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IMPROVEMENT OF ENVIRONMEN TAL CRACK PROPAGATION RESISTANCE
IN Ti—8AHMo-1V THROUGH MICROSTRUCTURAL MODIFICATION

INTRODUCTION

For aircraft gas turbine engine components which operate near ambient
temperatures, the TI-8A1-lMo-1V alloy has been preferred to other high-strength
titanium alloys on the basis of superior strength-to-density ratio and &astic
modulus [1,21. Though the susceptibility of this alloy to stress -corrosion cracking
and corrosion-fat igue has long been recognIzed [3-8] , engine components of this
alloy (which must be operable in salt-water laden environments ) still exhibit
cracki ng prob lems associated with this susceptibility [1] .

In an effort to alleviate such crack ing problems , the present study was
undertaken to optimize resistance to crack growth in the TI-8Al-lMo-IV alloy
through microstructura l modification. In this work , alloy microstru eture was

P modified relativ e to that associated with the currently used duplex anneal ,
through variations In heat treatment (e.g., changes in annealing temperatures ,
quenchi ng temperature , cooling ra tes, post-quench anneal ). Then crack growth
resistance was determined for the modified microst ructures , relative to that for
the duplex anneal , in three phases:

PHASE I : Improvement of fatigue crack growth resistance in air.

PHASE II : Imp rovement of stre ss-corrosion-cracking resistance in 3.5%
salt water.

PHASE Ill : Improvement of corrosion-fatigue resistance in 3.5% salt
water.

Results from the initial two phases were considered preliminary to selection of
the optimiz ed microstru eture invest igated in Phase Ill.

Results from this work ind icate that, relativ e to the currently used duplex-
annealed material , a 40-fold improvement in fatigue crack growth resistance (in
air ) Is obtainable with a beta-annealed (Widma nstfltten ) microstru cture , which
provides a concomitant doubling of Kle , the stress-corrosion-c racki ng thres-
hold in 3.5% salt water. Furthermore , %e results indicate that the corrosion-
fatigue resistance of the beta-annealed microstructure in 3.5% salt water is
actuall y superior to the fat igue crack growth resistance of the duplex-annealed
microstru etur e in ambient air. Mieromeohanistic interpretation of results will
be offered , with appropriate evidence from light optical and electron micro-
scopy.

Not.: Manuscript submItted January 16, 1979.
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MATERIALS AND PROCE DURES

The alloy studied was received in the form of 25.4 mm thick a/B -rolled
plate with the composition: Ti-7.8A1-LOMo -O.O7Fe-O.Il O-0.Ol5N-O.03C-O. 0046H.
Micro structural modifications were Imparted to this alloy according to the heat-
treatment schedules in Table I. Of the 15 heat treatments there in, the duplex
anneal (DA) Is given as hea t treatment no. 1. Heat treatment nos. 2—6 involve a
beta -quench (BQ) and nos. 7-11 a beta anneal (BA); no. 12 involves possible
formation of a” phase and no. 13, perhaps some retained B phase; no. 14 Is an
extended beta anneal and no. 15 a recrystallization anneal. A vacuum furnace
was employed in all of the heat treatments.

To screen these materials for stress-corrosion-cracking resistance,
cantilever-bend specimens were used, of the geometry illustrated In Fig. 1.
Values of stre ~~-intensit y fac tor were computed as [9,101

. 4.12
(B I3N) W

where M = applied bending moment , B = gross thIckness (24.5 mm), B~ = net
section thick ness (22.1 mm), W = specimen height (49.9 mm) and a ~(a = initial crack length ). Specimens were subjected to sustained load In 3.5%
aqueous sodium chloride solution , as described in Ref. [3] . If no ind ication of
failure was obseijv,~d in 24 h, the load was increased by an amount corre spondi ng
to 2.5 MPa • m ’ increase in K; this procedure was repeated until failure
occurred. Estimates of the K T threshold for a given material were tak en as
the average of K at the failure l8fd and K at the immediately preceding load.

