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Abstract

Fatigue crack growth rates of Ti 6-2-2-2-2 as a function of stress

ratio, temperature (24 or 177 °C), tensile orientation and environment

(laboratory air or ultrahigh vacuum) are presented. Fatigue crack

growth rates of Ti 6-2-2-2-2 are also compared with two more widely

used titanium alloys (Timetal 21S and Ti 6AI-4V). The fatigue crack

growth rate (da/dN) of Ti 6-2-2-2-2 in laboratory air is dependent upon

stress ratio (R), particularly in the near-threshold and lower-Paris

regimes. For low R (less than approximately 0.5), da/dN is influenced by

crack closure behavior. At higher R (> 0.5), a maximum stress-intensity

factor (Ka_) dependence is observed. Fatigue crack growth behavior is
affected by test temperature between 24 and 177 °C. For moderate to

high applied cyclic-stress-intensity factors (AK), the slope of the log

da/dN versus log AK curve is lower in 177 °C laboratory air than 24 °C

laboratory air. The difference in slope results in lower values of da/dN

for exposure to 177 °C laboratory air compared to room temperature

laboratory air. The onset of this temperature effect is dependent upon

the applied R. This temperature effect has not been observed in

ultrahigh vacuum. Specimen orientation has been shown to affect the

slope of the log da/dN versus log AK curve in the Paris regime. The

damaging effect of laboratory air is more pronounced for specimens with

the applied load oriented 45 ° to the longitudinal and long transverse

directions compared to fatigue crack growth in the T-L or L-T
orientations.

Introduction

Titanium alloy systems are being considered for advanced supersonic aircraft

components, because they have a higher specific strength and improved thermal stability

compared to conventional aluminum alloys. Some components on supersonic airframes, for

example skin on leading edges, may operate at temperatures greater than 130 °C for tens-of-

thousands of hours; which precludes the use of conventional aluminum alloys. The objective of

this work is to characterize the fatigue crack growth behavior of one such advanced titanium

alloy sheet, Ti - 6 A1 - 2 Zr - 2 Cr - 2 Sn - 2 Mo (Ti 6-2-2-2-2) and to compare this behavior with

two more widely studied sheet materials, a [_ titanium alloy (Timetal 21S) and another _+[_ alloy

(Ti 6A1-4V). Characterization of the fatigue crack growth behavior in an active environment

(air) compared to an inert environment (ultrahigh vacuum) will be used to develop an

understanding of the environmental interactions which influence long term durability [1-4],



Materials Processing and Characterization

The Ti 6-2-2-2-2 alloy product studied was a 1.65 mm (0.065 inch) thick cross rolled

sheet. The sheet was hot rolled at 927 °C (1700 °F) and solution annealed at 899 °C (1650 °F)

for 30 minutes, followed by an aging treatment at 510 °C (950 °F) for 10 hours (in all cases the

sheet material was processed in packs of several sheets which were air cooled following all heat

treatments). The chemical composition and [_ transus are shown in Table I. The as-received

sheet contained primary o_grains of less than 10 gm, with transformed [_ colonies, as shown in

Figure 1 (the primary o_grains appear lighter than the transformed colonies). Grains were

pancake shaped, elongated in the longitudinal (L) and long transverse (T) directions. While this

micro structure was fairly uniform, there was evidence of some highly elongated primary o_

grains, Figure 2. The Ti 6-2-2-2-2 alloy contains a higher fraction of [_ phase than does the near

o_ (lean in retained [_) Ti 6A1-4V alloy, which has a small amount of acicular o_and some

intergranular [3. Chemical compositions of these alloys are given in Table I. Grain sizes, phase

composition, and morphology of the three alloys are listed in Table II.

