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Fatigue-Crack Growth in a Metastable Beta Titanium Alloy,

Ti-10V-2Fe-3Al
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The effect of mean stress, or the stress ratio (R), on the fatigue-crack growth (FCG) behavior of a-
aged and w-aged microstructures of the beta titanium alloy Ti-10V-2Fe-3Al was investigated. While
the mean stress had a negligible effect on the FCG behavior of the a-aged microstructure, a strong
effect was observed in the w-aged microstructure. In particular, the values of the threshold stress-
intensity range (AKy,) exhibited a strong dependence on R in the w-aged microstructure, while this
dependence waswesak in the a-aged microstructure. These effects seem to arise primarily from fracture-
surface roughness-induced crack closure. The crack closure levels for the a-aged microstructure were
found to be very low compared to those for the w-aged microstructure. Transmission electron micros-
copy and scanning electron microscopy studies of microstructuresand fracture surfaceswere performed
to gain insight into the deformation characteristics and crack propagation mechanisms, respectively,
in these microstructures. The microstructure-induced differences in FCG behavior are rationalized in

terms of the effect of aging on slip and crack closure.

[. INTRODUCTION

T1-10V-2Fe-3Al (Ti-10-2-3), a metastable B-titanium
aloy, isawidely used material for high-strength applications
in the aerospace industry, owing to its relatively high
strength, excellent strength/toughness combination, good
fatigue strength, and enhanced processing characteris-
tics.'~81 A number of microstructural variations can be pro-
duced in this aloy by employing different combinations of
thermomechanical processes and heat treatments.[*23 Typi-
caly, the alloy is heat treated either by quenching from the
a + B orthe B field and is subsequently aged at a lower
temperature. During aging, the B8 phase decomposes into a
B phase enriched in B-stabilizing elements, secondary «
particles (ag), and/or w particles, depending on the aging
temperature and time.["#°l By varying these parameters dur-
ing aging, the strength and ductility of this aloy can be
varied significantly.l!

There are studied6819 indicating that fatigue crack
growth (FCG) characteristics are little affected by micro-
structural parameters that can be varied by primary heat
treatment, such as volume fraction, size, or shape of primary
a in B-titanium alloys. However, there have been very few
studies on the FCG behavior of Ti-10-2-3 as influenced by
the secondary heat treatment, that is, the aging condition.
In particular, the effect of w-phase formation at lower aging
temperatures has not been fully understood. The issue of
the presence or absence of w phase in the microstructure
is significant, since it has been suggested®® that w phase
formation significantly decreases the ductility of S titanium
aloys. Therefore, it isconsidered important to systematically
investigate the effect of w phase formation on the FCG
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response of Ti-10-2-3, including its effect on the stress-ratio
dependence of FCG behavior.

Duerig et al.[® first observed asignificant increasein FCG
resistance at growth rates less than 5 X 10~ mm/cycle, in
the case of an w-aged microstructure, when compared to an
a-aged microstructure of comparable strength, at the stress
ratio (R) of 0.1. It was suggested that planar slip induced
by the w phase led to increased mode |1 displacements at
the crack tip, causing asperity mismatch and, thus, leading
to crack closure.'*1213 There was no attempt, however, to
show conclusively that crack closure was, indeed, responsi-
blefor the differencesin the FCG behavior of w-aged and a-
aged microstructures. In the aforementioned work, at growth
rates greater than 5 X 10~* mm/cycle, the w-aged micro-
structure showed higher growth rates relative to those of the
a-aged microstructure. Itisnot obviouswhy amicrostructure
with planar deformation characteristics should show differ-
ent responses above and below 5 X 10 mm/cycle, as
indicated previously. The limited data (only one FCG test
was reported) also raise concerns with regard to the depen-
dence of FCG on R in w-aged and w-free microstructures
in Ti-10-2-3. A study clarifying this issue is needed, since,
in conventional @ + B and « titanium aloys,[*429 weak
and strong effects of the stressratio on FCG rates have been
found, seemingly depending on composition and micro-
structures.

