Effect of Microstructure on Creep Crack Growth Behavior
of a Near-o Titanium Alloy IMI-834
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In the present study, the effect of microstructure (i.e., « + ff and transformed f) on creep crack
growth (CCG) behavior of a near-alpha (IMI 834) titanium alloy has been explored at tem-
peratures 550 °C and 600 °C. For characterizing the CCG behavior of the alloy, both stress
intensity factor (K) and energy integral parameter (C,) were used in the present investigation.
The use of stress intensity factor (K) as crack-tip parameter is not appropriate in the present
study as no unique correlation between crack growth rate and K could be obtained from the
observed trend due to transients in the creep crack rate data. On the other hand, C, parameter
for both microstructural conditions consolidates CCG data into a single trend. The alloy with
fully transformed f microstructure exhibits better CCG resistance as compared to bimodal
(o« + ) microstructure. This is consistent with the fact that the transformed f structure offers
superior creep resistance as compared to o + ff microstructure. Microstructural examination has
revealed that CCG for both microstructural conditions is accompanied by formation of damage
zone in the form of numerous environmental-assisted secondary surface cracks (perpendicular
to the stress axis) ahead of the main crack tip. For o + § microstructure of the alloy, the surface
creep cracks were formed by growth and coalescence of microcracks nucleated by fracture of
primary o particles. While in the interior of the specimens, CCG occurred by growth and
coalescence of microvoids nucleated at primary o/transformed [ (matrix) interfaces. For
microstructure of the alloy, while the surface creep cracks formed by growth and coalescence of
microvoids nucleated at titanium enriched surface oxide particles, in the interior CCG occurred

by nucleation of intergranular cavities.
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I. INTRODUCTION

THE aeroengine components operating at high
temperatures are prone to creep failure due to high
sustained rotational speeds. Also, the components
during service are frequently subjected to varying
stresses and temperatures and thus become susceptible
to localized creep or fatigue damage, which leads to
initiation of cracks early in life. As a result, a significant
portion of component life may be spent in crack growth
stage. Under such conditions, fracture mechanics-based
damage tolerance design codes are being recommended
for design and life management of aeroengine compo-
nents. The implementation of these codes requires crack
growth characterization of materials under near service
loading conditions. Well-established fracture mechanics-
based crack growth models, in the form of Paris
equation, are available to account fatigue loading at
ambient temperatures. At elevated temperatures, the
stress intensity factor, K, based on linear elastic fracture
mechanics (LEFM) concepts is found to be inappropri-
ate for characterization of fatigue crack growth
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behavior of materials to account for the effect of
superimposed dwell periods as typically encountered in
aeroengine service loading cycles. This is because during
dwell periods damage due to creep also becomes
significant and contributes to overall damage.!'! Under
such conditions, path-independent energy integrals C*
or C, based on elastic plastic fracture mechanics
(EPFM) concepts as recommended by ASTM E-1457
standard®>* have been used to characterize creep crack
growth (CCG) behavior of materials. Extensive work on
CCG behavior of power plant steels®* ' and aeroengine
materials, such as nickel-based superalloys,!'"'?! has
been reported in literature. However, similar studies on
titanium-based alloys are very limited,!'* ' in particu-
lar, with regard to microstructural aspects of CCG
micromechanisms.

High-temperature near-o titanium alloys are exten-
sively used for compressor components of aeroengines
due to their excellent high-temperature specific strength
with good combination of creep and fatigue properties.
During the last decade, there has been thrust to develop
near-o titanium alloys containing Al, Zr, Sn, Mo, and
Nb with small amount of Si. The IMI-834 is one of the
latest near-o alloys developed for compressor discs,
blades, and vanes of modern acroengines. Though there
have been several efforts to understand effect of micro-
structure on creep micromechanisms of this alloy, CCG
behavior of the alloy has not been reported in literature.
However, a few studies on other titanium alloys
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characterizing the CCG behavior using various crack-tip
parameters (K, J, C*, or C,) depending on their creeP-
brittle or creep-ductile nature, have been reported.['* !
Further, unlike nickel-based superalloys, the effect of
microstructure on CCG mechanisms in titanium alloy is
not well understood. Therefore, the objectives of the
present study on IMI-834 titanium alloy include (1) to
investigate the effect of microstructure, namely, bimodal
(a + p) and fully transformed f, on CCG behavior at
two temperatures in near-service range, (2) to explore
suitable crack-tip parameter (K or C,) to uniquely
characterize CCG behavior, and (3) to understand CCG
micromechanisms.