Table III summarizes room temperature L and T mechanical properties for Ti 6-2-2-2-2,

Timetal 21S, and Ti 6A1-4V. The Timetal 21S, [_-Ti alloy, exhibits the greatest ultimate (C_s)

and yield (C_ys)strengths followed by the o_+[_ alloy, Ti 6-2-2-2-2, and the near o_Ti 6A1-4V

alloy. The additional [_ present in the Ti 6-2-2-2-2, results in a significant increase in strength,

compared to the near o_alloy Ti 6A1-4V. The elastic modulus (E) for the three sheet products

does not follow the same trend, as does the strength in the longitudinal and transverse axes. Ti 6-

2-2-2-2 was found to have the highest modulus followed by the Ti 6A1-4V and the Timetal 21S

sheets.

Rolled o_+[_ alloys develop a textured micro structure with preferential alignment of the

basal planes (0002) in the hexagonal o_phase [5, 6]. A texture analysis was performed on the Ti

6-2-2-2-2 sheet and is presented in Figure 3. The maximum intensities for the (0002) normal

were found to be rotated approximately 35 ° from the short transverse (S) direction towards the T

and approximately 30 ° from the S to the L direction. The texture was examined at the middle of

the sheet thickness (t/2) as well as the t/4 plane, with both locations exhibiting a similar texture.

It is common for the (0002) poles of rolled alloys containing a hexagonal phase to be

concentrated 30 to 40 ° from the sheet normal in the T direction [6]. This preferential alignment



of (0002)hasbeenattributedto thecompetitionbetween{0002} < 11 2 0 > slip, rotating the

basal poles toward the sheet normal and {112 2} twinning, rotating the basal poles towards the

transverse direction [6]. Since the Ti 6-2-2-2-2 sheet was cross rolled, the basal planes were

rotated 30 ° to 40 ° towards both the L and T axes from the S axis. The observed texture produced

basal planes of the o_phase oriented nearly equally with respect to the L and T directions.

Consequently, a crack growing normal to the tensile axis in a T-L oriented (T tensile axis with

the crack growing in the L direction) fatigue crack growth specimen would encounter roughly

the same micro structure as a crack growing normal to the tensile axis in a L-T oriented (L tensile

axis with the crack growing in the T direction) specimen. Therefore, comparison of the fatigue

crack growth behavior for only T-L and L-T oriented mechanical test specimens is not adequate

to evaluate the effect of texture on the fatigue crack growth behavior for the cross rolled Ti 6-2-

2-2-2 sheet product. Accordingly, fatigue crack growth rate tests for specimens with the applied

load oriented 45 ° to the longitudinal and long transverse directions will also be presented.

Experimental

All fatigue crack growth testing was performed using computer-controlled, closed-loop,

servo-hydraulic machines, operating under load control, and using a sinusoidal waveform.

Laboratory air and ultrahigh vacuum testing was conducted at room (24 °C) and elevated

temperature (177 °C). Inert environment testing was conducted in an ultrahigh vacuum, metal-

to-metal sealed, stainless steel chamber with a baseline pressure less then 7 x 10 7 Pa (< 5 x 10 9

Torr). A platinum electrode furnace contained in the vacuum chamber was used for elevated

temperature testing for the inert environment.

Fatigue crack growth tests were conducted using eccentrically-loaded single edge notch

tensile (ESE(T)) specimens (formally known as extended compact tension, EC(T)), shown in

Figure 4. The final thickness (B) of the specimens tested in this study was 1.52 mm. Crack-tip

stress-intensity factor (K) controlled testing was performed by continuously determining crack

length (a) using a compliance based measurement technique. Displacement measurements were

made using either a clip gage placed across the crack mouth using integrally machined knife

edges, shown in detail A of Figure 4, or a strain gage bonded to the back-face surface of the

specimen, shown in Figure 4. All near-threshold tests were conducted with a strain gage bonded



to the back-face surface of the specimen to eliminate anomalous crack-tip loading which can be

introduced when using a clip gage. Automated crack length determinations make it possible to

vary the amplitude of a sinusoidal load spectra in order to obtain the desired cyclic-stress-

intensity factor (AK) during fatigue testing. Compliance and stress-intensity factor solutions for

the ESE(T) specimen are presented in Appendix A.