Fatigue crac k growth ra tes were determined in ambient air from compact
tension specimens of 25.4 mm thickness and a TL crack orientation [II] . The
specimen geometry, illustra ted in Fig. 2, is of the WOL type with a half-height-
to—width (h/W) ratio of 0.486; the stress-intensity calibration is given by (12]

K _ P11130 96_ l95 8 /a\ + 730 6 /a\ 2
- 

B W [  

(~)~~+ 754.6 

~
4
~J ‘~‘ (2)

where P = load, a = crack length , B = thickness and W = width (64.8 mm). Crack
lengths were measured optically on both faces of the specimen at lSX, with all
da ta taken within the range , 0.26 ‘ a/W � 0.62. Specimens were subjected to
cyclic tension-to-tension loading with a haversine waveform , a frequency of 5 Hz
and a load ratio R = 

~min’~
1’max = 0.10.

Corrosion fatigue crack growth ra tes were determined in cIrculating 3.5%
salt water from compact tension specimens of the geometry Illustrated In PIg. 3.
The planar dimensions of this specimen are twice those of the specimen In FIg. 2.
The thickne ss was an identical 25.4 mm. Again, specimens were tested at a load
ratio of R = 0.10, but freq uencies of bot h 5 Hz and 0.1 Hz were investigated.

2
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Unlaxial tensile properties were determined from standard 12.8 mm diame-
ter specimens with a 50.8 mm gage length and a T orientation (111.

R~~ULTS AND ANALYSIS

PHASE I : 40-Fold Improvement in Resistance to Fatigue Crack Growth
in Air

A. The enhancement

The microstructures which correspond to the duplex anneal (H.T. no. I) and
beta anneal (H.T. no. 7) are shown in Fig. 4, together with respective logarithmic
plots of fat igue crack growth rates (da/dN) as a function of stress-intensity
range ( ~K). Clearly, at a given value of ~ K, the beta-annealed Widmansfâtten
microstructure exhibits the superior resistance to fatigue crack growth, with
da/dN as much as 40-fold reduced from levels associated with the duplex anneal.

B. Agreement of data for the DA

As illustrated In Fig. 5, the da/dN data for the duplex anneal from PIg. 4
are in good agreement with those obtained from actual fan blades In the duplex-
annealed condition, as reported in Ref. (21 . These same da ta from FIg. 4 also
agree well with those obtained recently at Pratt and Whitney (131, of. PIg. 6.

C. Micromechanistic rationale

Crack growth behavior of the beta-annealed microstructure exhibits a
bilinear f~j~ with a transition evident at the stress-intensity range, ~~~ =
31 MPa ’ m . This behavior Is illustrated In FIg. 7, which is comprised of ~~ta
trend lines from FIg. 4. Each branch of the bilinear plot can be characterized in
terms of the power law (141,

(3)

with values of C and m shown in FIg. 7 as determined by linear regression
analysis of da ta from FIg. 4. For the hypotransitional region, the exponent
m = 7.4, while for the hypertransitional region m = 4.7. The transition Itself
appears to correlate with the point, at which the reversed (!ydlio) plastic zone
size, r C~ attains the mean Wldrnanst~tten packet size, 1~~, (which Is the
effective grain size for this type of microstruc ture ). The zodb size, computed
according to (15—21] 2

ry° = 0.033 
(i?) (4)

where a is the yield stress, amounts to 50 urn at ~ K.~. This Is In quite
reasonabl~ agreement with quantitative metaflographic determination of the
mean packet size, 1~~ = 60 ~ m. Thus, the growth rate behavior parallels that
found in prior work [20,213 with TI-6A1-4V, shown In Fig. 8, which Illustrates the
double-lobed shape of the plane strain cyclic plastic zone and the dimension , r~C.
In this figure, an attempt Is made to illustrate schematically the Influence of

3
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cyclic plastic zone size, relative to packet size, upon the development of the
bilinear form of the fatigue crack growth rate pl8ts found for the Widmans(itten
alloys: Below the transition point, where r < TWD, a microstruoturally
sensit ive mode of crack growth occurs which involvei t!rystallographio bifur-
cation In Widmanstatten packets that border the Mode I crack plane. This
bifurcation causes a reduction in the effective ~ K and consequently da/dN, as
well as t~~ a~~earance of the transition itself. By ~ontrast , above the transition
where r > 1

~~p’ the packets within the larger r must necessarily deform as
a contI~uum, which results in a microstructura Yly insensitive , nonbifur cated
mode of crack growth.