II. EXPERIMENTAL PROCEDURE
A. Material

The chemical composition of the studied alloy in
weight percent is Ti-5.8 Al-3.0Sn-3.33Zr-0.38Nb-0.32Mo-
0.33Si. The alloy used in the present investigation was
supplied in the standard thermomechanically treated
condition (bimodal microstructure, i.e., o + ff) in the
form of an 18-mm-diameter rod used for compressor
blade application. In order to study the alloy with fully
transformed f structure, a f treatment consisting of
heating the alloy into the f range at 1075 °C (f transus
~1025 °C) for 0.5 hour followed by air cooling, and
aging at 700 °C for 2 hours, was given. The CCG
behavior of the alloy for both of these microstructural
conditions, ie., o + f and fully transformed f, was
investigated. The optical micrograph shown in
Figure 1(a) illustrates microstructure of the alloy in
as-received condition, i.e., (x + f) treated condition, which
exhibits ~15 pct volume fraction of primary o within
transformed f matrix. The primary « is in equiaxed form
with an average size of ~40 um as determined by the
linear intercept method. The transformed f is in lath
form with an average lath size ~10-um thick. The
average prior f§ grain size in bimodal microstructure is
~250 um. The optical micrograph (Figure 1(b)) of the
alloy in the f treated condition reveals the presence of
only transformed f with an average lath size ~7-um
thick. The average prior f grain size for f treated
condition is higher, i.e., ~350 um, as compared to that
in bimodal microstructure as solution temperature
(1075 °C) in the former case being higher.

B. CCG Characterization

Creep crack growth testing was performed at two
temperatures, 550 °C and 600 °C. As per ASTM E-1457
standard,”” the compact tension (CT) type geometry
specimen has been recommended for CCG tests. Since
the material used in the investigation was in 18-mm rod
form, single edge notch tension (SENT) type specimen
geometry having width of 15 mm, thickness of 2 mm,
and gage length of 40 mm was adopted. A straight
notch of 1-mm depth and 0.1-mm radius was cut in the
specimen by using electro discharge machining wire cut
machine. Prior to testing, gage portion of samples were
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Fig. 1—Microstructure of IMI-834 titanium alloy (a¢) o + f and
(b) p treated condition.

polished metallographically and lines were engraved at
an interval of 0.5 mm to measure crack length optically
during CCG testing. The specimens were precracked at a
stress ratio of 0.1 at room temperature by using a high-
frequency resonance fatigue testing machine. The max-
imum load used for precracking was kept less than the
load employed for the CCG testing (usually maintained
around 50 pct of the CCG test load). A constant load
lever arm-type CCG testing frame with a lever ratio of
1:10 was used in the present investigation. The furnace
has a quartz glass window on the front door for viewing
the specimen for monitoring the crack growth optically
during CCG studies. The crack growth was continu-
ously recorded using alternating current potential drop
(ACPD) technique. A constant current of 2 A was
passed through the specimen using platinum wires spot
welded to the specimen. The voltage drop across the
crack mouth was measured using another set of plati-
num wires spot welded to the specimen. The load line
displacement (LLD) was measured by using linear
variable differential transformer (LVDT) extensometers
with an accuracy of +1 um. Both the output values of
ACPD and LVDT were continuously recorded during
the test at a regular interval of time by a data acquisition
system. Tests were continued until the fracture of
specimens. A few tests were interrupted several times
to measure crack length for calibration as well as to
examine damage evolution ahead of the crack tip.
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C. Data Analysis

The data analysis has been performed using various
crack-tip parameters K, C,, and C* as described exten-
sively in literature.” ' The stress intensity factor K for
SENT-type of specimen is calculated using the formula!'”)