To verify automated compliance based crack length determinations, visual surface crack

length measurements were performed periodically during the tests using a 20X telescope

mounted on a traveling stage with a resolution of + 25 _tm (+ 0.001 inch) for tests conducted in

lab air, and using a long focal length microscope (= 400X) for tests conducted in the vacuum

chamber. Following each test, the visual crack length measurements and a final fracture surface

crack length measurement were used to make small (typically 0.5 % error) corrections to the

compliance based crack length determinations by linear interpolation.

Fatigue crack growth rate data was generated by performing both K-increasing and K-

decreasing tests at a constant stress ratio (R), in accordance with ASTM standard E 647 [7]. K-

decreasing tests were conducted to the fatigue crack growth threshold (defined as a fatigue crack

growth rate, da/dN, approximately 10 lO m/cycle) at a normalized K-gradient (C) of -0.079 mm 1

(-2 inl). All K-increasing tests were conducted at a C of 0.16 mm 1 (4 inl). Two K-increasing

tests were performed in laboratory air to insure reproducibility. Additionally, a portion of the

data generated during the K-decreasing test was duplicated during a K-increasing test to insure

reproducibility for these two test profiles. The test parameters (i.e., frequency and C) were

consistent from specimen to specimen in order to quantify the effect of material chemistry, stress

ratio, temperature, specimen orientation and test environment on fatigue crack growth rate.

Decreasing-AK tests were also performed using a constant-Kmax (increasing-R) method

[8, 9]. These increasing-R tests result in high R (typically R > 0.9) as threshold is approached.

During constant-Kmax testing, the minimum applied stress-intensity factor (Kmi,) increases with

decreasing AK, making it possible to maintain a Kmi, which is greater than the crack-opening

stress-intensity factor (Kop), resulting in closure-free near-threshold fatigue crack growth rates [8,

9].

To make direct comparisons of fatigue crack growth rates for specimens tested under

various conditions (stress ratio, temperature, orientation and environment), the extrinsic effect of

crack closure has to be considered. Closure is produced by the premature contact of fatigue-
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crack surfaces, resulting in an effective AK (AK_ff = Kmax - Kop) that is less than the applied AK

[10]. Load-displacement data from either the back-face or front-face displacement gage was

analyzed using the offset technique described in ASTM standard E 647 [7] to determine opening

loads. To insure the accuracy of the automated opening load determinations, additional load-

displacement data were acquired and an opening load was determined using Elber's reduced-

displacement technique [11]. An opening load determined using the reduced-displacement

technique was compared to five opening load predictions determined by the automated system

for five selected offset percentages (1, 2, 4, 8, and 16%) at the same applied AK value. The

offset percentage, which resulted in the best correlation of Kop with the reduced-displacement

result, was used to calculate the appropriate AK_ff.

Results and Discussion

To develop a comprehensive understanding of the fatigue crack growth characteristics for

a thin sheet Ti 6-2-2-2-2 alloy, several factors that can affect fatigue crack growth rate have been

examined. In addition, the fatigue crack growth behavior of Ti 6-2-2-2-2 at room temperature

has been compared to two more commonly used titanium alloys. The results are detailed in five

sections below; 1) Comparison of Room Temperature da/dN, 2) Effect of Stress Ratio, 3) Effect

of Temperature, 4) Effect of Crack Path Orientation, and 5) Effect of Environment. A sixth

section, which includes fractography, has been supplied to aid in identifying the causal effects

for the test conditions examined.