Contrast in the rnlcrostructurally sensitive and microstructurally insen-
sit ive modes of crack growth Is illustrated for the beta-annealed Tl-8A1-lMo-1V
by the crack-path sectioning results in Fig. 9. Details of the crystallographic
bifurcation exhibited in Fig. 9(a) are thought to parallel those already deter-
mined in the case of Ti-6A1-4V (19,20] . Metall ographic crack-path sectioning of
structure-insensitive crack growth in the case of the duplex anneal Is illustrated
in FIg. 10. Here , as in FIg. 9(b), the trace of the fracture surface Is again flat ,
with no evidence of crystallographic bifurcation. In the scanning electron micro-
graphs of Fig. 11, the relativ e flathe ss of the fracture surface associated with
structure-insensitive crack growth for the duplex anneal is compared to
structure-sensitive crack growth observed for the beta anneal

The comparative plot in FIg. 12 illustrates that the fatigue crack growth
rate data for the beta-annealed Tl-8Al-lMo-lV (the “60 M m ” alloy) serve to
extend an effect determined earlier for WIdman st~âtten Ti-6Al-4V alloys (20 ,21] ,
viz, the reduction in da/dN with increased T,,,~,, as a 20 to 25-fold reduction in
da/dN is observed for a 3.5-fold increase in T . This effect Is attributed to
the observation that bifurcated cracks in the ~l~ck tip region increase in size
with increasing ~~cket size, to thereby diminIsh the effective tt K and thus
reduce da/dN as L~~ p iS increased.

Though mean packet size appears to have predominant influence on the
fatigue crack growth behavior of these W1dmanst~&tten microstructures, as indi-
cated In Fig. 12, the nature of the packet size distribution appears to have an
important effect upon the shape of the fatigue crack growth ra te plot , viz, that
the spread In packet size distribution of an alloy affects the sharpness of
transition observed at bK,.. To examine this effect in quantitative fashion, it is
first noted that since both branches of the bilinear growth-rate plot obey the
power law of Eq. (3), the sharpness of transition can be indexed as the ratio of
hypo to hypertransitional exponents, m8:m A, which can be readily computed.
Next, the degree of clustering of packet slzé~ abou t the mean value for a given
alloy is computed from the da ta in FIg. 13 as (211

‘V ( L - Twp) (5)

where Is the packet size from the 95th percentile of the packet size
dIstr1butI~~ as illustrated for the Ti-8A1-lMo-lV (60 Mm) alloy in Fig. 13.
(Schematic illustration is made in Fig. 14 of the difference In clustering for two
hypothetical ~llO~5, X and Y, with significantly different packet size distri-
butions. ) For the five alloys represented in FIg. 12, values of mB:mA are plotted
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as a function of ‘ in Fig. 15. Clearly, the sharpness of transition Increases with
increased clusteri ng of packet sizes about the mean value. Perha ps this point is
best Illustra ted , however , with reference to Fig. 16, where da/dN vs. AK da ta
are compared for three of the alloys, together with their respective values of
and mB:m A.