AK = f(o)a+/na (1]
where f(o) is defined as
flo) = 1.12 = 0.231a + 10.550¢% — 21.720 + 30.394* 2]

where o is the ratio of crack length to width of the
sample, i.e., (a/W), ¢ the applied stress, and «a the
crack length. In order to characterize crack growth
behavior under a wide range of conditions from small
scale creep (SSC) to extensive steady-state creep
regime, C, parameter, as proposed by Saxena,l'® is
more appropriate and it can be calculated from experi-
mental data using expression of the form

Cr = (Cgge + C 3]

where
(Cssc = (1 + (tr/1)C (4]
tr = K(1 =) /(E(n + 1)C") (5]

C* = Pl(n—1)/2BW(1 —a/w)(n+ 1))  [6]

where 7,119 is the transition time (i.e., the time when

the small scale stress fields equal the extensive steady-
state stress fields characterized by C*), v the Poisson’s
ratio, n the stress exponent, E the elastic modulus, and
Uss steady-state LLD rate. Further, since the creep
zone is a damaged region surrounding the crack tip as
shown subsequently, the additional deflection due to
the presence of the creep zone can be estimated using
Irvin’s concept of effective crack length, aeq””

detr = a+ fr. [7]

where « is physical crack length, r. is the creep zone, and
p is a scaling parameter. Since the creep zone can sustain
stresses to certain extent, the entire creep zone does not
act as a crack. Therefore, the value of f is less than one.
If we choose the wvalue of r. corresponding to
0 = 90 deg, it has been shown that f = 1/3.”% As the
alloy develops damage zone ahead of the crack tip for
both microstructural conditions,?! effective crack
length as mentioned previously has been used for
analysis.

III. RESULTS AND DISCUSSION

The variation of LLD and crack length with time
corresponding to o + f# and f conditions at 600 °C is
shown in Figures 2 and 3, respectively. The variation of
LLD as well as crack length with time exhibit three well
defined stages, i.e., I, II, and III, similar to primary,
secondary, and tertiary stages observed in creep curves.
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Fig. 2—Variation of crack length and LLD with time for the alloy
with o + f microstructure at 600 °C.
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Fig. 3—Variation of crack length and LLD with time for the alloy
with transformed f microstructure at 600 °C.

Stage I could be essentially attributed to large stress
relaxation occurring at the crack tip, while stage 11
represents steady-state crack growth, and stage III is
characterized by fast crack growth. Similar trends were
observed for the CCG data at 550 °C for both micro-
structural conditions. It has been observed that CCG
takes place largely during steady-state condition. While
no incubation period for the crack initiation was
observed for all test conditions investigated in o + f§
condition, the alloy in the f treated condition exhibited
incubation periods of 8 hours and 56 hours for test
temperatures 550 °C and 600 °C, respectively. The
reasons for existence of incubation periods for CCG in
case of transformed f structure are not clear at this
stage.

A. Choice of Crack-tip Parameter

1. Stress intensity parameter (K)

The titanium alloys have been reported!'*'” to exhibit
either creep-brittle or creep-ductile behavior depending
upon microstructure and test temperature. As a first
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choice, due to its simple definition, the stress intensity
parameter K, widely used for creep-brittle materials such
as nickel base superalloys,'"'? has been chosen to
characterize CCG behavior of the present alloy. The
variation of the creep crack growth rate (CCGR) da/dt
with the stress intensity factor K on log-log scale for
the alloy in both « + f and f conditions at 600 °C
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Fig. 4—(a) Variation of crack growth rate with stress intensity factor
K for o + . (b) Variation of crack growth rate with stress intensity
factor K for transformed f microstructures.

are shown in Figures 4(a) and (b), respectively. Crack
growth rate initially decreases with increase in K
(pretransition regime), then starts increasing linearly
beyond certain K level (post-transition regime). The
CCGR data corresponding to the post-transition regime
follows a power-law equation of the form

da

dr
where % is the CCGR, K the stress intensity factor, and
A and m are material constants (Table I). The CCG data
corresponding to post-transition region are consolidated
for all test conditions in Figure 5. The general observa-
tion is that bimodal o + ff microstructure exhibits higher
exponent, m (~7 and 17) than f microstructure (~2 and
3.5) at both test temperatures (Table I). Further, for
both microstructures the CCG curves are observed to be
steeper at 550 °C than those at 600 °C, the effect being
more pronounced for o + f microstructure. It could be
further observed that the alloy with f microstructure
exhibits better CCG resistance than the alloy with o + f
microstructure.

