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Fatigue crack initiation in hot isostatically
pressed Ti-6Al-4V castings
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Precision castings of the Ti—6Al—4V  alloy containing pore defects were hot isostatically
pressed (HIP) in an attempt to improve the high cycle fatigue strength. Although all
defects were healed, the fatigue strength was still low when compared to 3-processed
wrought material with a similar microstructure. Fatigue-crack initiation analysis, which
included precision sectioning, indicated that early fatigue-crack initiation sites were
related to relatively large a-platelet colonies and massive grain-boundary a(GBa) phase.
Shear across the large colonies or along the GBa interfaces provided large initial cracks
which resulted in the fatigue-life degradation. Large colonies and massive GBa developed
in the HIP healed zones of the casting pores. In spite of the total HIP pore closure, the
fatigue-strength improvement was small when compared to wrought material due to the
coarse microstructure that developed in some locations during the HIP cycle. Large
planar-shear initiation facets across several colonies were also observed. The multi-
colony faceted shear is the result of the Burgers relation between the colony orientations
and increases the chance of early fatigue-crack inititation.

1. Introduction

The microstructure of a+f§ titanium alloys
cooled from the §-phase region typically consists
of a-platelets separated by -films. The platelets can
be arranged either in a basketweave morphology
[11 or in packets of similarly aligned and

crystallographically —oriented platelets called
colonies. The a-platelet morphology and the
colony size depend on the Q-solutioning

conditions, the cooling rate, and the amount of
B-stabilizing elements in the alloy [2]. The colony
structure can be obtained by f-heat-treatment,
B-processing or casting. Colonies of various sizes
can typically be found in thick sections due to the
slower cooling rates.

Crack formation in this morphology is highly
dependent on intense slip activity across the
colonies [2-4]. Consequently, the monotonic
[5] and cyclic [4] loading factures have been
shown to be highly microstructurally dependent,
leading to relatively high fracture toughness and
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low crack—propagation rates [3] as compared to
a+ B microstructures which contain equi-axed
a-phase. These properties, coupled with inherently
good creep resistance [6], make it an acceptable
structure for many aerospace applications at low
and elevated temperatures, provided the colony
size is being kept small [4] .

Precision vacuum casting was evaluated [7, 8]
in an attempt to produce complex-shaped
Ti—6A1—-4V  components and reduce high
machining costs. The cast components exhibited
good tensile properties but significantly lower
smooth low [7] and high [8] cycle fatigue lives
when compared to @-rolled and annealed [9]
or f-forged [10, 11} Ti—6Al-4V with similar
microstructure. Fig. 1 presents the relatively
lower fatigue strength and high data scatter of
the cast Ti—6Al1—4V [8] when compared to
B-rolled plate material with a colony structure
[9]. The lower fatigue strength was attributed
to a combination of casting defects and highly
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notch-sensitive colony structure [12] which con-
tributed to crack initiation and failure.

In an attempt to improve the fatigue life, the
cast components were hot isostatically pressed
(HIP) to close the casting porosity [8]. Although
the porosity was healed by the HIP process, the
fatigue strength was only marginally improved
when compared to typical wrought material
(Fig. 1).

Previous studies demonstrated that in defect-
free wrought Ti—6Al-4V [13, 14],and other
alloys [15], the crack-nitiation stage consumed
the majority of the high cycle fatigue life. There-
fore, investigation of the fatigue-crack initiation
stage holds the key to understanding the premature
fatigue failures. In this work, the crack-initiation
characteristics of cast HIP material were investi-
gated in an attempt to understand the low fatigue
strengths.

2. Experimental details

2.1. Material

To enable a valid comparison with previously
reported crack initiation analysis of Ti—6A1—4V
castings [2], fatigue specimens of cast and HIP
material, tested under similar conditions, were
selected for examination. Specimens machined
from components produced by an investment
casting technique [12] were hot isostatically
pressed at 900° C and 105 MN m™2 for 2h and
were subsequently annealed at 720° C for 2 h. The
average room temperature tensile properties of the
material were: yield strength =860 MN m™,
ultimate tensile strength =965 MN m™, and
elongation (in 4D)=9% [8]. The chemical
composition of the cast material in weight per cent
is: 6.2Al, 4.1V, 0.16Fe, 0.02C, 0.0042H, 0.1850,
0.005N, and the balance Ti.