In PIg. 15, values of m A are also plotted as a function of ‘V for the five
alloys, Clearly, the hyperfr ansitional exponents appear to decrease with
increased clustering of packet sizes about the mean. This effect appears
attributable to a remnant of micros tructura lly sensitive crack growth which
occurs in the nominally structure-insensitive, hypertransitional region modeled in
FIg. 8. The significance of such a remnant would obviously dimin ish as cluster ing
Increases , thereby providing fewer packets to meet the condition , ~~~~~ r
~~~~ necessary for any remnant of struc ture-sensitive crack growth iJ the
hy~értransiti onal region. Thus as clustering increases, the transition sharpens
and m~ decreases since any remn ant of the structure-sensitive , crystal-
lcgraphThally bifurcated mode of crack growth is diminished.

At this point, it Is appropriate to address the displacemen t between the
fatigue crack growth resistance associated with the duplex and beta anneals,
which amounts to as much as a 40-fold difference in crack growth rates, as
illustrated in Fig. 4. Though the basis for microstructural dependence of fat igue
crack pr opagation resistance in titanium alloys has been poorly understood , a
breakthrough on this subject appears to have just emerged (22] : Specifically,
from studies of a wide varie ty of materials from the Ti-6A1-4V, Ti-6A1-6V-28n,
Ti-8Al-lMo-lV and Ti-6Al-2Cb-lTa-0.8Mo systems (as distinguished by com-
positional variations and hea t treatment ), we hav e observed a 50—fold difference
in fat igue crack propagation resistance which Is traceable to a grain-size effect,
with lar ger grain size associated with better propagation re~~tance. In brief,
the 50-fold difference in da/dN (observed at AK = 21 MPa ‘m~~ ) is illustrated in
FIg. 17, with growth ra tes for the duplex annealed and beta annealed Ti-8Al-lMo-
1V near both ex~y~mes of the da/dN data band. The material growth rates at

H AK = 21 MPa • m are plotted in Fig. 18 as a function of mean grain size (T ),
which varies some 15—fold between the different materia ]s*. Clearly, there is a
systematic dependence of da/dN on 1, such that fatigue crack growth rates
decrease with increased grE in size. Of prime significance, the duplex-annealed
Ti-8A1-lMo-lV exhibits a mi~ch smaller grain size, 1 = 9 Mm , than the 60 gs m
associated with the beta -anneale d Ti-8Al-lMo-lV.

This grain-size effect can be explained in terms of the reversed (cyclic)
plast ic zone size model, by extension of principles already evolved in our studies
with Widm anstlitten microstructures (18—21] . To begin, it is assumed that the

*The linear interce pt measurements of grain size reported here relate to the
grain size of the primary a phase for microstructures associated with a mill
anneal (MA), recrystallization anneal (RA) or duplex anneal (DA); in the case of
a beta anneal (BA), grain-size measurements relate to the Widmansthtten
packet size, the effect ive grain size for this class of microstruc tu res (18,
19,23—25 1 .

5



logarithmic plot of daldN vs. AK for a material of given mean grain size (but
otherwise of arbitrary microstruetural type) exhibits a bilinear form with a
transition at “T,” sketched in PIg. 19 (solid lines), such that at AK D the reversed
plastic zone size (cf. Eq. 4) attains the mean grain size.*

If a structure -sensitive mode of crack growth occurs in the hypo-
transitional region lI.a, which involves a crystallographic bifurcation , then
growth rates vary inversely with mean grain size (owing to larger bifurcations
with increased mean grain size); by contrast , in the hypertransitional region ll.b,
a structure -insensitive mode of crack growth occurs. If Eq. ~~ is rewritten
relative to the transition point, where r~ = 1,

A KT = a 7; 1/2 (6)

then , with increased grain size, a shift in the data plot to the right is to be
expected, as sketched in Pig. 19 (cf. dashed lines) and observed for Widman-
st~tten microstructures (of. Fig. 12). Consider further that the sharpness of
transition , as well as hypertra nsitional slope itself , is influenced by the degree of
clustering of the grain -size distribution about the mean value

‘V = ~~ 
0.95 7;) l (7)

where £ 0.95 is the grain size from the 95th percentile of the distribut ion. This
behavior is attributable to a remnant of structure-sensitive growth in the

• nominaliy hypertransitional region ll.b, owing to grains in excess of the mean
value, L . Consequently, even in the hypertransitional region ll.b of FIg. 19, a
lower growth rate can be anticipated for the material of larger 1 at a given AK
(ILb), I.e., a lower da/dN at point Y than at point X, owing to a larger remnant of