Although the stress intensity factor K is able to
describe CCGR data well in post-transition regime, its
validity to characterize CCG appears to be questionable
in the present case due to several reasons. First, the
validity of K parameter requires satisfying a minimum
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Fig. 5—Variation of crack growth rate with stress intensity factor K
of the alloy in both o+ f and transformed f microstructural
conditions.

Table I. Creep Crack Growth Constants
Test Temperature (°C)
550 °C 600 °C
Microstructure A m B r A m B r
Bimodal (o + f) 2.9 x 10731 ~17 239 x 107* ~45 59 x 1071 ~7 4.47 x 1078 8.7
Transformed f 6.1 x 107° 3.5 9.5 x 107"? ~12 22 % 1078 ~2 1.78 x 107° ~5

Note: da/dt = A(K)"; da/dt = B(C,)".
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test specimen thickness criteria for prevalence of ?lane
strain conditions per ASTM E-399-90 standard:!"®

B >25(K/ay,)* [9]

where B is the thickness of the specimen and o, yield
strength of the material. The thickness value calculated
for 600 °C at K = 25 MPa+/m is ~9 mm, which is much
higher than the specimen thickness (~2 mm) used in the
present investigation. In the present case, the CCG data
has been generated over a wide range (K ~ 25 to
90 MPaVm), the K becomes inappropriate under all test
conditions. Second, the K parameter does not take into
account stress relaxation occurring at the crack tip due
to extensive creep deformation as evident from the LLD
plots (Figures 2 through 4). Hence, attempts have been
made to identify other parameters that could capture
these effects in their formulation.

The pretransition regime (Figure 4) exhibiting an
anomalous behavior, i.e., decreasing crack growth rate
with increasing K, has been reported for creep-ductile!!
and creep-brittle!" types of materials. In such cases, the
creep-ductile materials have been best characterized by
C, or C* parameters. Transients of this nature have been
observed in creep-brittle materials if crack growth
extension is preceded by an incubation period.!'¥ In
such cases, a transient time f, is defined, which is the
time needed for crack to grow through the creep zone,
which forms ahead of the crack tip during the incuba-
tion period.'* Such a case has been best resolved by
accounting effect of growing crack in estimating size of
creep zone in calculation of C, parameter. For time
greater than 7, it has been shown that for creep-brittle
materials, the CCGR can be correlated well with K.I'¥
Norris et al.!" has reported similar behavior in damage
tolerant titanium alloy 6222, which has been identified
to exhibit such a dual slope behavior. It has been
reported that at higher temperatures (400 °C to 450 °C),
the alloy behaves as creep-ductile, whereas creep-brittle
behavior remains dominant at lower temperature
(350 °C). In light of this understanding, other parame-
ters that account for this apparent anomaly in CCG
have been investigated.

2. Energy integral parameter (C,)

As per ASTM standard E-1457%! for CCG testing, the
precise choice of crack-tip parameter for characterizing
CCGR has been based on the ratio of creep deflection
rate 0, to the total deflection rate ¥, i.e., 6./0. It has been
established that creep-ductile behavior dominates for
/U values 20.5 and path-independent energy rate line
integral C* parameter has been used to characterize
CCG behavior in this case. On the other hand, for creep-
brittle materials with 6. /0 < 0.5, LEFM parameters K or
J may be applicable. The variation of v,/ with time for
the present IMI-834 titanium alloy for the two micro-
structural conditions is shown in Figure 6. It can be seen
that the /06 values, which are quite high (~0.9) initially,
are observed to decrease with crack growth and remain
consistently higher than ~0.5 until termination stage.
Further, f microstructure exhibits higher v,./¢ values
than those of « + f§ microstructure. The higher values of
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Fig. 6—Variation of 0./¢ with time for the alloy in « + f and trans-
formed S microstructural conditions.

