (Temperature (K)/ Cooling Rate (Temperature (K)/ Features of Colony Lamellae 
Designation Time (ks)) (K/s) Time (ks)) O-Phase Lamellae Size (�m) Width (�m)

0.003 K/s-cooled 1423/3.6 0.003 1123/118.8/FC colony (Fig. 1(a)) 100 to 200 4
0.03 K/s-cooled 1423/3.6 0.03 1123/118.8/FC mostly colony (Fig. 1(b)) 30 to 100 2
0.1 K/s-cooled 1423/3.6 0.1 1123/118.8/FC mostly basket-weave (Fig. 1(c)) 1
Water quenched 1423/3.6 WQ 1123/118.8/FC tweed-like (Fig. 1(d)) *

WQ: water quenching (about 130 K/s[16]), FC: furnace cooling, and *: O-phase lamellae with tweedlike morphology are very thin and were difficult to
resolve by SEM.
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B. Tensile Properties

Table II summarizes the room-temperature tensile proper-
ties of the Ti-22Al-27Nb alloy cooled from 1423 K at four
different cooling rates. These data are the average of at least
two specimens. Increased cooling rates, leading to the refine-
ment of colony size and O-phase lamellae width, increased
the yield stress and tensile strength. For example, tensile
strength increased from 774 to 976 MPa as the cooling rate
increased from 0.003 to 130 K/s (water quenching). Contrary
to the tensile strength, increasing the cooling rate decreased
ductility. For example, tensile elongation decreased from 11.9
to 7.0 pct as the cooling rate increased from 0.003 to 130 K/s.

Higher-magnification SEM micrographs of tensile-fractured
surfaces are shown in Figure 4 for 0.003 K/s-cooled, 0.1 K/s-
cooled, and water-quenched specimens. The dependence of
fracture path on microstructure is clear from these micro-
graphs. A 0.003 K/s-cooled specimen was broken by the
transgranular fracture, and the fracture path was very irregular
(Figure 4(a)). This micrograph also shows that there are many
elongated microfacets, bounded by tear ridges, on the fracture
surface. To reveal the underlying microstructure beneath
the fracture surface, a fractured tensile specimen with mutually
matching surfaces was sectioned parallel to the tensile axis,

as shown in Figure 5. It is seen that the tensile fracture of a
0.003 K/s-cooled specimen was caused by cleavage fracture
across the colonies. It is also evident that microfacets and
tear ridges seen on the fracture surfaces correspond to the
cleavage of individual, similarly aligned O-phase lamellae
and the fracture of the thin B2 phase, respectively. These
fractographic features are similar to those seen in conven-
tional �-� titanium alloys such as Ti-6A1-4V with a colony
microstructure.[21–24] The TEM observation revealed that the
planar slip passed through the interface between the O and
B2 phases, as shown in Figure 6. Because of this transmis-
sion of the slip band, an offset occurred during tensile defor-
mation. The B2 phase was split in two corresponding to the
slip line of the O phase, as shown in Figure 6(a). The slip
line was composed of many dislocations, as shown in Fig-
ure 6(b). Contrary to the 0.003 K/s-cooled specimen, the
0.1 K/s-cooled specimen exhibits a very flat fracture path
with traces of cleavage fractures of very fine basketweave
O-phase lamellae on the fracture surfaces (Figure 4(b)). A
water-quenched specimen exhibits a very irregular fracture
path with a mixture of transgranular and intergranular fracture
modes (Figure 4(c)). Many grain boundary cracks associated
with intergranular fractures are present on the fracture surface.