structure-sensi tive growth by virtue of closer proximity to the transition point in
the case of the former, all other factors being equal (including v) .

Thus the grain-size effect observed in FIgs. 17 and 18 is comprehensib~%even though the crack growth rates for many of the alloys at AK 21 MPa . m ’
are in the nominally hypertransitional region fl.b.

D. Other data

For hea t treatment no. 13, Fig. 20 indica tes that the resistance to fatigue
crack growth Is marginally superior to even that associated with the beta anneal ,
over most of the spectrum of AK levels for which comparison can be made. Pre-

• liminary evidence [261 suggests that the low-cycle--fatigue crack initiation
resistance of this microstructure is significantly better than for the other
microstructures. Further work will be required, however , to resolve the• micro mechanistic behavior of this microstructure , which may involve some
transformation plasticity as Giinore and Imam (27 ,28] have reported in the Ti-
6A1-4V system.

•ln the case of the dup1ex-an~~aled Ti-8Al-lMo’-IV (cf. PIg. 4), a transition is
ev,~dent at ~ 16 MPa .m . By Eq. 4, with a = 958 MPa for the DA,
ry 9 g,~m, the same as £ for this microstructure.6
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PHASE II : Concomitant Doubling of Stress-Corro sion Cracki ng Thres-
hold (K~~ 0) in Salt Water

The resistance to stress -corrosion cracking, as determined for all 15 hea t
treatments, is summarized in 

~~?le 2 and Fig. 21. Levels of the K 1,~ 0 threshold
range from 24.1 to 61.2 MPa ’m , with the worst resistance assocI~ied with the
duplex anneal (H.T. no. 1) end the best resistance associated with heat treat-
ments which include an anneal above the beta transus. Heat treatm en~,r8. 7-Il
of the beta anneal (BA) family, give levels of K T~~ (41.3-48.0 MP a . m ) which
are approximately double that of the DA. H~~f treatment nos. 12-14, which
include a preliminary anne&d~

bove the beta transus , similarly provide high levels
of Kiz (43.8-61.2 MPa .m ). On the other hand , the recrystallization anneal
(RA) o~f H.T. no. 15 (which did not involv~ 1~n anneal above the beta transus)
provide’ ~ low level of K~~ 0 (26.7 MP a.m ’ ) similar to that observed for the
DA.

The improvement in K T~~ obtained by annealing above the beta transus
(i.e. H.T. nos. 6-14) relative t6~1re DA (and RA) can be rationalized in terms of a
textural change. Since there is an excellent correlation between Young’s
modulus (E) and the degree of preferred orientation of basal planes in the
a-phase [29-31] , the textural change can be described with reference to the
modulus data presented in Table 3. For the DA (H.T. no. 1), the values of E (136
and 125 GPa in the T and L directions , respectivel y) indicate a stro ng transverse
texture in the plate material , with basal planes preferentially oriented parallel
to the Mode I crack plane for the TL crack orientation in which all of the K 1~~~data were taken. Thus, the low resistance to stress -corrosion cracki ng is td”bè
expected [8] . For the BA (H.T. no. 7), however , values of E (128 GPa in both the
T and L directions ) indicate tha t the basal pole density has been equilibrated
between the T and L directions (and thus for the TL and LT crack orientations ),
as has been observed in prior work [20 ,21,29] . In other words , it might be said
that the BA has served to “wash out” the or iginal transverse texture. Con-
sequently, with the opportunity for basal plane stress-corrosion susceptibili ty
diminished , the Klsoc values associated with the BA appear to be much
enhanced.

Evidence obtained from meta liographic crack path sectioning normal to the
Mode I crack plane reveals a significant differe nce in stress-corrosion behavior
associated with the BA and DA, as illustrated in PIg. 22. In the case of the DA,
the trace of the Mode I crack plane Is quite fla t, with no evidence of crack
bifurcation. For the BA, by contrast , the crack path exhibits a high degree of
tortuosity, with massive evidence of crystallographic bifurcation. Presumably,
such bifurcation serves to reduce the effective stress -intensity factor , and as a
consequence, promote the much higher apparent level of Kizoc threshold.

*por H.T. no. 7, for which extensive analysis of fatigue crack pi~~agatIon
resistance was described in the precedi ng sect ion, Klsec = 42.6 MPa .m
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For heat treatments of the beta quench (BQ) family, it is unclear tha t
significant enhancement of stress-corrosion-cracking resistance can be obtained
relative to that observed for the DA, as K levels for H.T. nos. 2-6 lie near
both extremes of the threshold data in Ta~~~2 and Fig. 21. On the basis of