Therearetwo different explanationsgiven for the observa-
tion of a stress-ratio effect in conventional titanium alloys.
First, earlier studied*1>1 suggested that the higher growth
rates at high R levels were due to the contribution from
static modes of crack extension to cyclic crack extension.
Second, crack closure, due to the interference in the crack
wake at low AK levels, has been suggested in recent stud-
ied 1819 to cause lower growth rates at low R values than
at high R values. However, there are also studies®® which
show that crack closure does not completely explain the
stress-ratio effect on FCG rates. Further, more-recent inter-
pretations?Y suggest an altogether different explanation for
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Tablel. Chemical Composition of the Ti-10V-2Fe-3Al
Alloy

H O N
Element (Max) (Max) (Max) Fe Al \Y, Ti

Wtpct 001 003 003 193 295 10.15 baance

the dependence of FCG on the stress ratio. The intent of the
present study is not to resolve the varied observations of
stress-ratio effect and their interpretation in different classes
of titanium alloys, rather, the principal objectives of this
research are to investigate the effect of Ron FCG in w-aged
and a-aged microstructures in Ti-10-2-3 and to identify the
relevant mechanisms responsible for such an effect. There-
fore, the effect of a aging vs w aging on FCG was studied
by maintaining a constant primary solution heat treatment
and varying the nature of the secondary heat treatment. It
has been found that there is only a small effect of R upon
FCG in the near-threshold region, but almost none in the
Paris-law regime, in the case of the a-aged microstructure.
However, in the case of the w-aged microstructure, asignifi-
cant effect of the R ratio over the entire FCG regime was
observed. The mechanismsresponsible for these effects have
been identified from fractography and crack-path
observations.

[1. MATERIAL AND EXPERIMENTAL
PROCEDURE

A. Material

The Ti-10-2-3 alloy was supplied by TIMET (Henderson,
NV) in the form of plates of 267 X 210 X 38 mm in size.
The chemical composition of the plates is given in TableI.
The B-transus temperature for the alloy was about 800 °C.
The plates were made from cast ingots by the following
processing routes. B forging at 850 °C, followed by air
cooling, then rolling in the & + B region at 760 °C to a 25
pct reduction in thickness, followed by air cooling. The
microstructures in the plates were found to be uniform
through the thickness, except in the near-surface regions, to
a depth of about 2 mm. These regions were removed by
electrodischarge machining (EDM). Blanks cut from the
plates by EDM were heat treated to obtain the desired micro-
structures and aged conditions. The heat-treatment schedules
are given in Table Il. Since the strength of the Ti-10-2-3
aloy islargely influenced by aging, the aging periods were

appropriately chosen to obtain similar strength levels at dif-
ferent aging temperatures. This was done to minimize the
variation in FCG behavior due to differences in the strength
level. Since the objective was to have comparable strength
levels, the o aging period was restricted to 6 hours. This
may not correspond to complete transformation of B at this
temperature. However, microhardness studies indicated that
the change in Vickers hardness after 6 and 32 hours of aging
treatment was less than 17 pct, suggesting that most of the
transformation had occurred within 6 hours. Therefore, the
microstructure can be considered to beamost in equilibrium.
Compact-tension (CT) specimens of 63.5 X 61 X 8 mm in
size, oriented in the longitudinal-transverse direction, were
machined from the heat-treated blanks. The specimen sur-
faces were metallographically polished down to 1 um alu-
mina to enable the observation of crack growth.

B. Experiments

The FCG tests were conducted in an MTS 810 servohy-
draulic fatigue test system equipped with a TESTSTAR I
digital controller, a personal computer, and the associated
test-control software. Tests were done following the ASTM
E647-93 FCG test standard.[?? The sampleswere precracked
at AK levelsof about 10 to 15 MPa,/m. Following precrack-
ing, a decreasing AK test and, subsequently, an increasing
AK test were conducted on a given sample. The AK gradi-
entd?? of —0.08 and 0.2 were employed in the decreasing
and increasing AK tests, respectively. Tests were performed
atthreestressratios(R = 0.1, 0.5, and 0.8) at thefrequency of
35 Hz, at room temperature in alaboratory air environment.
Crack lengths were continuously monitored during testing
using a crack-opening displacement (COD) gage* mounted

*Model No. MTS 632.02F-20.

a the mouth of the notch. The COD gage also enabled
continuous recording of the load vs displacement traces,
from which the closure loads were determined. The point of
initial deviation from the linear-elastic part of the unloading
curves was taken to be the closure load. These closure loads
were used to determine AK« and Ky values. The FCG tests
were repeated at each R ratio to ensure reproducibility of
the FCG data. In the case of the w-aged microstructure, in
addition to tests on regular CT samples, tests were also
conducted using side-grooved CT samples. This was
because, in regular CT samples, crack-plane deviations of
about 10 deg occurred sometimes when cracks grew out of
the notch. The K calculations for side-grooved specimens