Fig. 1—SEM micrographs of the Ti-22Al-27Nb alloy annealed at 1423 K and cooled at the rates of (a) 0.003 K/s, (b) 0.03 K/s, (c) 0.1 K/s, and (d) water
quenching.
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C. HCF Properties

Figure 7 shows the room-temperature HCF curves of the
Ti-22Al-27Nb cooled under the four different cooling condi-
tions. It is evident that, as compared to the 0.003 K/s-cooled
specimen, the increasing cooling rate increased the HCF
strength over the entire cycle range. The HCF strength at
107 cycles of 0.003 K/s-cooled, 0.03 K/s-cooled, 0.1 K/s-
cooled, and water-quenched specimens was 450, 540, 620,
and 680 MPa, respectively. Since the tensile strength of these
specimens increased as a result of refining the colony sizes
and O-phase lamellae width, part of the fatigue improve-
ment can be attributed to improved strength. To demonstrate
that the fatigue improvement was also the result of the

improved resistance to fatigue associated with this microstruc-
tural refinement, the fatigue ratio of HCF strength to ultimate
tensile strength was calculated under the four conditions. If
the calculated fatigue ratio is not constant but instead shows
a microstructural dependence, a part of the observed fatigue
improvement can be attributed to microstructural refinement.
Although all the specimens we tested broke before reaching
their ultimate tensile strength, we assumed from the tensile
curves that the tensile strength is almost equal to the ulti-
mate tensile strength. As shown in Table I, the fatigue ratio
at 107 cycles of 0.003 K/s-cooled, 0.03 K/s-cooled, 0.1 K/s-
cooled, and water-quenched specimens was 0.58, 0.65, 0.67,
and 0.70, respectively. We can see that the fatigue ratio is not

Fig. 2—(a) TEM micrograph of the Ti-22Al-27Nb alloy annealed at 1423 K and cooled at the rate of 0.003 K/s. (b) SADP taken from (a). (c) Indexing
result of the SADP.
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constant: instead, it increases with increasing cooling rate.
These results clearly confirm that part of fatigue improvement
is the result of microstructural refinement.

The SEM examinations of the fatigued specimens are shown
in Figures 8, 9, and 10 for the 0.003, 0.03, and 0.1 K/s-cooled
specimen, respectively. Most specimens failed due to subsur-
face crack initiation, and every fatigue initiation site contained
a flat facet (Figures 8(a), 9(a), and Figure 10(a)). As shown
in these microstructures, the cooling rate dictated the facet
size, which was the largest (about 200 �m in diameter) in the
0.003 K/s-cooled specimen (Figure 8(a)) and the smallest (about
80 �m in length and 50 �m in width) in the 0.1 K/s-cooled
specimen (Figure 10(a)). It has been generally recognized in
titanium alloys that most of the HCF life is spent in the fatigue
initiation stage.[21] Therefore, it seems reasonable to argue that
fatigue life is closely dependent on facet size.

To correlate the facet size with the microstructure and, as a
result, to gain an understanding of the fatigue initiation mech-
anism, the initiation facet and the underlying microstructure
were concurrently observed using a precision sectioning

method.[22,23] In this method, the fatigued specimen was sectioned
perpendicular to the fracture surface through the section line.
After polishing and etching the sectioned surface, the mount-
ing material was resolved, enabling concurrent observation of
the initiation facets and the underlying microstructure. Fig-
ure 8(b) shows the concurrent observation of the initiation facet
and the underlying microstructure for the 0.003 K/s-cooled
specimen. As seen from the underlying microstructure, the
fatigue crack initiated within one colony, which indicates that

Fig. 3—TEM micrograph of the O/B2-phase interface in the Ti-22Al-27Nb
alloy annealed at 1423 K and cooled at the rate of 0.003 K/s, showing
that the O/B2 phase interface is semicoherent.

Table II. Tensile and HCF Properties of Ti-22Al-27Nb
Alloy with Varying Lamellar Morphology

Specimen �0.2 UTS Tens. �F

Designation (MPa) (MPa) EL (Pct) (MPa) S

0.003 K/s-cooled 603 774 11.9 450 0.58
0.03 K/s-cooled 668 835 11.2 540 0.65
0.1 K/s-cooled 715 945 8.3 620 0.66
Water-quenched 814 976 7.0 680 0.70

�0.2: yield stress, UTS: ultimate tensile strength, Tens.El.: tensile
elongation, �F: HCF strength at 107 cycles, S: ratio of �F to UTS, and WQ:
water quenching (about 130 K/s[16]).