textural considerations, high levels of KT. would be anticipated, since an
anneal above the beta transus was perfoYr~~d. However, and perha ps most
importantly, severe residual stress problems associated with the water quench
could also be anticipated. It is thus thought that the somewhat contradictory
nature of results for the BQ family may be attributable to residual quench
stresses. (Suc~ residual stre sses may have led to problems with obtaining
unifor m pre crack fronts , as noted in Table 2 for H.T. nos. 5 and 6.)

Finally, it is useful to consider the tradeoffs between strength level and
K threshold for the different heat treatments , as illustrated in Fig. 23. In
pãPflèuiar, note that the ultimate tensile strength of the BA, H.T. no. 7
(a

~r~~ ~ 898 MPa), is diminished some 11% from the level associated with the
DA, fl.T. no. I ~~~~~ ~ 1006 MPa), while the Klsec resistance of the BA is 77%
higher and the da/dN resistance of the BA some 4000% greater than for the DA.
Other mechanical properties are shown in Table 3.

PHASE III : Fatigue Crack Growth Resistance of BA in Salt Water
Superior to DA in Air

For microstructu res associated with the BA (H.T. no. 7) and DA (H.T.
no. 1), fatigue crack growth rates in 3.5% aqueous sodium chloride solution are
plotted in Fig. 24. Data trend lines (dashed) for the respective crack growth
resistance in ambient air are also shown to facilitate comparison. Of prime
significance, growth rates for the BA in salt water (at 5 Hz) are approximately
an order of magnitude less than those for the DA in salt wate r , and even 4—fold
less than those for the DA in air.

For the DA, the salt wa ter data are shown for two frequencies, 0.1 and
5 Hz. The marginally lower growth rates observed at 0.1 Hz over much of the
A K spectrum may possibly reflec t a frequency inversion effect similar to that
reported by Dawson and Pelloux [32] . An attempt was also made to determine
crack growth resistance for the BA at 0.1 Hz in salt water. Though preliminary
indications were that growth rates were less than observed at 5 Hz, unfor-
tunately the crack deviated significantly from the Mode I crack plane at 0.1 Hz,
so as to render ,iata invalid by ASTM Method E647-78T. (Consequently, the test
was discontinued. )

CONCLUSIONS

Results of this invest igation indicate that through microstructural modif i—
cation , crack tolerance properties of the Ti-8A1-lMo-1V alloy can be significantly
improved relative to those associated with the conventional duplex-annealed
microstructure. Of prime Importance, it was found tha t the beta-annealed,
W idm anst~ tten microstructure offers:

8
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• 40-fold improvement in resistance to fat igue crack growth in ambient
air; a

• Doubling of stress -corrosion-cracking threshold (K
~~,~

) in salt water ;
and

• Resistance to fatigue crack growth in salt water that is superior to
resistance of the duplex anneal in ambient air.
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- TABLE 1. Heat Treatments

—— 
Specification 

_ _ _ _ _ _ _ _ _ _  
_ _ _

1 DA (913°C/i h + AC) + (579°C/8 h + AC) + (538°C/2 h + AC) - 1
2 SQ (l093°C/i/2 h + WQ) 2.a

3 SQ (1093°C/ 112 h + WQ) + (816°C/i h + AC) 2.b
4 SQ (1093°C/i/2 h + WQ) + (10l0°C/1/2 h + AC) + (816°C/i h + AC) 2.c
5 SQ (1093°C/i/2 h + WQ) + (1O1O°Cfi/2 h + AC) + (81fi~C/1 h + WQ) 2.d
6 BQ (1093°C/i/2 h + WQ ) + (iO10°C/l/2 h + WQ) + (816°C/i h + WQ) 2.e
7 BA (1093°C/ i/2 h + AC) 3.a
8 BA (1093°C/1/2 h + AC) + (816°C/i h + AC) 3.b
9 BA (1093°C/1/2 h + AC) + (i01O°C/1/2 h + AC) + (816°C/i h + AC) 3.c

10 BA (1093°C/ i/2 h + AC) + (i01O °C/1/2 h + AC) + (816°C/i h + WQ) 3.d
11 BA (1093°C/i/2 h + AC) + (1010°C/1/2 h + WQ) + (816°C/i h + WQ) 3.e
12 A” (1093°C/1/2 h + AC) + (92i °C/i h + WQ) 4
13 RB (1093°C/1/2 h + AC) + (849°C/2 h + WQ) 5
14 dB (1093°C/6 h + AC) + (1093°C/6 h + AC) + (816°C/i h + AC) 6
15 RA 982°C/6 h + FC to 816°C + AC 7

eAnneals performed in vacuum furnace; h • hour, WQ — water quench , FC = furnace cool, AC cooled in
He 5’ approx. air cooling rate • .
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TABLE 2. Thresholds for Stress-Corrosion Cracking (K i1~~)

Heat Treatment Estimated K hCC 
—

~~ NRL
No. 

J 

Type MPa.m 1 (2~ ksi.In 1/2 c:e

3 SQ 26.0 23.7 2.b
4 BQ 25.9 23.6 2.c
5 BQ (55.2 50.2)* 2.d
6 BQ (60.1 54.7)* 2.e
7 BA 42.6 38.8 3.a
8 BA 41.3 37.6 3.b
9 BA 43.0 39.1 3.c

10 BA (48.0 43.7)* 3.d
11 BA 45.6 41.5 3.e
12 A” 61.2 55.7 4
13 RB 43.8 39.9 5
14 d8 50.8 46.2 6
15 RA 26.7 24.3 7

Squestionable crack front
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TABLE 3. Mechanical Properties

Heal 
Orient. Strength , Strength , “

~~ Exp fl LA.  El. Modulus, E Code
~~~j~TYPe 