Tablell. Heat Treatments, Microstructural Descriptions, and Tensile Properties for the Microstructures I nvestigated
0.2 Pct Yield
Strength UTS Pct
Designation Heat Treatment Microstructure (MPa) (MPa) Elongation
a-aged solution treatment at 700 °C for 2 h 45 pct o, + a5 particles in g-matrix 987 1065 13
followed by water quenching; aging
treatment at 525 °C for 8 h followed
by water quenching
w-aged solution treatment at 700 °C for 2 h 45 pct o, + w particles in B-matrix 1028 1047 9

followed by water quenching; aging
treatment at 260 °C for 6 h followed
by water quenching
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Fig. 1—Optical micrographs of the a-aged microstructure (a) showing
prior-g3 grains and (b) showing distribution of a;, particles.

were done following ASTM E813-89 standards. Since there
was no difference between the FCG behavior as determined
by CT and side-grooved CT specimens, it was concluded
that neither the side grooves nor the small out-of-plane crack
extensions affected the FCG behavior of the w-aged micro-
structure. Thefracture surfaces, aswell as crack-path profiles
of FCG samples obtained by sectioning the fracture surface
along the plane parallel to the specimen broad surface, were
observed in aCambridge S240 scanning electron microscope
at an accelerating voltage of 20 kV. Thin-foil specimens, for
observations of microstructure in a transmission electron
microscope (TEM), were prepared by dimpling followed by
ion milling. The foils were observed in a JEOL** JEM-

**JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

2000 FX Il TEM, at an accelerating voltage of 200 kV.

[1l. RESULTS AND DISCUSSION

A. Microstructural and Tensile Properties

Optica micrographs of the a-aged microstructure are
shown in Figures 1(a) and (b). Figure 1(a) illustrates the
structure of the B grains, which are elongated in the rolling
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direction. Figure 1(b) shows the morphology and the distri-
bution of primary « () particles. Since the primary « heat
treatment was the same, both the a-aged and the w-aged
microstructures appeared similar in optical micrographs. The
volume fraction and the average interparticle spacing of a,
particles were estimated to be 0.45 and 1.8 um, respectively,
using point-counting and linear-intercept methods.[>® The
microstructures, however, differed in terms of the constit-
uentsin the transformed B matrix. In Figure 2, TEM micro-
graphs of the transformed B microstructure in the a-aged
condition are presented. The bright-field micrograph and the
(110)4 diffraction pattern of this region are presented in
Figures 2(a) and (b), respectively. The schematic of the
diffraction pattern, presented in Figure 2(c), indicates that
the (0001) pattern of secondary a (ay) particlesin the trans-
formed B matrix is superimposed on the B-phase pattern.
This is consistent with the established orientation relation-
shipl”?4 between the a and g phases in titanium alloys,
viz., (0001),/{ 110} 5 and (1120),//(111),. Campagnac and
Vasselll observed a slight arcing of the s diffraction spots
in the diffraction pattern of an a-aged matrix. They con-
cluded that this occurred due to superposition of two
(0001),, patterns. However, arcing was not very evident in
the present study (Figure 2(b)). Dark-field imaging using
the (1100), spot revealed the presence of relatively coarse
as particles in the matrix (Figure 2(d)). In Figure 3, TEM
micrographs of the w-aged microstructure are presented,
showing the distribution of w phase in the w-aged micro-
structure. The bright-field micrograph and the (110) ; pattern
of this region are presented in Figures 3(a) and (b), respec-
tively. It is clear from Figure 3(b) that the (1120),, pattern
is superimposed on the B-phase pattern (Figure 3(c)). This
also is consistent with the established orientation relation-
shipl”?4 between the w and B phasesin titanium alloys, viz,,
(0001),,//{ 111} 4 and (1120),,//(110)4. The dark-field image
formed using the (1010),, spot revealed the distribution of
o phase in the matrix (Figure 3(d)).