Comparison of Room Temperature da/dN

Figure 5a shows results for T-L oriented Ti 6-2-2-2-2, Timetal 21S, and Ti 6A1-4V

fatigue crack growth rate tests conducted in room temperature laboratory air at a frequency of 5

Hz and R = 0.5. No detectable crack closure was observed, using compliance methods, for all

three materials during R = 0.5 tests. Therefore, the differences in fatigue crack growth

characteristics observed in Figure 5a are believed to be a result of intrinsic properties and not

extrinsic crack wake effects (closure). For AK less than approximately 4 or 5 MPa,Jm, the

intrinsic fatigue crack growth rate of Ti 6-2-2-2-2 was lower than Timetal 21S. For AK > 4 or 5

MPa,Jm, the fatigue crack growth characteristics of Ti 6-2-2-2-2 and Timetal 21S were nearly



identical. Both higherstrengthalloys(Ti 6-2-2-2-2andTimetal21S)exhibitedincreasedfatigue

crackgrowth ratescomparedto Ti 6A1-4V. In theregionof rapid crackgrowthrates(AK > 20

MPa_/m),the alloyshavinglower fracturetoughness(Ti 6-2-2-2-2andTimetal21S)comparedto

Ti 6A1-4Vexhibitedacceleratedintrinsicda/dN.

The fatigue crack growth behaviorof Ti 6A1-4Vand Timetal 21S determinedin this

studyarecomparedwith resultsfrom the literaturein Figures5b and5c, respectively.Figure5b

is aplot comparingroomtemperaturelaboratoryair fatiguecrackgrowthratedatafor thepresent

1.52mm thick Ti 6A1-4Vsheetwith 9.65mm thick Ti 6A1-4Vplateat R = 0.5 [12]. For AK <

13 MPa_/m,similar fatigue crackgrowth characteristicsare observedfor Ti 6A1-4Vsheetand

plate. For AK > 13MPa_/m,thefatiguecrackgrowthratefor the sheetproductis lower thanthe

fatigue crack growth rate for the plate material. Theseresultsareconsistentwith previously

reportedobservations[13]. Figure5c showsfatiguecrackgrowth characteristicsfor Timetal21S

for AK > 7 MPa_/min room temperaturelaboratoryair. Here,da/dN dataat f = 5 Hz are in

excellentagreementwith datafrom the literatureat f = 30 Hz [14]. Resultsshownin Figure5c

revealno effectof loadingfrequency(5 and30Hz) for AK > 7 MPa_/m.

Effect of StressRatio

Figure6 showsroomtemperaturelaboratoryair fatiguecrackgrowthratedatafor Ti 6-2-

2-2-2 rangingfrom 1011to 105m/cyclefor testsconductedat R = 0.1 (circlesymbols)andR =

0.5 (squaresymbols).Also plotted in Figure 6 arethe R = 0.1 datacorrectedfor crackclosure

(diamondsymbols).The datarepresentedby eachsymbolin Figure6 areresultsfor threetests.

A downwardarrow is usedto indicatethe start of a K-decreasingtest for eachstressratio and

upward arrows are usedto indicate the start of two K-increasingtests for each stressratio.

Fourteenload-displacementmeasurements,noted as 1 through 14 in Figure 6, were acquired

during the R = 0.1 tests. For each load-displacementmeasurement,an openingload was

determinedusingElber's reduced-displacementmethod[11]. Somerepresentativeload versus

straindeviationcurvesare suppliedin AppendixB. FiguresB1 and B2 are two reduced-strain

curvesgeneratedfor the R = 0.1 testslabeledin Figure 6. Openingloadsdeterminedfrom the

reduced-displacementmethod are comparedwith openingload valuesfor five different offset

levels [7] calculatedby the computer-controlledtestingsystem. The openingloadsdetermined



from the fourteenload-displacementmeasurementsat R = 0.1comparedmostfavorablywith the

openingloaddeterminationsat anoffsetof 1%. Therefore,theclosurecorrectedR = 0.1 (AK_ff)

resultsshownin Figure6 werecalculatedusingtheopeningloadsat a 1% offset. Theoffsetand

reduced-displacementtechniqueswere also used to determineopeningloads for the R = 0.5

fatiguecrackgrowth tests. Acquisitionof ten load-displacementmeasurementsarenotedasA

throughJ in Figure6. No evidenceof crackclosurewasobservedduring fatiguecrackgrowth

testingat R = 0.5, asrevealedby the verticalloadversusstraindeviationplot shownin Figure

