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The present study was undertaken in an effort to better understand the notched fatigue life behavior of
Ti-10V-2Fe-3A1 alloy and its origins. In this work, the effects of metalhirgical variables (viz., alpha phase aspect
ratio and strength level) have been determined on the resistance to both fatigue crack initiation and propagation.
From these data, computations were made to synthesize notched fatigue life for the different microstructural
conditions. For this purpose, crack propagation life was integrated for the same specimen geometry and loading
conditions for which a notched fatigue life question was raised in prior work. Similar computations were made
for a variety of Ti-6A1-4V microstructural conditions for which counterpart data were available. Of prime
significance, the results indicate that notched fatigue life of Ti-10V-2Fe-3A1 at the 190 ksi (1310 MPa) strength
level is substantially superior to that of Ti-6A1-4V for the respective conditions examined. Moreover, it was
found that a reduction in strength level of Ti-10V-2Fe-3A1 to 150 ksi (1034 MPa) ultimate tensile strength can
degrade notched fatigue life to levels associated with the Ti-6A1-4V microstructures.

Introduction

HE advanced, near-beta Ti-10V-2Fe-3A1 alloy was suc-
cessfully developed as a high-strength and toughness alloy
with excellent forgeability.!-* Though a wide spectrum of at-
tractive strength-level and fracture-toughness combinations
has been demonstrated, there is substantial interest in this alloy
for use at strength levels of 180 ksi (1241 MPa) and beyond,
where potential weight savings are greatest. Unfortunately,
preliminary data at the 180 ksi (1241 MPa) strength level indi-
cated that although notched fatigue life was significantly supe-
rior to Ti-6A1-4V in the high-cycle regime, it appeared inferior
in the low-cycle regime.* Consequently, the issue of notched
fatigue life of this alloy in the high-strength condition has
served as a barrier to its implementation in fatigue-critical
applications. Indeed, the results of additional work have sug-
gested that it may be necessary to reduce the strength level to
the 150 ksi (1034 MPa) level to obviate the problém.** To date,
however, the origins of the problem have remained elusive.
Thus, the present study was undertaken in an effort to better
understand the notched fatigue resistance of Ti-10V-2Fe-3A1
and its origins. In this work, the effects of metallurgical vari-
ables have been separately detérmined on the resistance to
fatigue-crack initiation and fatigue-crack propagation, using
previously established techniques.®’ For this purpose, pancake
forgings were examined as a function of processing and
strength-level extremes. From the respective fatigue-crack ini-
tiation and fatigue-crack propagation data, computations
were made to synthesize notched fatigue life for the different
microstructural conditions. For this purpose, crack-propaga-
tion life was integrated, assuming Dowling’s criterion for the

Presented as Paper 87-0756 at the AIAA/ASME/ASCE/AHS 28th
Structures, Structural Dynamics; and Materials Conference, Mon-
terey, CA, April 6-8, 1987; received Jan. 1, 1988; revision received
July 13, 1988. This paper is declared a work of the U.S. Government
and is not subject to copyright protection in the United States.

*Metallurgist.

fResearch Engineer.

point of demarcation between initiation and propagation
phases of fatigue cracking in a notched region.® This was done
for the specimen geometry (center-hole tension) for which the
alleged notched fatigue-life problem was originally reported.
Then, for comparative purposes, similar computations were
made for a variety of Ti-6A1-4V microstructural conditions
for which resistance to both fatigue-crack initiation and fa-
tigue-crack propagation was previously established.!

Experimental Procedure

The detailed chemistry of the Ti-10V-2Fe-3A1 alloy is
shown in Table 1. Four pancake forgings of this alloy were
processed above the beta transus. One pair was then given 2%
final work in the two-phase alpha/beta region, and the other
pair 55%. One forging from each pair was solution heat
treated and aged to produce an ultimate tensile strength (UTS)
of approximately 190 ksi (1310 MPa); the others were heat
treated to a nominal UTS level of 150 ksi (1034 MPa). Details
of the respective solution tréatment and aging schedules are
shown in Table 2. The resulting mechanical properties are
given in Table 3 along with estimates of toughness (X;.) from
Ref. 4 and the present work. Microstructures associated with
these four pancake forgings are displayed in Fig. 1, which
indicates that the aspect ratio of the primary alpha phase varies
inversely with percent final alpha/beta work, as intended.
The data shown in Table 3 indicate that uniaxial tensile ductil-
ity decreases with increasing aspect ratio for each nominal
strength level, though the plane strain fracture toughness in-
creases. These trends are consistent with the observations of
Hirth and Froes.!! For dimensions of the pancake forgings and
further information regarding processing, the reader is urged
to consult Ref. 4. ]