B. Effect of Sress Ratio on FCG

Figures 4(a) and (b) show the FCG data for the stress
ratios of R = 0.1, 0.5, and 0.8, in the form of da/dN
vs AK plots, for the a-aged and w-aged microstructures,
respectively. From repeated tests, the FCG behavior was
found to be very reproducible for both microstructures.
For the w-aged microstructure, a smaller effect of R was
observed in the near-threshold region, and very little R
effect was present in stage Il (Paris-law regime) of FCG.
Such apatterniscommonly seen in high-strength materials,
including 2.25Cr-1IMo steell® and some Al alloys.[®
Additionally, these data are consistent with the reported
FCG dataontheTi-10-2-3 alloy.?” In contrast, asignificant
R effect was observed, both in the threshold regime and in
the Paris-law regime of FCG, for the w-aged microstruc-
ture. Figure 5 shows the FCG data in terms of da/dN vs
AKgs for the two microstructures. It can be seen that the
stress-ratio effect vanishes when the FCG data are plotted
in terms of AKg;, athough, for the w-aged microstructure
at R equal to 0.8, the crack growth rates are slightly higher
at da/dN levels greater than 10~* mm/cycle. This suggests
that the observed stress-ratio effect in most of the FCG
region in the two microstructures is due to crack closure.
It then follows that the w-aged microstructure exhibited a
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Fig. 2—TEM micrographs of_the a-aged microstructure: (a) bright-field image, (b) [110]; zone diffraction pattern, (c) indexed diffraction pattern, and (d)

dark-field image using the (1100),s Spot.

greater degree of crack closure compared to the a-aged
microstructure. It also followsthat thereisvery little differ-
ence between the FCG behavior of the a-aged and w-aged
microstructures once closure is accounted for.

C. Effect of Sress Ratio on AKy,

The effect of stress ratio on the threshold condition for
FCG in the two microstructures is summarized in Figure 6
intheform of AK valuesat threshold (AKy,) and AK g values
at threshold (AKg 1), plotted as a function of R. It is clear
from Figure 6 that there is a greater effect of stress ratio
on AKy, in the w-aged microstructure than in the a-aged
microstructure. The effect of the stress ratio vanishes when
AKgi 1 IS considered instead of AKy,. In order to compare
the closure levels at R = 0.1 in the two microstructures, the
closure stress-intensity levels (Ky) are plotted as a function
of Kyin in Figure 7. It is clear that considerably higher K
values were observed in the w-aged microstructure than
in the a-aged microstructure. While no crack closure was
observed for AK levels greater than about 19 M Pa\/ﬁ (Kiin
greater than about 2.1 M Pa\/ﬁ) inthe a-aged microstructure
a R = 0.1, substantial closure levels were observed even
at higher AK values in the w-aged microstructure. At R =
0.5, while no crack closure was observed in the a-aged
microstructure, considerable closure was observed in the w-
aged microstructure (Figure 7). At R = 0.8, the da/dN vs
AKy; datawere the same as the da/dN vs AK curve, for both
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microstructures, because of the absence of crack closure at
R = 0.8.

D. Effect of Microstructure on FCG Behavior

A comparison of FCG behavior at R = 0.1 for the two
microstructuresis made in Figure 8. In Figure 8(a), the FCG
data are presented in terms of da/dN vs AK. The relatively
lower crack growth rates in the w-aged microstructure (Fig-
ure 8(a)) are due to higher levels of crack closure in this
microstructure, as discussed in the previous section. In Fig-
ure 8(b), comparison is made between the two microstruc-
tures in terms of da/dN vs AK4 data. Once closure is
accounted for, the data for the two microstructures come
together, except for some difference in the threshold region
of FCG (Figure 8(b)). Figure 9 shows the da/dN vs AK data
at R = 0.8 for the two microstructures. As one would expect,
in the absence of fatigue-crack closure, the two curves agree
well, athough there is a small difference in the threshold
region of FCG. This difference must be due to microstruc-
tural effects. It has been suggested®® that crack deflection
at the microstructural level leads to the realization of amode
I AK that is smaller than the applied AK. The FCG rate
differences observed only in the near-threshold region of
FCG are also consistent with the fact that crack deflections
from the mode | growth plane become significant only in
the near-threshold regime, whereincreased mode | displace-
ments become operative at the crack tip, due to localization

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—TEM micrographs of the w-aged microstructure: (a) bright-field image, (b) [110]; zone diffraction pattern, (c) indexed diffraction pattern, and (d)

dark-field image using the (1010),, spot.

of crack-tip deformation along slip bands. In any case, this
effect could not be attributed to the macroscopic crack-
plane deviations observed in the FCG tests of the w-aged
microstructure. Thisis because of the fact that the FCG test
datafromregular CT and side-grooved CT specimens agreed
well with each other.