B3. The excellentcorrelationbetweenthe constantR = 0.5 test dataandthe AK_ff(R = 0.1)

baseddeterminations,shownin Figure6, andthe fact that no crackclosurewasdetectedduring

constantR = 0.5 tests suggeststhat the constantR = 0.5 data representsthe closure-free

(intrinsic) fatiguecrack growth characteristicsof Ti 6-2-2-2-2in room temperaturelaboratory

air. However,it will beshownlater,that thecompliancetechniqueshavenot accountedfor all of

theclosurepresentfor thesetests.

Thefatiguecrackgrowth characteristicsof T-L orientedTi 6-2-2-2-2for the lower-Paris

to thresholdregime(AK < 10 MPa_/m) are shown in Figure 7 for a wide range of stress ratios.

Decreasing-AK tests were conducted at constant Kmax, R ranging from approximately 0.15 to

0.95, as well as constant stress ratios, R = 0.1 and 0.5. Three data points on the constant-Kmax

curves in Figure 7 for AK between 5.5 and 9.5 MPa_/m have been encircled. At these three data

points, additional data with similar stress ratios are present for constant-R tests. Here, excellent

agreement in da/dN is observed for the different test methods. For example, similar fatigue

crack growth rates are observed for the constant-Km_x (11 MPa_/m) testing at R = 0.5 and 0.15

compared to fatigue crack growth rates obtained for constant-R testing at R = 0.5 and 0.1,

respectively. At very low values of AK, the three constant-Km_x tests shown in Figure 7 produce

accelerated da/dN compared to the two constant-R tests. A line of constant da/dN at 1 x 10 lO

m/cycle has been indicated on Figure 7. According to ASTM E 647 [7] this fatigue crack growth

rate can be used to estimate fatigue crack growth threshold (AKth). The three values of AK

identified along the x-axis in Figure 7 represent the intercepts of the fatigue crack growth test

results (Km_x= 16.5 MPa_/m, R = 0.5, and R = 0.1) with da/dN = 1 x 10 lO m/cycle. Estimated

intercepts of the five curves shown in Figure 7 as well as for constant-Km_x tests of 3.85 and 6.6

MPa_/m with 1 x 10 lo m/cycle are presented as AKth in Table IV. This data indicates a



decreasingAKthwith increasingKmax.As shownin Figure 6, the differencein AKthfor R = 0.1

and0.5 appearsto be aresult of crackclosure. However,the furtherdecreasein AKthobserved

for the threeclosure-freeKmaxtestspresentedin Figure7 areconsistentwith recentresearch[15,

16] indicatingan effect of appliedKmax and not consistent with the view of a single intrinsic

fatigue crack growth rate curve [10].

One potential effect that could influence the results of the constant-I(_nax tests presented in

Figure 7 is an apparent decrease in toughness with crack length. To examine this effect in Ti 6-

2-2-2-2, several specimens were fatigue cracked to different lengths and then pulled to failure at

a constant crosshead rate. Results of apparent fracture toughness (Kc) versus a/W are presented

for four T-L oriented Ti 6-2-2-2-2 specimens in Figure 8. Here an obvious trend of decreasing

stress-intensity factor at failure is observed with increasing crack length. To minimize any

potential effect of this observation, the fatigue results presented within this paper are only shown

for values of a/W less than 0.75 and the applied Kmax was always less than half the apparent

fracture toughness. Additionally, the results for constant-Kmax tests presented in Figure 7 and for

subsequent results were acquired using multiple specimens, and the trend observed (decreasing

AKth with increasing Km_x) could not be related to the crack length or apparent fracture toughness

for each test.