Figure 1 S—N curve for Ti—6A1-4V castings with a
wide scatter band and the data points of cast and HIP
material without porosity. The S—N curve of g-pro-
cessed- wrought Ti—6A1-4V with similar micro-
structure is shown for reference.

2.2. Microstructure

The cast, HIP and annealed microstructure is
shown in Fig. 2a. At the optical microscopy level,
it appears that the HIP cycle did very little to
change the cast structure of the non-porous areas
[12], and the mixture of basketweave structure
(A), colony structure (B), and prior beta grain-
boundary « (C) remained the same. However, in
those locations where large dendritic pores were
identified by radiography (Fig. 2c¢) prior to the
HIP cycle, relatively large packet-type colonies
(0.3mm average diameter) and massive grain-
boundary a (GBa) which outlines the pre-existing
pore, were observed in the post HIP structure
(Fig. 2b). The HIP healed zone microstructures
were observed by sectioning through the pre-
viously identified void locations (Fig. 2c). The
extent of the healed zone was determined by low
magnification polarized light observation. Fig. 2d
is the radiograph of the same porous location in
Fig 2c after the HIP cycle and it shows a complete
porosity closure. No residual porosity was
detected by either radiographic or metallographic
techniques in any of the examined HIP specimens.
Although HIP was performed below the 995° C
transition temperature, the S-annealed structure
in the healed zones (Fig. 2b) indicate that these
localized areas were cooled from the S-region. This
could be the result of either local porosity closure
adiabatic heating or local chemical composition
changes in the dendritically solidified large pore
surfaces [12}, which lowered the B-transition
temperature.

An energy dispersive X-ray analysis performed
by Grisik and Armold [16], on Ti—6Al1—4V
castings, showed lower Al content on the pore
surface. This can account for lower f-transition
temperature; however, quantitative analysis carried
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(d)

Figure 2 (a) The microstructure of the cast material photographed at a defect-free location, A: basketweave structure;
B: colony structure; C: grain-boundary o (GBea). (b) The microstructure of cast and HIP material in a healed pore zone
showing colony structure and GBa with the healed zone. The basketweave microstructure is part of the original
structure. (c¢) A radiograph of casting pores in an as cast component segment. (d) A radiograph of the HIP healed
segment shown in (). (b) is taken from the healed zone of the left-hand side pore shown in (c).

out in this work by a similar method, did not show
any significant compositional differences between
the pore surface and the interior.

2.3. Fatigue tests

Only specimens tested in axial fatigue with a posi-
tive stress ratio R(R = Ouin/Omax), WEIe exam-
ined for fatigue-crack initiation. It was then
possible to positively identify and characterize

the initiation location since the fracture surfaces
were well preserved in the tension/tension loading
mode. The flat specimen (10 mm x 2.5 mm gauge
cross-section and 25 mm gauge length), were tested
at 1800 cycles min~', room temperature, and
R =+ 0.1 [8]. The specimens studied were tested
at 414 MN m™2 maximum stress level as were the
previously reported cast fatigue specimens [12].
The test results are shown in Fig. 1 and Table 1.

TABLE I High cycle room temperature axial fatigue tests, R = 0.1 [8]

Specimen Maximum cyclic Cycles to Initiation Facet

no. stress (MN m™?) failure (Vg) size (mm)
126 414 3.2x 10° shear-across-colony 0.5

127 414 7.9 x 10° grain-boundary o 0.2

131 414 8.3 x 10° shear-across-colony 0.1
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Figure 3 Grain-boundary « fatigue-crack initiation of specimen 127. (a) Fracture initiation facet (A) and section line
(B). (b) The section plane and the microstructure under the GBa facet (C) separating colonies D and E. (c)
Micrographic/fractographic SEM image of the initiation site at the section plane showing GBa (C) and colonies D and E.
(d) High magnification image of the separation zone between the GBe and colony D. (e) High magnification image of
the GBa shear zone.
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Figure 4 Specimen 127. (a) Large unhealed casting pore (A) on the surface of the specimen, which in spite of its size
(1 mm) and its location near the fracture zone, did not injtiate the final fracture (B). (b) A section through pore A
showing the final fracture B which initiated from the GBe in Fig. 3b. The microcracks C which developed in this region

did not grow fast enough to cause the final failure.