E. Fatigue Fracture Mechanisms in the Near-
Threshold Region

The fracture morphol ogies observed in the near-threshold
region are shown in Figures 10 and 11 for the «-aged and
w-aged microstructures, respectively. At a relatively low
magnification, a flat, transgranular fracture surface was
observed in the a-aged microstructure (Figure 10(a)) tested
at R = 0.1. At ahigher magnification, well-defined traces of
ap, particles were seen (Figure 10(b)). In addition, a fracture
morphology consisting of microscopically small features,
the size of which roughly corresponded to the average a,
interparticle distance (1.86 um), was seen (Figure 10(c)).
In contrast, in the w-aged microstructure, a rough fracture-
surface topography was evident even at alow magnification
level (Figure 11(a)). The sizes of these roughness features
nearly corresponded to the average prior-3 grain size (Figure
1(a)). At ahigher magnification, however, traces of a;, parti-
cles were seen in these regions. These traces were not very
well defined, but appeared to be irregular and discontinuous
and seem to consist of secondary cracks (Figure 11(b)).

It is now well known*-132930 that in the near-threshold

METALLURGICAL AND MATERIALS TRANSACTIONS A

FCG region, crack propagation is accomplished by disloca-
tion movement by mode Il shear at the crack tip. Generaly,
asingle dlip system is suggested to be active,[*112% promot-
ing a zigzagged crack path in polycrystaline materi-
als[tt1230 |n this study, the relatively high fracture-surface
roughness observed in the w-aged microstructure suggests
that the didlocation pileup lengths were on the order of the
prior-B grain size, with the crack deflecting at the prior-8
grain boundaries, during crack growth. To verify this in
the w-aged microstructure, profiles of the crack path were
examined in detail in the three regimes of AK, viz, the
decreasing AK regime, the near-threshold regime, and the
increasing AK regime. Figures 12(a) through (d) illustrate
the crack-path profiles in each of these regimes and the
corresponding normalized crack closure levels (Ky/Kiax)
plotted as a function of crack length. The crack length and
the AK levels corresponding to the crack-tip positions at the
centers of the figures are also indicated. While the crack-
path profiles in the decreasing AK (Figure 12(a)) and in
the increasing AK regimes (Figure 12(c)) appeared flat, the
profilein thethreshold regime wasfound to be rough (Figure
12(b)). Evidence of crack deflections at grain boundariesis
seen, asindicated by the points marked as A in Figure 12(b).
At the points marked as B however, cracks deflected within
agrain. Thiskind of deflection seemedto occur inarelatively
larger grain. In Figure 12(d), the closure level increased
during the decreasing AK test, reached a maximum at the
threshold region (da/dN ~ 10~ mm/cycle), and then
decreased during the increasing AK test. In contrast, the
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Fig. 4—The effect of stress ratio on the FCG behavior of (a) a-aged
microstructure and (b) w-aged microstructure.

crack-path profile in the a-aged microstructure (not pre-
sented here) was flat throughout the entire AK regime. This
is expected, based on observations made on the fracture
surfaces of the a-aged microstructure (Figure 10(a)). A flat
crack-path profile over the entire range of applied AK and
the observation of well-defined traces of «, (Figure 10(b)),
as well as the presence of features corresponding to the
a, interparticle spacing (Figure 10(c)), suggest that crack
deflections on the order of ay interparticle spacing occurred
during crack growth in the a-aged microstructure.

F. Effect of Microstructure on Crack Closure

Itisimportant to rationalize thefracture-surface roughness
levels on the basis of crack-tip deformation, controlled by
the interactions between dislocations and microstructural
features. As has been documented in many studies,[32-3233
small, coherent and shearable w particles tend to produce
planar dlip during deformation at relatively low tempera-
tures. It appearsthat theincreased fracture-surface roughness
in the w-aged microstructure is caused by planar dlip. It is
evident from Figures 2(d) and 3(d) that the w particles in
the w-aged microstructure are relatively smaller than the ag
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Fig. 5—The FCG data plotted in terms of AKg; for (a) a-aged microstruc-
ture and (b) w-aged microstructure.
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w-aged microstructures.