To measure the resistance of each Ti-10V-2Fe-3A1 pancake
forging to fatigue-crack initiation in the presence of a notch,
a pair of compact-type (CT) specimens!? were machined from
the limited material available to the following nominal dimen-
sions: a thickness B of 0.22 in. (5.6 mm), a width W of 2.0 in.
(50.8 mm), an initial ‘‘crack’’ (notch) length ¢ of 0.40 in. (10.2



JUNE 1989

uTs
(ksi) (MPa)

190 1310

150 1034

NOTCHED FATIGUE LIFE OF Ti-10V-2Fe-3A1 AND Ti-6A1-4V 795

55

o/ WORK (%)
Fig. 1 Microstructures of Ti-10V-2Fe-3A1 as function of strength level (UTS) and percent final a/8 work.

mm), and a carefully honed notch root radius p of 0.010 in.
(0.254 mm). Notch root surfaces were examined at 10-50X
magnification in a stereo-zoom microscope to verify the com-
plete removal of any tool marks parallel to the axis of the
notch root (i.e., in the thickness direction). This procedure is
important to ensure the subsequent measurement of inherent
material resistance to fatigue-crack initiation.”

All specimens were cyclically loaded with a stress ratio of
R = 0.10 and a haversine waveform. Notch root surfaces were
systematically inspected for earliest indications of crack initia-
tion, using a low-powered traveling microscope. Notched fa-
tigue-crack initiation resistance is commonly reported in terms
of the parameters AK/Vp Or 04,513 Which are related accord-
ing to Ref. 14:

K =lim 1/2 opawp)'/? )
p—0
where K is the stress-intensity factor, and o, is the maximum
stress at the root of the notch. This relation has been shown to
be highly accurate for the small value of p selected. !

Once cracks were initiated, these same specimens were fur-
ther cycled in ambient air at a frequency of 40 Hz to determine
resistance to fatigue-crack propagation over a broad spectrum
of stress-intensity range AK, where!?

P 2+
B 0 e va 0886
+4.640 — 13.3202 + 14.7208 — 5.6a) ®)

In this expression, P is the load and « is the normalized crack
length a/W. A precision measurement technique® was em-

Table 1 Alloy chemistry
v Fe Al O H C N Ti
9.7 1.8 3.2 0.087 0.0050 0.03 0.01 (bal.)

Table 2 Ti-10V-2Fe-3A1 heat treatments

%
Nominal  final
UTS o/ Aging

(ksi) (Mpa) work

190 1310 2
190 1310 55
150 1034 2
150 1034 55

Solution treatment treatment

1385°F(752°C)/2hr/W.Q  920°F(493°C)/8hr
1385°F(752°C)/2hr/W.Q  920°F(493°C)/8hr
1385°F(752°C)/2hr/W.Q  1025°F(552°C)/8hr
1385°F(752°C)/2hr/W.Q 1025°F(552°C)/8hr

ployed to determine fatigue-crack growth rates da/dN in ac-
cordance with ASTM-E647.'2 Crack length a was determined
as a function of elapsed cycles N from measurements of crack-
mouth-opening-displacement (CMOD), using the calibration
equations'®