2.4, Fractography and precision sectioning
The fatigue-crack initiation sites were identified
by scanning electron microscopy using an ETEC
scanning electron microprobe. After locating the
sites, the specimens were sectioned perpendicular
to the fracture surface through the initiation
site. The precision sectioning technique is
described in detail elsewhere [14]. The sectioned
surface was polished and etched with Kroll’s
reagent and photomicrographs of the initiation
location and the underlying microstructure were

taken. After optical examination the mounting
material was dissolved, making it possible to
obtain a combined micrographic/fractographic
SEM image of the fracture surface and the in-
itiation site.

3. Crack-initiation analysis

Out of the limited sample of 3 specimens analysed
in detail in this work, (Table I), two specimens
(nos. 126 and 131) exhibited shear-across-colony
initiation, the third (127) had cracks initiated

Figure 5 Specimen 131. (a) Shear initiation facet (A) close to the specimen surface (B). The location is marked with an
arrow. (b) Section through facet A on plane B shows the microstructure on the etched shear facet A and the under-

lying microstructure on the section plane B.
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along the GBa phase. The specimen numbers cor-
respond to those in the original test report [8]
for ease of reference.

3.1. Grain-boundary « (GBa) initiation

The subsurface GBa crack initiation (127) is
shown in Fig. 3a and marked A. The specimen was
sectioned parallel to line B and the underlying
microstructure is shown in Fig. 3b. It can be
seen that the initial crack (C) was on the same
plane as the GBa, which separates colonies D and
E. The tensile axis is in the vertical direction of
the photomicrograph. The 45° inclination of the
GBa made it a favourable location for crack in-
itiation since it parallels the maximum shear

direction. Unlike most GBa in the structure
(Fig. 2a and b), this GBa is planar, which also
aids crack formation. An angled SEM image
which exhibits both the fracture surface and the
underlying microstructures in the initiation
region is shown in Fig. 3c. The higher magnifi-
cation image in Fig. 3e shows that the GBa was

left intact and that the initial crack occurred
along the boundary beiween the GBa and
colony D. Examination of colony D orientation
in Fig. 3b and the high magnification image in
Fig. 3d shows that the a-platelets were parallel
to the GBa plane resulting in the separation on
the D side of the GBa. The conditions which made
this a favourable initiation site are, therefore:

} 0.1lmm i

Figure 6 Specimen 126. (a) Large shear initiation facet (A) close to the specimen surface. (b} A section through the
facet A showing shear-across-colony initiation. (c) SEM image of the etched facet A showing two colony orientations
B and C at a 70.5° angle. (d) High magnification SEM image showing the o/g interface details of colonies B and C along

their boundary.
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(a) the GBa is planar,

(b) it is inclined at 45° to the tensile direction,
and

(c) the a-platelet long axis of the adjacent
colony is parallel to the GBo.

Because of the nature of the metal flow in the
HIP process, surface porosity cannot be filled and
healed. Fig. 4a shows a large surface defect (A)
close to the fracture surface (B). In spite of its
large size, it did not initiate the terminal crack in
specimen 127. A section through this defect
(Fig. 4b) reveals a few microcracks (C), none of
which matured to final fracture.

3.2. Shear-across-colony initiation

The fatigue failure of specimen 131 initiated from
a 0.1 mm shear facet close to the surface and is
marked with an arrow in Fig. 5a. A section
through the initiation site (Fig. 5b) shows that the
shear plane A is inclined to the tensile axis and is
almost perpendicular to the long axis of the
a-platelets on the section plane (B). The fracture
surface was slightly etched with Kroll’s reagent to
reveal the colony platelet structure.

The initiation site of specimen 126 (Fig. 6a) is
similar to 131 (Fig. 5a); however, the shear facet
is larger (0.5mm) and is inclined at 30° to the
tensile axis (Fig. 6b). Examination of the mating
fracture surfaces showed that there are two colony
orientations (B and C) on the facet plane (Fig. 6¢).
This and the high magnification image in Fig. 6d
were photographed from the etched surface of
facet A. The facet was accurately placed in the
SEM specimen stage so that it was parallel to the
image plane, thus enabling the measurement of
the angle between the «/f interfaces of the two
colonies. The angle is shown in Fig. 6¢ and was
measured to be 70.5°. The surface preparation
and the image recording are described in more
detail elsewhere [17].