0./0 (20.5) suggest that the alloy exhibits creep-ductile
behavior in the temperature range 550 °C to 600 °C.
Hence, C* or C, could be used to characterize the CCG
behavior of this alloy. In addition, the higher creep
ductility of ~20 pct observed in the temperature range of
investigation in conventional creep deformation tests®**
further fortifies the argument that the present titanium
alloy system could be categorized as a creep-ductile
material as per ASTM standard E-1457"* and under such
conditions C* or C, is an obvious field parameter for
CCG characterization. As mentioned in Section II-C,
applicability of C* is only limited to extensive steady-
state creep conditions and does not take into account
SSC conditions as manifested by pretransition regime
exhibiting anomalous behavior of decreasing crack
growth rates with increasing K. Hence, the C; parameter
is considered as crack-tip parameter in the present
investigation to characterize the creep crack behavior.

The variation of the CCGR with the parameter C, for
the alloy in both « + § and f conditions is shown in
Figure 7. The data for different heat treatment and test
conditions were fit according to a power-law equation of
the form

dajdt = B(C,)’ [10]

where B and r are the material constants, and their
values under various conditions are given in Table I.
The trends of these plots are the same as those
characterized by da/dt vs K plots for post-transition
regime (Figure 5). The CCG exponent (r) values corre-
sponding to bimodal microstructure are much higher
(~9 and 45) than those for f microstructure (~5 and 12)
for both test temperatures. Further, it is observed that
these values are higher at 550 °C than those at 600 °C
for both the microstructures. It could be further inferred
that the alloy with fully transformed f structure has
better CCG resistance than that with bimodal micro-
structure at both temperatures, i.e., 550 °C and 600 °C.
This observation is consistent with the creep behavior
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Fig. 7—Variation of crack growth rate with energy integral parame-
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observed for these two microstructural conditions on
conventional smooth creep deformation specimens, i.e.,
the alloy with transformed f microstructure exhibits
better creep resistance than that with bimodal micro-
structure, as shown in Figure 8. Only limited studies on
effect of microstructure on CCG behavior of titanium
alloy have been reported in literature. Dogan et al.l'
have investigated Ti-6242 titanium alloy exhibiting
creep-brittle behavior and reported that bimodal (micro-
structure exhibited lower CCGRs (i.e., higher CCG
resistance) than that of f microstructure. This trend was
observed to be reversed if creep resistance based on
smooth specimen creep test data of the two microstruc-
tures are compared, i.e.,  microstructure showed
superior creep resistance than bimodal microstructure.
The observed lower creep resistance of the bimodal
microstructure as compared to the fully transformed S
structure has been attributed to the alloying element
partitioning effect that reduces the strength of the
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Fig. 9—Series of optical micrographs of the in-plane cross section of
a CCG specimen for the transformed S microstructure tested at
600 °C.

lamellar matrix of the bimodal in comparison to the
fully lamellar microstructure.!'”’

B. Effect of Microstructure on CCG Micromechanisms

1. Creep crack path profile and fracture morphology

Figure 9 shows a series of overlapping optical micro-
graphs illustrating a typical crack path profile of CCG
specimen tested at 600 °C in f treated condition. A
number of secondary surface cracks almost parallel to
the main crack (i.e., perpendicular to stress direction)
are evident from this composite micrograph. Similar
behavior has also been observed in case of the alloy with
o + f microstructure. The fractographic features of the
CCG tested specimens at 600 °C are shown in
Figures 10 and 11 for transformed S microstructure.
Figure 10(a) shows macrofeatures of the entire fracture
surface of the specimen depicting various regions
including machine notch, fatigue precrack, creep crack,
and overload fracture regions. The fatigue precrack
zone in Figure 10(b) shows transgranular features with
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Fig. 10—(a) Fracture surfaces of the creep crack growth tested speci-
men at 600 °C for transformed f microstructure, (b) various creep
crack growth regions, and (c) creep crack zone depicting intergranular
dimples on grain facets.