a/W =1.0010 — 4.6695U + 18.460U% — 236.82U3
+ 1214.9U* — 2143.6U° 3)
where

1

U= [EB (CMOD)/PY” + 1

@

and E is Young’s modulus.
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Table 3 Mechanical properties of Ti-10V-2Fe-3A1
% 0.2% offset Ultimate Plane strain
Nominal final yield tensile % fracture
UTS a/B strength strength %o Red. toughness, Ky
(ksi) (MPa) work (ksi) (MPa) (ksi) (MPa) elong. Area (ksivin.) (MPavm)
190 1310 2 166.6 1149 186.8 1288 3.0 3.3 26 46.8
190 1310 55 172.6 1190 185.4 1278 7.0 12.8 33.7 37.0
150 1034 2 145.4 1002 154.8 1067 9.0 24.3 78.4 86.1
150 1034 55 143.6 990 146.4 1009 15.0 50.7 61.0 67.0
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Fig.2 Notched fatigue-crack initiation in Ti-10V-2Fe-3A1 at 1289
MPa (187 ksi) (UTS) with high aspect ratio 2% o/ work).
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Fig. 3 Notched fatigue-crack initiation in Ti-10V-2Fe-3A1 at 1276
MPa (185 ksi) (UTS) with low aspect ratio (55% /B work).
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Fig. 4 Notched fatigue-crack initiation in Ti-10V-2Fe-3A1 at 1069
MPa (155 ksi) (UTS) with high aspect ratio Q% o/ work).
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Fig. 5 Notched fatigne-crack initiation in Ti-10V-2Fe-3A1 at 1007
MPa (146 ksi) (UTS) with low aspect ratio (55% «/8 work).

Results

Fatigue-crack initiation data are displayed for the four pan-
cake-forged conditions of the Ti-10V-2Fe-3A1 alloy in Figs.
2-5, where cycles to initiation N; are plotted vs the cyclic stress
amplitude AK/Vp on the left-hand ordinate and the related
value of 0., On the right-hand ordinate. Individual entries of
data consist of a point (symbol) with line stubs extending to
each side. {The symbol documents the first observation of a
crack [typically ~ 0.030 in. (0.76 mm) in length], whereas the
linear extrema represent 1) the last inspection point with no
crack observed, and 2) the point at which the crack extends
across the notch root to the full thickness.} In each figure,
data are shown for the two levels of o, (AK/Vp) examined,
and compared to data trend lines for Ti-6A1-4V as previously
published® for three different microstructural morphologies,
viz., those associated with the mill anneal (MA), recrystalliza-
tion anneal (RA), and beta anneal (BA). The lower of the g,y
levels, 161 ksi (1110 MPa) or AK/Vp = 128.4 ksi (885 MPa),
corresponds approximately to that for which notched fatigue
life of high strength Ti-10V-2Fe-3A1 was originally reported to
cross over that for Ti-6A1-4V to inferior resistance in the
low-cycle region.! (In that work, data were reported for center-
hole-tension specimens of theoretical elastic stress concentra-
tion factor k, = 2.93, with an approximate crossover level at
nominal applied stress S =55 ksi (379 MPa). Thus, since
Omax = kS = 161 ksi (1110 MPa), this level has special signifi-
cance. (Both nominal S and notch-intensified o, stress levels
relate to maximum cyclic load.)

At this lower level of o4, the data in Figs. 2 and 3 show that
the fatigue-crack initiation resistance of Ti-10V-2Fe-3Al alloy
at superhigh strength level [190 ksi (1310 MPa) UTS], for
either high or low aspect ratio primary alpha-phase morphol-
ogy, is vastly superior to that for Ti-6A1-4V. Even at the much
higher amplitude AK/Vp = 239.6 ksi (1652 MPa), the super-
high strength conditions of Ti-10V-2Fe-3A1 still exhibit resis-
tance to fatigue-crack initiation that is similar to the best of the
Ti-6A1-4V conditions.

On the other hand, as shown in Fig. 4 for the case of the
higher aspect ratio alpha phase, a reduction in strength level of
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Fig. 6 Fatigue-crack growth rates in Ti-10V-2Fe-3A1 at 1289 MPa
(187 ksi) (UTS) with high aspect ratio (2% «/8 work).