_ _  

U 
_ _ _ _  — — — _ _ _  —

MPa “$1 
— ______ — — 

GPa 10~ki1 
—

1 DA T 958 139 1025 149 1.07 0.036 20 13 136 19.7 1
1.. 943 138 986 143 1.05 0.025 21 14 125 18.1

5 SQ T 84Q 122 952 138 1.13 0.054 13 11 125 18.1 2.d
6 SQ T 862 125 958 139 1.11 0.049 16 10 123 17.8 2.e
7 BA T 794 115 894 130 1.13 0.052 21 11 128 18.5 3.a

I.. 803 116 901 131 1.1-2 0.052 20 12 128 18.5
8 BA T 818 119 895 130 1.09 0.043 18 10 125 18.1 3.b
9 BA T 818 119 898 130 1.10 0.045 19 - 10 128 18.5 3.c

10 BA T 809 117 898 130 1.11 0.049 19 10 120 17.4 3.d
11 BA T 829 120 933 135 1.12 0.052 19 9 128 18.6 3.e
12 A” T 774 112 942 137 1.22 0.074 19 10 119 17.2 4
13 RB T 809 117 905 131 1.12 0.050 20 10 117 17.0 5
14 d3 T 809 117 885 128 1 .09 0.043 20 8 121 17.6 6
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Fig. 4 — Microst ructures and fatigue crack growth rates for the duplex
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0.1 and v = 5 Hz
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FIg. 7—Power law characterization of fatigue crack growth behavior
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transition point at ~ K r ~ 31 MPa.m1/2 .
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