Values of AKth plotted against applied Kmax in Figure 9 (represented as circle symbols)

reveal two distinct regions [17, 18]. For low values of Kmax (< 4.6 MPa_/m), a relatively large

increase in AKth is observed with decreasing Kmax (dashed linear regression line). For values of

Km_x greater than approximately 4.6 MPa_/m, a more subtle yet distinct decrease in AKth is

observed for increasing Km_x (dotted linear regression line). Here, the large increase in AKth with

decreasing Kmax (for Kmax < 4.6 MPa_/m) is dominated by crack closure, while the subtle

decrease in AKth (Kmax > 4.6 MPa_/m) is a true Kmax effect [17, 18]. The results shown in Figure

9 suggest that closure was present at threshold for R = 0.5 (AK = 2.09 MPa_/m, Kmax = 4.18

MPa_/m), even though no closure was measured using the far-field displacement techniques

described above. This discrepancy is believed to be due to a lack of crack-tip displacement

measurement resolution using far-field displacement gages such as a back-faced strain gage or

front-face clip gage. By extending the regression line for the Kmax-affected region to values of



Kmax< 4.6 MPa_/m,closure-freevalues of AKth (AKth,ef0can be predicted (representedas

trianglesymbolsin Figure9).

Curvesof AK versusKmaxweregeneratedfor a total of twentyvaluesof da/dNfrom 1x

101oto 1 x 107m/cyclefor Ti 6-2-2-2-2. Figure 10 containsdatafor four of thesevaluesof

da/dN. At eachvalueof da/dNdataare fit usingtwo linearregressionlines. At low valuesof

Kmax,a relativelylargeincreasein AK is observedwith decreasingKm_x(dashedlinearregression

lines). For largervaluesof Km_x,a distinct changein slopeis observed(dottedlinearregression

lines). To delineatebetweenthe two regionsof crack growth, solid line segmentsaredrawn

connectingthe interceptsbetweenthe closure-dominated(RegionA, dashedlines)and closure-

free (RegionB, dotted lines)data. Plots of AK versusKm_xcan thus be usedasan empirical

methodto determinewhether fatigue crack growth rate data are influencedby crack closure

without relyingondisplacementmeasurementsfrom afar-fielddisplacementgage.

Figure 11 is a plot of da/dN versusAK for testsat threedifferent conditions(constant

Kmax = 22 MPa_/m, R = 0.1, and R = 0.5). Also shown are two AK_ff curves for the two constant-

R tests that were generated using Kop determined by the empirical threshold method described

above for each of the twenty values of da/dN selected. These curves are considered as a

boundary for closure affected data. All of the data points to the right of the two closure-free

curves are affected by closure and the data to the left of the curves are not affected by closure.

Values of da/dN, applied AK and closure-free AK for da/dN less than 1 x 10 7 m/cycle for R =

0.5 and 0.1 are presented in Appendices C and D, respectively. It should be noted that the

empirical threshold method results are contrary to standard ASTM crack closure determinations

shown above. Figure 11 shows that near-threshold (AK < 3.5 MPa_/m) fatigue crack growth

rates at R = 0.5 are influenced by crack closure.

Effect of Temperature

Figures 12 and 13 compare room temperature (24 °C) and elevated temperature (177 °C)

fatigue crack growth rate data at R = 0.1 and R = 0.5, respectively. For R = 0.1 (Fig. 12), the

fatigue crack growth rates at 24 °C and 177 °C are similar for AK < 25 MPa_/m. For AK > 25

MPa_/m, room temperature fatigue crack growth rates are accelerated compared to that observed

at 177 °C. The R = 0.5 fatigue crack growth rate characteristics shown in Figure 13 reveals



roomtemperatureda/dNis acceleratedcomparedto crackgrowth at 177°C for AK > 7 MPa_/m.