4. Discussion

4.1. Crack-initiation location

Since the HIP operation healed the subsurface
porosity, all examined failure initiations were
related to microstructural elements rather than to
defects. However, the average smooth fatigue life
was only marginally improved over that of the
porous cast material (Fig. 1). The reason for this
minimal improvement is the development of large
colonies and massive GBa in the porous locations
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that were healed by the HIP cycle (Fig. 2). The
large colonies [2, 4, 18] and the planar GBa [15]
provide favourable locations for shear-related
crack initiation. The much higher fatigue lives
observed in B-forged Ti—6Al—4V [10, 19] are the
result of finer colony structure, the lack of large
prior § grains and massive GBa.

Similar GBa initiation was observed in the
Ti—17 alloy[15] with similar microstructure that
also had planar GBa inclined at 45° to the tensile
direction. The large GBa grains are the result of
large prior $-grains and slow cooling rates from the
B-phase region. The HIP process with its very slow
cooling cycle promotes the formation of this
phase. In contrast, $-worked and rapidly cooled
wrought material would exhibit a structure free of
GBa with relatively small colonies and, therefore,
better fatigue life.

The shear-across-large-colonies initiation was
also shown to reduce drastically the fatigue life
in wrought Ti—6Al—4V [14]. The lower fatigue
life of IMI-685 [4, 20] was also related to
large colony shear. The facet size of specimens 131
and 126 are 0.1 and 0.5 mm, respectively. The
lower fatigue life of specimen 126 can be corre-
lated to the shear facet size (Table I). The fail-
ure of the cast specimen 4 [12] (Fig. 1) also
initiated from a 0.5 mm shear facet.

4.2, Multi-colony faceted fracture

The shear facet of specimen 126 (Fig. 6a) is
larger than the average colony size of the healed
pore zones (Fig. 2b). The etched surface in Fig. 6¢
reveals that the shear is across two colonies with a
70.5° trace orientation relationship on the fracture
plane. The a-platelet orientation of each colony is
related to the prior beta grain (PBG) orientation
through one of the 12 possible variants of the
Burgers relation [21,22]:

{110} (0001),
(111 11120

In this case both colonies belong to the same PBG
(Fig. 6b) and, therefore, are related through the
Burgers relation with the a/f interfaces on or close
to the (1010), prismatic planes [18]. The shear
facets in many are on [23] or close [24, 25] to
the (000 1), basal plane. 70.5° is a possible angle
between the «/f interfaces of two colonies since it



is the angle between the two [11 1] which trans-
forms to a (000 1), plane. The 70.5° trace angle,
therefore, indicates that the initiation shear facet is
on a basal plane. From symmetry considerations
[17], 10.5°,49.5°, and 60° and also possible trace
angles on a basal plane fracture, but were not
observed in this work. The same multi-colony
faceted fatigue fracture was previously observed in
wrought S-processed IMI-685, B-annealed Ti—11
[17], and B-processed Ti—6A1—-4V [26].

Shear fracture on common plane through more
than one colony increases the chance of having
shear-initiation facets larger than the colony size
and, therefore, lower fatigue life. The probability
of multi-colony faceted fracture increases as the
PBG size increases [17]. The healed pore areas
in the cast and HIP material (Fig. 2b) thus con-
stitute potentially dangerous zones for this type
of larger facet initiation.

5. Conclusions

Porous Ti—6A1—4V castings were hot isostatically
pressed (HIP) to improve the smooth fatigue
life of the material. The HIP process healed the
casting pores but based on the limited sample
studied here, only moderate fatigue strength
increase was observed. Even with this
improvement, fatigue strength was still lower than
that of wrought products with a similar
microstructure. Examination of the failed material
shows that:

(1) no residual casting porosity existed in the
HIP material;

(2) the HIP healed porous zones produced a
large colony and massive grain-boundary a (GBa)
microstructure;

(3) Fatigue cracks initiated by (a): shear-
across-colony facets, (b): shear-along-GBa facets;

(4) for the same stress level, the shorter fatigue
lives were correlated to the larger shear facets;

(5) a2 planar initiation shear facet across two
colonies was observed;

(6) the angular relationship between the ofB
interface traces of the two colonies indicates that
the facet is on a basal (000 1), plane;

(7) the ability of several colonies within the
same prior beta grain (PBG) to shear on the same
plane increases the danger of early crack in-
itiation.
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