Ti-10V-2Fe-3A1 to the vicinity of 150 ksi (1034 MPa) UTS can
result in a significant reduction in fatigue-crack initiation resis-
tance to levels associated with the Ti-6A1-4V microstructures,
which are of similar strength level. The lower aspect ratio
Ti-10V-2Fe-3A1 at the 150 ksi (1034 MPa) UTS does not seem
to exhibit such a reduction, however, as indicated in Fig. 5.
The counterpart fatigue-crack propagation resistance for
the Ti-10V-2Fe-3A1 pancake forgings is displayed in Figs. 6-9
where comparison can be made to a common data trend line
for Ti-6A1-4V (MA condition). Fatigue-crack growth rates
da/dN for all of the forgings are quite similar over the lower
portion of the AK spectrum. However, in the upper portion,
onsets to accelerated region I1I growth-rate behavior occur as
affected by the fracture toughness. Thus, by virtue of extended
region 11 growth-rate behavior, the fatigue-crack propagation
resistance of the lower strength [150 ksi (1034 MPa) UTS]
Ti-10V-2Fe-3A1 conditions is significantly better than for the
superhigh strength [190 ksi (1310 MPa) UTS] conditions. This
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Fig.7 Fatigue-crack growth rates in Ti-10V-2Fe-3A1 at 1276 MPa
(185 ksi) (UTS) with low aspect ratio (55% «/8 work).

can be seen most readily via comparison with the common data
trend line for Ti-6A1-4V (MA). Note, too, that fatigue-crack
propagation rates for the superhigh strength Ti-10V-2Fe-3A1
conditions are quite similar to those for Ti-6A1-4V (MA).

Actual da/dN data for the various Ti-6A1-4V conditions
mentioned above are shown in Fig. 10 together with the respec-
tive microstructures.

Discussion and Analysis

The foregoing initiation and propagation data permit the
synthesis of notched fatigue life so that the desired compara-
tive evaluation can be made. This has been done for the same
specimen geometry and cyclic loading conditions for which
notched fatigue life data for superhigh-strength Ti-10V-2Fe-
3A1 alloy [190 ksi (1310 MPa) UTS] were reported in prior
work! to cross over to inferior resistance compared to Ti-6A1-
4V. As already noted in the preceding section, this cyclic stress
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Fig. 8 Fatigue-crack growth rates in Ti-10V-2Fe-3A1 at 1069 MPa
(155 ksi) (UTS) with low aspect ratio 2% a/f work).

amplitude corresponds to the lower level o, = 161 ksi (1110
MPa), for which data were determined as displayed in Figs.
2-5. These data thus constitute the crack initiation compo-
nents N; of notched fatigue life, and are so displayed in
Table 4.

To determine the counterpart crack-propagation compo-
nents N, of notched fatigue life, cycles of propagation life
must be integrated from the point of crack initiation to that of
either fracture instability or net section yield, whichever is less.
This has been done, of course, for the same maximum stress
level at the root of the notch (hole) oyax = 161 ksi (1110 MPa),
which is equivalent to a nominal applied stress level $ = 55 ksi
(379 MPa) in the center-hole-tension specimen geometry
(k; = 2.93). For this type of specimen geometry, illustrated
schematically in Fig. 11, the stress-intensity factor is given by
Ref. 12:

K = (P/BW) Vra \sec(na/ W) )

STRESS-INTENSITY RANGE, AK (ksi-in. %)

Fig. 9 Fatigue-crack growth rates in Ti-10V-2Fe-3A1 at 1007 MPa
(146 ksi) (UTS) with low aspect ratio (55% o/8 work).

Actual dimensions used were W =1.000 in. (25.4 mm),
B =0.10 in. (2.54 mm), and hole diameter 2¢ = 0.1875 in.
(4.76 mm). By fitting a power law to the da/dN data in Figs.
6-10, piecewise as appropriate, with the form

da

szA(AK)"’

©®

then total cycles of crack propagation can be obtained from
the integration (also piecewise, as appropriate):

a—m/z

af
Ny = j wAFASVa 4 (2)

or

2 1 1
N, = —
P~ m —2)AFASVD" [a,ﬂ"-zw aftm-M] (70)
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Table 4 Comparative evaluation of notched fatigue life and its components for Ti-10V-2Fe-A1 and Ti-6A1-4V