particles in the a-aged microstructure. Furthermore, the
phase has an ordered hcp crystal structure.[3*35361 These
ordered w particleswould be expected to dominate the defor-
mation behavior due to their high density in the matrix
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(Figure 3(d)). Thisisexpected to cause an enhanced localiza-
tion of dislocation motion in the w-aged matrix when com-
pared to the a-aged matrix. It seems that such localized
deformation causes shearing of «, particles in the w-aged
microstructure (Figure 11(a)). In the a-aged microstructure,
however, only homogenous slip is expected to occur, thus
leading to a more homogenous distribution of deformation
in the matrix. This seemsto result in crack growth by cleav-
age either through the a;, particles or along the ap-matrix
interfaces (Figure 10(b)). On the basis of this reasoning, the
mechanisms of crack propagation are illustrated schemati-
caly for the a-aged and w-aged microstructures in Figures
13(a) and (c), respectively. The crack-path profiles in the
near-threshold region of the a-aged and the w-aged micro-
structures are presented in Figures 13(b) and (d), respec-
tively. The presence of large-sized asperities in the crack
path of the w-aged microstructure (Figure 13(b)) supports
the suggested FCG mechanism. The crack-path profile
appears to be more or less flat for the a-aged microstructure
(Figure 13(d)), even at amagnification level higher than that
of Figure 13(b), indicating the very small sizes of fracture-
surface asperities in the a-aged case, relative to the w-
aged microstructure.

On the basis of the fracture mechanisms discussed pre-
viously, it is possible to conclude that crack closure was
primarily caused by fracture-surface roughness. Due to
shear across many ay platelets, larger facets were formed
in the w-aged microstructure and the fracture-surface
roughness was controlled by the prior-3 grain size. On the
other hand, in the a-aged microstructure, the «, interparti-
cle spacing, which was much smaller than the 8 grain size,
controlled the fracture-surface roughness. This difference
appears to cause the different closure responsesin the two
cases at R = 0.1. It is also important to discuss the high
closure levels observed in the w-aged microstructure in
the Paris-law regime (10~° < da/dN = da/dN < 10~3 mm/
cycle) of crack growth. Figure 14 shows a comparison of
closure levels in the two microstructures over the entire
range of applied AK levels. The closure levels are plotted
in terms of (Ky — Kyin)/Kmin, in order to show by what
factor K exceeded K, during FCG. It is interesting to
note that, initially, both microstructures exhibited compa-
rable closure levels at the begining of the decreasing AK
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Fig. 10—Fracture topography in the a-aged microstructure in the near-threshold region: (a) at a low magnification, (b) showing well-defined traces of «,
particles, and (c) at a high magnification revealing features having sizes of the order of « interparticle distances.

Fig. 11—Fracture topography in the w-aged microstructure in the near-threshold region: (a) at a low magnification revealing the roughness features and
(b) revedling the traces of «;, particles.
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Fig. 12—Crack path profiles and normalized closure levels as a function of crack length in the w-aged microstructure: (a) decreasing AK test, AK = 6.5
MPa,/m, a = 14 mm; (b) threshold region, AK = 5.1 MPa,/m, a = 17.9 mm; (c) increasing AK test, AK = 10 MPa/m, a = 20 mm; and (d) Ka/Kmax

plotted as a function of crack length in the w-aged microstructure at R = 0.1.

tests. However, due to the high fracture-surface roughness
that formed in the near-threshold region, a significantly
higher closurelevel was seen in the w-aged microstructure.
The (Kyg — Kpin) values are about 5 and 8 times K, for
the a-aged and the w-aged microstructures, respectively.
However, during the increasing AK part after AKy,, the
closure levels are no longer similar in the two microstruc-
tures. The closure levels are significantly higher in the w-
aged microstructure than in the a-aged microstructure.
This is understandable, since the fracture-surface
roughness that was formed near the threshold can continue
to interfere with the opening and closing of the crack,
even after the crack had propagated significantly under
increasing AK conditions. The presence of closure (Ky >
Kmin), even a R = 0.5 in the w-aged microstructure, can
be rationalized. The average height of asperities in the
near-threshold region of the w-aged microstructure was
found to be about 125 um (Figure 13), whereas the maxi-
mum crack-mouth opening displacement (CMOD) in the
near-threshold region at R = 0.5 was 70 um. The maxi-
mum crack opening level is clearly smaller than the aver-
age height of the asperities. Therefore, partial closure of
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cracks, even at R = 0.5, is expected. On the other hand,
in the @-aged microstructure, the height of the fracture-
surface asperities seems to correspond to the average a
interparticle distance, i.e., 1.8 um. This is much smaller
than the minimum CMOD encountered in the near-thresh-
old region, which was 28 um. Therefore, the fracture-
surface roughness levels provide arationale for the differ-
ent closure levels observed at R = 0.1 and 0.5, in the
two microstructures.