Fig. 11—Fractograph showing penetration of surface cracks in
transformed f microstructure.
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fracture occurring across both the primary o particles as
well as transformed f laths. While fracture surface in
CCG region as illustrated in Figure 10(b) exhibits two
regions, viz., external region close to surface formed by
penetration of environment assisted surface creep cracks
(Figure 11) from either side across the specimen thick-
ness. The interior CCG region shows (Figure 10(b))
mixed mode fracture features of intergranular facets and
transgranular dimples with former being more predom-
inant. A magnified view of this region reveals intergran-
ular dimples on grain facets (Figure 10(c)). On the other
hand, the interior CCG region in case of the alloy with
o + f microstructure exhibits predominantly dimple
features, suggesting that fracture was caused by nucle-
ation, growth, and coalescence of microvoids in o + f8
microstructure.

2. CCG mechanisms

One important observation common to both micro-
structures is that there are a number of secondary surface
cracks (perpendicular to the stress axis) formed around
the main crack, thus suggesting that CCG is associated
with formation of damage zone ahead of the crack tip
(Figures 9 and 12). Micrographs shown in Figures 12
through 16 illustrate microscopic aspects of CCG in
f and o + f microstructures. Detailed fractographic

Fig. 12—(a) Microscopic aspects of the CCG of the alloy (inter-
rupted during early stages of CCG) in f. Figure reveals nucleation
of cavities at titanium-rich oxide particles formed around crack tip.
(b) Microscopic aspects of the CCG of the alloy (interrupted during
early stages of CCG) in o + f. Figure illustrates formation of a
number of surface cracks parallel to the main crack.
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Fig. 13—Optical micrograph showing cavities on grain boundaries
(inclined/normal to the stress axis) in the interior CCG region of the
alloy with transformed f structure at 600 °C.
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Fig. 14—Microstructure on surface of the specimen revealing various
stages such as nucleation and coalescence of microvoids close to the
crack tip.
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Fig. 15—Formation and linkage of microcracks at the primary o
particles.
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Fig. 16—Optical micrograph showing microvoids at primary o/trans-
formed f interface in the interior CCG region of the alloy with
o + f microstructure at 600 °C.

and microstructural examination of damage zone has
revealed that the CCG in stable crack growth regime
comprises two stages, viz., (1) nucleation of microvoids/
microcracks around crack tip and (2) growth and
coalescence of microvoids/microcracks, which subse-
quently join the main crack. The details of CCG
mechanisms for both types of microstructure are dis-
cussed in the subsequent sections.

a. f microstructure. While the exterior region of frac-
ture surface in CCG region shows transgranular dim-
ples, the interior region exhibits intergranular dimples
(Figure 10(c)). Similar features are also observed in case
of smooth creep specimens with transformed f§ struc-
ture.??) As evident from the micrograph shown in
Figure 12(a), the damage at the surface accumulates in
the form of cavities within the transformed f regions,
and a number of vertical lines seen in Figures 12(a) and
(b) are lines inscribed on specimen to optically confirm
crack length with ACPD technique. These cavities
were found to nucleate at second phase particles
(Figure 12(a)), which were identified as titanium-
enriched oxide by energy-dispersive X-ray analysis in
scanning electron microscopy. The size of these oxide
particles varies from less than 1 yum to as high as 50 um.
It is observed that voids are nucleated essentially by
particle decohesion (Figure 12(a)). On the other hand, in
the interior regions of the specimen, cavities have
formed at grain boundaries, which are inclined/normal
to the stress axis (Figure 13). These features were
revealed by polishing into the specimen interior close
to fracture end. This observation is in line with creep
studies performed on smooth creep specimens with
transformed f microstructure.”? In both the cases, the
cavities grow in the creeping matrix around crack tip
with continued creep deformation. Creep data on
smooth specimens has indicated that the alloy in both
f microstructure and bimodal microstructure deforms
by power-law creep.*>** On this basis, it is appropriate
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to expect that the alloy in the creep zone, i.e., close to
and little ahead of the crack tip deforms according to a
power-law relationship. This suggests that the growth of
voids nucleated in this zone is controlled by the power-
law creep of the surrounding regions. Once these voids
grow to sufficient size, the adjacent voids coalesce to
produce microcracks. The microstructure in the surface
region shown in Figure 14 reveals all stages, such as
nucleation of microvoids, coalescence of microvoids
leading to formation of microcracks, and linking up of
microcracks. The micrograph in Figure 14 illustrates the
microstructure close to the crack tip in the polished
condition. It is to be noted that the coalescence of
microvoids and their subsequent linking up take place in
the direction perpendicular to the applied stress axis. It
is observed that the microcracks propagate across o
laths. It is clearly evident from this microstructure that
the cracks are essentially propagating perpendicular to
the stress axis and not following any specific path, such
as lath interfaces or prior f grain boundaries. Further
careful examination of microstructure close to the crack
tip has indicated two possible ways as to how growth
and coalescence of voids nucleated at oxide particles
assist surface CCG in this alloy. In the first case, the
crack grows by joining of the voids nucleated with the
main crack tip. Alternatively, a secondary crack forms
ahead of the crack tip by growth and coalescence of
voids and eventually joins the main crack to cause creep
crack extension.