A comparisonof the results shown in Figures 12 and 13 suggestsa strongerinfluenceof

temperatureon fatiguecrackgrowthratesat R = 0.5. Overthe entirerangeof AK examined,no

closurewasobservedfor testingat R = 0.5usingfar-field compliancebasedclosuretechniques;

however,closurewas measuredfor R = 0.1. To further evaluatethe fatigue crack growth

behaviorin the lower-Paristo thresholdregimeat 177 °C, severalconstant-Kmaxdecreasing-AK

testswereperformed(Fig. 14). ThresholdAK valuesat 177°C for eachtest areshownin Table

V. The24 °C and 177°Cthresholddataplotted as AKth versus Kmax in Figure 15, exhibit similar

trends for the closure-dominated (dashed linear regression lines) and closure-free (dotted linear

regression lines) regions. Figure 16 is a plot of AK versus Kmax data at a fatigue crack growth

rate of 1 x 10 s m/cycle. Temperature (24 to 177 °C) is shown to have little influence on the

closure-dominated (dashed linear regression lines) region. However, for the closure-free data

(dotted linear regression lines), a temperature dependence is indicated as a difference in slope for

the data at the two temperatures examined. Applied Kmax has less of an influence on fatigue

crack growth behavior at 177 °C than at room temperature (Fig. 16). As was done at room

temperature, plots of AK versus Kmax were produced at twenty values of da/dN between 1 x 10 lO

and 1 x 10 7 m/cycle. From these plots closure-free fatigue crack growth rate data for R = 0.1

and 0.5 were generated. Values of da/dN, applied AK and closure-free AK for da/dN less than 1

x 10 7 m/cycle for R = 0.5 and 0.1 tests at 177 °C are supplied in Appendices E and F,

respectively.

Figures 12 and 13 indicate an increase in temperature from 24°C to 177°C can result in a

decrease in da/dN for Ti 6-2-2-2-2 in laboratory air. While increasing temperature has been

shown to produce an increase in da/dN for several materials [19, 20], previous studies of o_+[3

titanium alloys have also observed a decrease in da/dN with increasing temperature for certain

conditions [21, 22]. Decreasing da/dN with increasing temperature has only been observed over

a selected temperature range (approximately 0 to 150°C)[21]. Several reasons for this effect

have been proposed [21, 22]; however, there has been no definitive evidence to support any one

theory. This will be discussed in further detail in a later section (Effect of Environment).
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Effect of CrackPathOrientation

Fatiguecrackgrowth ratesof T-L, L-T and45° orientedTi 6-2-2-2-2specimensat room

temperatureandT-L and45° orientedTi 6-2-2-2-2specimensat 177°C areshownin Figures17

and 18,respectively. At 24 °C, T-L andL-T orientationsexhibitsimilar fatiguecrackgrowth

rate characteristicsexceptat moderatevaluesof AK (between7.7 and 16.5MPa_/m)wherethe

T-L orientationwas found to have a slightly higher (approximately1.5 times greater)da/dN

comparedto the L-T orientation. The fatigue crack growth behaviorobservedfor the 45°

orientationis different than the behaviorfor eitherthe T-L or L-T orientations(Fig. 17). The

T-L andL-T Parisregimefatiguecrack growth curvesareapproximatelydescribedby a AK 2'6

power law while the 45 ° orientation is characterized by a single AK 45 power law. The fatigue

crack growth characteristics at elevated temperature (Fig. 18) are described by a AK 22 power law

for the T-L orientation and a AK 35 power law for the 45 ° orientation.

Figure 19 is a plot of lower-Paris to threshold regime da/dN versus AK data for L-T

oriented specimens. As was observed for the T-L orientation, AKth is shown to decrease with

increasing Kmax. Table VI lists values of AKth for each of the tests represented in Figure 19. The

AKth values are approximated using the ASTM guideline of 1 x 10 lo m/cycle [7]. Figure 20 is a

plot of AKth versus Kmax for the L-T data listed in Table VI and T-L data listed in Table IV.

Similar trends are observed for the two orientations, indicating nearly identical behavior for both

the closure-dominated (dashed linear regression lines) and closure-free (dotted linear regression

lines) regions. These observations have been made for values of da/dN up to 7 x 10 9 m/cycle.