Fig. 4—Tensile fractured surfaces of the Ti-22Al-27Nb alloy annealed at
1423 K and cooled at the rates of (a) 0.003 K/s, (b) 0.1 K/s, and (c) water
quenching.
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the size of the initiation facet corresponds to that of one colony
and that the one colony of similarly aligned O-phase lamellae
can be regarded as a single grain. As is the case in the tensile
fracture surfaces (Figure 4(a)), the initiation facet consists of
many elongated microfacets, each of which is bounded by
tear ridges. It is also clear that these microfacets and tear ridges
correspond to the fracture of individual, similarly aligned O-
phase lamellae and the thin B2 phase, respectively. The initi-
ation facet and the underlying microstructure for the 0.03
K/s-cooled specimen are shown in Figures 9(b) and (c). In Fig-
ure 9(b), the tensile axis is perpendicular to the photograph.
Two large facets are seen at the fatigue initiation site. This type
of fatigue initiation is reported to occur as a multifacet initia-
tion in conventional �-� titanium alloys with a colony micro-
structure.[22] The size of each initiation facet was about 100 �m,
equivalent to that of one colony within prior B2 grains in this
specimen. The underlying microstructure (Figure 9(b)) shows
that each of two facets is inclined at 45 deg to the tensile axis,
which is a favorable angle for shear-related crack initiation,
since it coincides with maximum shear direction. Therefore, it
can be concluded that the fatigue crack initiated in a shear mode
across the colony in both the 0.003 and 0.03 K/s-cooled spec-
imens. Figure 9(c) and the inset show a higher magnification
of the underlying microstructure. We can see that there is an
intense slip band (indicated by the arrow), located just beneath
the initiation facet and parallel to the facet plane. It is also seen
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Fig. 5—Microstructure beneath the tensile fractured surfaces of the Ti-
22Al-27Nb alloy with surfaces matched to each other. This alloy was
annealed at 1423 K and cooled at the rate of 0.003 K/s.

Fig. 6—TEM observation of tensile fractured Ti-22Al-27Nb alloy. (a) Pla-
nar slip passing through the O/B2 interface and (b) offset of B2 phase (indi-
cated by circle) and slip line composed of numerous dislocations. This alloy
was annealed at 1423 K and cooled at the rate of 0.003 K/s.

that there exists an offset of the colony microstructure across
this intense slip band. The presence of this intense slip band
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strongly suggests that the shear fracture for the fatigue initiation
was caused by the slippage of the intense slip band. The initiation
facet and the underlying microstructure for the 0.1 K/s-cooled

specimen are shown in Figure 10(b). It is clear that that the
fatigue crack initiated within the colony microstructure located
adjacent to the grain boundary.

As described previously, the fatigue crack initiated in a
shear mode within the colony irrespective of the cooling rate
and, accordingly, irrespective of the initiation facet size.
These observations mean that the slip path corresponded to
that of one colony of similarly aligned O phase lamellae.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 35A, JULY 2004—2167

Fig. 7—Room-temperature HCF curves of the Ti-22Al-27Nb alloy, which
was annealed at 1423 K and cooled at the rates of 0.003 K/s, 0.03 K/s,
0.1 K/s, and water quenching.

Fig. 8—Fatigue crack initiation of the Ti-22Al-27Nb alloy annealed at
1423 K and cooled at the rate of 0.003 K/s. (a) General view of fatigue
crack initiation site and (b) concurrent observation of the fatigue initiation
facet and the underlying microstructure.

Fig. 9—Fatigue crack initiation of the Ti-22Al-27Nb alloy annealed at
1423 K and cooled at the rate of 0.03 K/s. (a) General view of fatigue
crack initiation site, (b) concurrent observation of the fatigue initiation facet
and the underlying microstructure, and (c) higher magnification view of
the underlying microstructure showing the existence of an intense slip band
(indicated by arrow) beneath the initiation facet.
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Therefore, colony size is likely a major controlling factor in
determining the fatigue improvement due to the microstruc-
tural refinement of the lamellar morphology. The lowest
fatigue life of the 0.003 K/s-cooled specimen, with a large
colony size, can be explained by the long slip path associ-
ated with this microstructure, since the long slip path can
easily cause slippage of the intense slip bands and high stress
concentrations at the colony.[22,24] Thus, the HCF strength
increased when this microstructural parameter decreased.