Notched
N; Np fatigue Fracture
(cycles (cycles life toughness,
to crack of crack Ni + Np Ky .
Material initiation) propagation) (cycles) (ksivin.) (MPavm)
Ti-10V-2Fe-3A1
UTS a/B
(ksi) (MPa) work
187 1289 2% >1.8 x 107 4.4 x 10? >1.8x 107 2.6 36.8
185 1276 55% 5.0 x 108 0.8 x 10? 5.0 x 108 33.7 37.0
155 1069 2% 7.0 x 10* 2.9 x 103 7.3 x 10* 78.4 86.2
146 1007 55% C >3.4x%x107 2.4% 103 >3.4 x 107 61.0 67.0
Ti-6A1-4V
UTS
(ksi) (MPa)
150 1034 MA 5.4 x 10* 1.5 x 10 5.4 x 10* 38.2 42.0
146 1007 RA 6.0 x 10* 1.5 % 103 6.2 x 10% 69.2 76.0
139 958 BA 2.2 x 10* 2.2 x 10° 2.4x10% 79.2 87.0
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Fig. 10 Fatigue-crack growth rates and associated microstructures for Ti-6A1-4V,
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where F is a geometric factor of approximadtely umty in the
present case [viz., Vsec (za/ W) in Eq. (5)1, § = P/(BW), and
@; and a; are initial and final crack lengths, respectively. To
determine @;, Dowling’s criterion® for demarcation between
initiation and propagation phases is presumed, such that
a; = ¢ + { where

C.

t= Q.12 k/FY+ 1 ®)
In the present case, {= 0.010.in. (0.254 mm). [It should be
noted that the crack size associated with the initiation data
shown in this paper was not always precisely £= 0.01 in., as
this was not experimentally feasible. However, such variation
in the initiation size imparts only a very small, second-order
uncertainty to the initiation life, particularly in the high-cycle

!

t@f

-
2a

Pl

[

Fig. 11 Ce’nter-hole-tension specimen.

Ti— 10V — 2Fe — 3Al
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region where observations and analySIS have been made at
Omax = 161 ksi (1110 MPa). In this reglon, relatively very few
cycles of propagation are involved in growing a crack from the
point of first detection to that of full thickness size. Thus, the
two points are barely discernible (if at all) from figures in this
paper (cf., Fig. 4, e.g.) or Ref. 9 in the case of the Ti-6A1-4V,
Moreover, when the crack is first observed to fully extend
across the notch root to the point of full thickness, it has
typically extended a discernible distance along (at least) one
face of the specimen, to the point that an average crack length
is not far from £ = 0.010 in. (0.254 mm) as a first approxima-
tion.] It might be observed that the initial stress-intensity range
for fatigue-crack propagation corresponding to these condi-
tions is relatively high, [viz., AK; = 29.8 ksi Vin. (32.8 MPa
vVm)] when compared to some of the toughness levels. In those
cases where ayis associated with fracture instability, values are
computed via Eq. (5) using the toughness.

The resultant fatigue-crack propagation components N,
computed via Egs. (7) are displayed in Table 4, as well as the
total notched fatigue lives N; + N,, and the respective Kj,
levels for the four microstructures of Ti-10V-2Fe-3A1 and the
three of Ti-6A1-4V, To facilitate comparison, these data are
illustrated in the form of a semilogarithmic bar graph in Fig.
12. From this summary it is clear that 1) notched fatigue life
is dominated in all cases by the fatigue-crack initiation compo-
nent V;; 2) crack-propagation life N, appears to increase with
K. for both alloys—note, in fact, that N, for high-strength
Ti-10V-2Fe-3A1 [2% o/B work, 187 ksi (1289 MPa) UTS]
actually exceeds that for Ti-6A1-4V (MA); and that most im-
portantly 3) notched fatigue life for high-strength-level [190
ksi (1310 MPa) UTS] Ti-10V-2Fe-3A1 is substantially superior
to that for the MA, RA, or BA conditions of Ti-6A1-4V, It is
noted that a reduction in strength level of Ti-10V-2Fe-3A1 to
the 150 ksi (1034 MPa) UTS [cf. 155 ksi (1069 MPA) UTS, 2%
o/ work] can degrade the notched fatigue life to a level sim-
ilar to that of the Ti-6A1-4V microstructures.