The important point to be noted is that although
numerous surface cracks have formed due to environ-
mental interaction, the penetration of these microcracks
into the specimen interior, as evident from Figures 10
and 11, has been limited to a thickness of ~200 um from
either surface of the specimen.

b. o+ B microstructure. In contrast to the observations
in the alloy in f microstructure, where microvoids
nucleated at the surface oxide particles, microcracks
have been found to form by fracture of primary o
particles at the specimen surface in bimodal microstruc-
ture (Figure 15). This may be due to the well-docu-
mented fact that o phase has more affinity as well as
solid solubility for oxygen. The dissolution of oxygen in
the o phase during CCG test makes the latter brittle, and
as a result, microcrack nucleation takes place during the
creep deformation by fracture of primary o particles.
Figure 15 illustrates the nucleation of microcracks at
primary o particles and subsequent linkage of these
microcracks. A number of secondary cracks have also
formed in the region all around the main crack tip and
ahead of it. On the other hand, cavities or voids have
formed at primary o/transformed f structure (i.e.,
matrix) interface in the interior CCG region of the
specimen (Figure 16) as also observed in smooth creep
specimens with (o + f8) microstructure.””! The growth of
both surface microcracks and interior microvoids is
controlled by creep of the surrounding region.

Despite the differences in initiation of fracture at
nucleation stage (microvoids/microcracks) for these two
microstructural conditions, the CCG in both cases is
controlled by creep deformation of the surrounding
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regions. Since the alloy with fully transformed f
structure exhibits better creep resistance, CCG rates
are lower for transformed f§ microstructure.

IV. CONCLUSIONS

1. The applicability of stress intensity factor K is not
appropriate in the present study due to stress relax-
ation at the crack tip and specimen thickness inval-
idity as per linear -elastic fracture mechanics
requirement.

2. The C, parameter for both microstructural condi-
tions correlates well with CCGR data and is well
described by a power law of the form (%) = B(C,)".

3. For all test conditions investigated, the alloy with
transformed f microstructure exhibits superior
CCG resistance to that with o + f microstructure.
This observation is consistent with the better creep
resistance of the alloy with transformed f micro-
structure.

4. Creep crack growth for both microstructural condi-
tions is accompanied by formation of damage zone
in the form of numerous environmental-assisted sec-
ondary surface cracks (perpendicular to the stress
axis) ahead of the main crack tip.

5. For o + f microstructure of the alloy, the surface
creep cracks were formed by growth and coales-
cence of microcracks nucleated by fracture of pri-
mary o particles. In the interior of the specimens
CCG occurred by growth and coalescence of
microvoids nucleated at primary o/transformed pf
(matrix) interfaces.

6. For f microstructure of the alloy, the surface creep
cracks formed by growth and coalescence of
microvoids nucleated at titanium-enriched surface
oxide particles, while in the interior CCG occurred
by nucleation of intergranular cavities.
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