As described previously, the O-phase lamellae width
decreased with increasing cooling rate. Therefore, the lamel-
lae width as well as the colony size may be the controlling
microstructural factors in influencing the HCF strength.[25,26]

It may be reasonable to consider that the narrower lamellaer
size and consequent dense O/B2 phase interfaces can be
much more helpful to improve the resistance to fatigue crack
initiation by the restriction of the dislocation movement in
the O-phase lamellae and also the retardation of slip trans-
mission through O/B2-phase interfaces. However, the extent
to which the lamellae width exerts improvement of the HCF
strength requires further consideration.

As shown in Figure 11, the appearance of the initiation
facet of the water-quenched specimen was quite different
than those of the other three specimens. The fatigue initia-
tion facet showed a featureless appearance. Judging from

this appearance and also from the fact that there existed
many grain boundary cracks on the tensile fractured surface
(Figure 4(c)), the fatigue initiation appears to be associated
with a shear cracking along the boundary between the con-
tinuous grain boundary O phase and the adjacent prior B2
grain. The present observations strongly indicate that fatigue
initiation could occur much more easily at the grain bound-
ary than in the interior of the grain. The reason for this
entirely different fatigue initiation mechanism in the water-
quenched specimen can be attributed to the increased diffi-
culty of the slip band formation and subsequent slip-off of
the slip band in the O-phase lamellae. As shown in Figure
1(d), the O-phase lamella in the water-quenched specimen
was very fine, and therefore, it seemed that the dislocation
movement across the O-phase lamellae was not so prevalent
during the fatigue test compared to the other three condi-
tions. This less active dislocation movement could lead to
the suppression of slip band formation and subsequent slip-
off of the slip band. Due to such difficulties associated with
the slip-off of the slip band, the water-quenched specimen
was believed to have the highest HCF strength and fatigue
ratio. Finally, the fatigue initiation occurred in the other pos-
sible fatigue initiation sites, i.e., at the grain boundary, which
can be regarded as the easiest fatigue initiation site for the
microstructure associated with the water-quenched specimen.

One of the authors has previously evaluated the HCF
strength and fatigue ratio of various near-� type and �-�
type titanium alloys with lamellar microstructures. These
alloys included Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, Ti-6Al-2.7
Sn-4Zr-0.4Mo-0.45Si, Ti-6Al-1.7Fe-0.1Si, and Ti-5Al-2.5Fe
and were produced by the conventional blended elemental
powder metallurgy method using extra-low chlorine titanium
powder.[27,28] Fatigue tests on these alloys were conducted
under the same test conditions and the same fatigue test
machine as the present specimens. The HCF strength and
fatigue ratios at 107 cycles of these alloys were 412, 412,
420, 350, and 441 MPa, and 0.42, 0.45, 0.43, 0.33, and 0.45,
respectively. By comparing these values with the present
results, we can see that, even under the conditions of the
coarsest lamellar morphology, a Ti-22Al-27Nb alloy exhibits
considerably higher HCF strength and fatigue ratio. Since
the fatigue initiation period dominates most of fatigue life,
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Fig. 10—Fatigue crack initiation of the Ti-22Al-27Nb alloy annealed at
1423 K and cooled at the rate of 0.1 K/s. (a) General view of fatigue
crack initiation site and (b) concurrent observation of the fatigue initiation
facet and the underlying microstructure.

Fig. 11—Fatigue crack initiation of the Ti-22Al-27Nb alloy annealed at
1423 K and water quenched.
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this superior HCF performance may suggest that the resis-
tance to fatigue initiation is much higher in a Ti-22Al-27Nb
alloy than in conventional titanium alloys.