A few comments are in order concerning the inherently su-
perior notched fatigue life behavior of Ti-10V-2Fe-3A1 at the
superhigh strength level [190 ksi (1310 MPa) UTS}, as uncov-
ered in this study. This result should not be surprising, as it is
consistent with the generally observed dependence of fatigue
strength on the UTS! or the increased difficulty to initiate slip

K,

c

utsS . alf (ksi Vin.) (MPavm)
(ksi) (MPa) WORK -
187 1280 2% i N 42.6 46.8
185 1276  55% N; 33.7 37.0
155 1068 2% N; ] 78.4 86.2
146 1007  55% N; 61.0 67.0

Ti— 6AI—4V

uts—
(ksi) (MPa) .
150 1034 MA 38.2 42,0
146 1007 RA N; 69.2 76.0
139 958 BA N; 79.2 87.0

: -1 1 1 i
io? 10? 10° 10* 105 108 10’ 108

NOTCHED FATIGUE LIFE (CYCLES)

Fig. 12 Compdrison of total notched fatigue life and its respective initiation N; and propagation N, components for Ti-10V-2Fe-3A1 and
Ti-6A1-4V conditions of varied microstructure and strength level (cf. text for details of specimen and loading. These data are also summarized in

Table 4).
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Fig. 13 Degradation in fatigue-crack initiation resistance of Ti-10V-
2Fe-3A1 associated with uncontrolled notch surface finish.

band cracks with increased strength level. How, then, are the
seemingly contradictory findings from prior work!* to be rec-
onciled? Quite possibly, the earlier results reflect an uncon-
trolled notch (hole) surface finish in the test specimens, as
NRL experience with Ti-6A1-4V and other alloys has indicated
that failure to remove any tool marks with an orientation
parallel to the axis of the notch root or hole (i.e., in the
thickness direction) can prove highly detrimental to fatigue
crack initiation resistance. To demonstrate this point, another
specimen of Ti-10V-2Fe-3A1 alloy was machined in the
present study [146 ksi (1007 MPa) UTS and 55% alpha/beta
work]—this time without a honed and inspected notch root.
With this uncontrolled notch surface, notched fatigue-crack
initiation resistance was reduced by over 99.9% from a level of
N; >34,000,000 cycles to N; = 25,000 cycles, as illustrated in
Fig. 13.

Moreover, with the limited toughness associated with super-
high-strength material, a fabrication flaw such as the afore-
mentioned tool marks could well serve as a crack-like defect
leading to premature failure. For the cyclic stress amplitude
associated with S = 55 ksi (379 MPa) as noted in the precedin
analysis, the level of AK; associated with @; was 29.8 ksi \/ﬁg
(32.8 MPa Vm) or K = 33.1 ksi Vin. (36.4 MPa vm) in the
loading cycle—a level which is already uncomfortably close to
the toughness levels K. (cf. Table 3). In fact, the limited N,
levels computed for Ti-10V-2Fe-3A1 at the 190 ksi (1310 MPa)
UTS level in the present work were totally region III fatigue-
crack propagation.'? On the other hand, for the much lower
strength Ti-6A1-4V (MA) alloy, the similarly limited tough-
ness, Kz = 38.2 ksi Vin. (42.0 MPa vm), also confines N,
cycles exclusively to region III, with similar potential for
unstable failure anticipated. For a higher toughness mi-
crostructure of Ti-6A1-4V, however, an improved N, charac-
teristic results, as illustrated herein for the RA and BA mi-
crostructures.

Conclusions

For the conditions examined in this study, which compare
behavior of Ti-10V-2Fe-3A1 for microstructures of different
a-phase aspect ratio and strength level to that of Ti-6A1-4V
for a variety of microstructures, the results indicate that:

1) The inherent notched fatigue life of superhigh-strength
Ti-10V-2Fe-3A1 (190 ksi or 1310 MPa ultimate tensile strength)
is substantially superior to that of Ti-6A1-4V.

2) A reduction in the strength level of Ti-10V-2Fe-3A1 to
the vicinity of 150 ksi (1034 MPa) UTS can degrade the
notched fatigue life to levels associated with the Ti-6A1-4V
microstructures, which are of similar strength level.

3) In the case of each microstructure of Ti-10V-2Fe-3Al
and Ti-6A1-4V, notched fatigue life is dominated by the
crack-initiation component.

4) For both alloys, the fatigue-crack propagation compo-
nent of notched fatigue life appears to increase with fracture

NOTCHED FATIGUE LIFE OF Ti-10V-2Fe-3A1 AND Ti-6A1-4V 801

toughness; in fact, it is found that the propagation component
for superhigh-strength Ti-10V-2Fe-3A1 can actually exceed
that for Ti-6A1-4V.
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