G. Fatigue Fracture Mechanisms in the Paris-Law
Region

The fracture modes observed in the Paris-law regime
(10° = da/dN = 1073 mm/cycle) of crack growth at R =
0.1 are shown in Figures 15 and 16 for the a-aged and w-
aged microstructures, respectively. In the a-aged microstruc-
ture, considerable secondary cracking perpendicular to the
crack-propagation direction was observed (Figure 15(a)).
The secondary cracks did not correlate to the dimensions of
a, particles. As suggested by Yoder et al., ¥ the secondary
cracks might have occurred along dlip bands. However, it

VOLUME 31A, MARCH 2000—711



’=G-RI—AIN

) § T
\/ l"\\

NAGR

GRAIN I

|GRAIN SR CRAIN
\/BOUNDARY

Fig. 13—Aschematic of the fatigue crack propagation mechanismin (a) a-aged and (c) w-aged microstructures. The crack path profilesin the near-threshold

region; these microstructures are shown in (b) and (d), respectively.
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Fig. 14—The relative crack closure level (Kg — Kmin)/Kmin) plotted as a
function of AK, for the a-aged and w-aged microstructures.

is not possible to conclude whether secondary cracks
occurred at the «,/B interfaces or along the dlip bands.
Besides secondary cracks, fatigue striations were aso
observed at high AK levels (Figure 15(b)). In the w-aged
case, on the other hand, there was almost no secondary
cracking, with the exception of a few cracks at random
locations, in the Paris-law regime (Figure 16(a)). At ahigher
magnification, (Figure 16(b)), the fracture surface appeared
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to consist of coarse dip steps accompanied by striation-like
features. It was not possible to resolve the striations.

The monotonic crack-tip plastic-zone sizes (r, =
(1/37)(Kmax 0ys)?, Where oy is the yield stress) in the Paris-
lav AK regime (107° = da/dN = 1073 mm/cycle) were
estimated to be greater than at least 16 um in both micro-
structures. Therefore, the crack-tip plastic zone was larger
than the average «, interparticle distance. It is possible that
this is the reason why «, traces were absent in the fracture
surfaces in this regime in both the microstructures. Even
though the fracture-surface roughness in the Paris-law
regime in the w-aged microstructure was low, the fracture-
surface roughness introduced in the near-threshold region
influenced the crack closure during crack growth in this
regime during increasing AK tests. Therefore, a significant
effect of R on the crack growth rate resulted in high AK
levels in the w-aged microstructure. Such an effect was
absent in the a-aged microstructure due to the very small
roughness features in near-threshold region.

[V. CONCLUSIONS

1. A strong effect of stress ratio on fatigue-crack growth
behavior, in particular, on the crack growth rates, was
observed in the w-aged condition of a Ti-10V-2Fe-3Al
alloy when compared to the a-aged condition of thealloy.

2. The dtress-ratio effect could, to a large extent, be
explained on the basis of roughness-induced crack clo-
sure. When there was a high level of closure (w-aged
microstructure), the crack growth rates were strongly
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Fig. 15—Fracture topography in Paris-law regime as observed in the a-
aged microstructure at (a) alow magnification and (b) a high magnification.

dependent on the stressratio. When there was|ow closure
(a-aged microstructure), the crack growth rates were
almost independent of the stress ratio.

3. The fracture-surface roughness features near the thresh-
old in the w-aged microstructure were found to corre-
spond to the prior-B8 grain size. In the a-aged
microstructure, however, fracture-surface roughness fea-
tures corresponded to the «, interparticle spacing. The
prior-B3 grain size and the «, interparticle spacing were
the microstructural units controlling crack growth ratesin
the w-aged and the a-aged microstructures, respectively.
This suggestion is consistent with the microstructural
characteristics, deformation modes, and the crack-path
profiles observed during fatigue-crack growth.
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