To analyze the Burger’s vector of dislocations in the O
phase of the present Ti-22Al-27Nb alloy with lamellar
microstructure, the TEM observation technique known as the

“g�b 	 0 invisibility criterion” was used. Figure 12 shows
TEM microstructures of the 0.003 K/s-cooled specimen
fatigue tested at a maximum stress of 539 MPa. Typical cell
structures that are usually observed in fatigue-tested speci-
mens were not observed. This is due to the narrow O-phase
lamella microstructure. Dislocations in the O phase after

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 35A, JULY 2004—2169

Fig. 12—Dislocations in the fatigued Ti-22Al-27Nb alloy annealed at 1423 K and cooled at 0.03 K/s: (a) g 	 [221], (b) g 	 [002], (c) g 	 [421], and (d) g 	 [021].
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fatigue testing were analyzed under various diffraction con-
ditions. The diffraction vector of g 	 [221] in Figure 12(a)
is the visible condition of all slip systems in the Ti2AlNb
orthorhombic crystal system. On the other hand, all disloca-
tions are invisible in Figure 12(b), where g 	 [002]. This
diffraction vector, g 	 [002], is the vector that distinguishes
prismatic dislocations from other slip systems. Only prismatic
dislocations should be visible under these conditions. There-
fore, the dislocations shown in Figure 12 may not be on the
prismatic plane. The dislocations in Figure 12(a) can be clas-
sified into two groups, as shown in Figures 12(c) and 12(d)
with different diffraction conditions. The dislocations observed
at g 	 [4
21
](Figure 12(c)) are invisible under the diffrac-
tion condition of g 	 [021] (Figure 12(d)), which is a 
typical condition for determining the basal slip system, 
b 	 1/2[100](001). The dislocations on the basal plane are
invisible under the diffraction condition of g 	 [021]. How-
ever, a pyramidal slip system of b 	 1/2[120](2
12) is visi-
ble under the diffraction condition of g 	 [4
2
1] and visible
under the diffraction condition of g 	 [021]. Therefore, the
dislocations shown in Figures 12(c) and 12(d) can be deter-
mined to be basal and pyramidal dislocations, respectively.
However, further work is needed to correlate these dislocation
characteristics with the HCF mechanism.

IV. CONCLUSIONS

An orthorhombic Ti-22Al-27Nb alloy with varying lamel-
lar morphologies was produced and evaluated in terms of
its microstructure, and tensile and HCF behavior.

1. The lamellar morphology was strongly dependent on
the cooling rate from the annealing temperature. A slower
cooling rate of 0.003 K/s, for example, resulted in sev-
eral large packets or colonies of similarly aligned O-phase
lamellae and a nearly continuous massive �2 phase at the
prior B2 grain boundaries, while a faster cooling rate of
0.1 K/s led to the refinement of colony size and the
O-phase lamellae width. Water quenching produced a
very fine tweed-like microstructure with a thin continu-
ous O phase at the prior B2 grain boundaries.

2. The refinement of lamellar morphology, i.e., reducing the
colony size and the O-phase lamellae width, increased
the yield stress, tensile strength, and HCF strength. Since
the ratio of HCF strength to tensile strength also increased,
a part of the increase in HCF strength was thought to be
due to this microstructural refinement.

3. The concurrent observation of the initiation facet and the
underlying microstructure revealed that fatigue cracks
initiated in shear mode within the colony and the initia-
tion facet size, namely, slip path, corresponded to that of
one colony. Therefore, the colony size is likely a major
controlling factor in determning fatigue improvement due
to the microstructural refinement of lamellar morphol-
ogy. Additionally, the narrow width of the O and B2
phases was thought to be helpful to enhance the HCF
strength by the restriction of the dislocation movement
in the O-phase lamellae and also the retardation of slip

transmission through O/B2 phase interfaces. In the water-
quenched specimen, the fatigue crack initiation appeared
to be associated with shear cracking along the boundary
between the continuous grain-boundary O phase and the
prior B2 grain.
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