The similarity between the T-L and L-T oriented specimens can be attributed to the cross-rolling

procedure used to fabricate the Ti 6-2-2-2-2 sheet. The basal planes in the o_ phase are

preferentially rotated 30 to 40 ° towards both the longitudinal and long transverse axes from the

short transverse axis (Fig. 3). Consequently, fatigue cracks growing in T-L and L-T specimens

will intersect nearly identical crystallographic morphologies resulting in similar fatigue crack

growth behavior.

The difference in the AK power law for 45 ° oriented specimens compared to either T-L

or L-T oriented specimens (Figs. 17 and 18) is similar to results previously presented for highly

textured Ti 6A1-4V [23, 24]. In this previous study, the fatigue crack growth behavior of

specimens machined from a rolled bar product with six different orientations were examined. A
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AK 2'5 power law approximated the Paris regime fatigue crack growth data for three of the

orientations, while a AK (31 to4.1_power law characterized the other three orientations. The lower

exponent was observed when the o_ grains were oriented such that the maximum applied shear

stress was very close to the primary slip plane in the slip direction [23, 24]. However, when the

crystallographic slip systems were not aligned with the crack tip shear stresses, a larger exponent

for the power law was obtained [23, 24].

Effect of Environment

Figure 21 compares room and elevated temperature fatigue crack growth characteristics

of Ti 6-2-2-2-2 in laboratory air and ultrahigh vacuum (< 7 x 10 7 Pa) for R = 0.5. Fatigue crack

growth rates in laboratory air are three to five times greater at room temperature and two to four

times greater at 177 °C compared to ultrahigh vacuum for 5 MPa_/m < AK < 17 MPa_/m.

Environmental effects are minimized at rapid crack growth rates (AK > 17 MPa_/m); where room

temperature and elevated temperature da/dN in laboratory air converge with their respective

vacuum fatigue crack growth rates. For 7 MPa_/m < AK < 17 MPa_/m, a temperature effect is

observed in laboratory air while there is little difference in fatigue crack growth rate data

obtained at 24 and 177 °C in ultrahigh vacuum. This suggests that the temperature effect

observed in laboratory air, for AK < 17 MPa_/m, is related to the environmentally assisted

processes developed in laboratory air. However, the temperature effect for AK > 17 MPa_/m is a

result of an apparent increase in toughness as temperature is increased [13].

As stated earlier, a similar temperature effect, i.e. decreasing da/dN with increasing

temperature, has been observed for o_+[_ titanium alloys in this temperature range [21, 22].

While several potential causes were discussed, these papers proposed that stress induced hydride

formation along o_ / [_ interfaces within the cyclic plastic zone is the most likely cause. It has

been argued in these references that as temperature is increased above room temperature to

approximately 150°C, the solubility of hydrogen within the titanium matrix will be increased

sufficiently to reduce the potential for hydride formation. This argument can be used to help

support the existence of a temperature effect in laboratory air while having no temperature effect

in ultrahigh vacuum. However, if this mechanism were operative, one would expect to see

evidence of intergranular fatigue fracture in laboratory air at room temperature and a more
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ductile appearanceat 177°C. Fractographypresentedin the section entitled Fractographic

Observationsdoesnot supportthisargument.

Fatiguesurfaceswereproducedin a highpurity water vaporenvironmentof 67Pa at 24

and 177°C. The fatigue surfaceswere then studiedusing X-ray PhotoelectronSpectroscopy

(XPS). Figures22aandb showsthe Oisphotoelectronspectra(representedby opencircles)for

the surfacesproducedat 24 and 177°C,respectively. Each Ois spectrawas curve fit using

constituentgaussianpeaks(dashedlines)andthe sumof theconstituentpeaksarealsopresented

(solid lines). At 24°C (Fig. 22a) and 177°C(Fig. 22b), threeconstituentpeaksareidentified.

Thecentersfor eachof the threeconstituentpeaksarein goodagreementwith publishedbinding

energiesfor oxygenin adsorbedwater (533.5eV), anhydroxide(532.0eV) andanoxide(530.5

eV) (identifiedwith dotted lines) [25, 26]. The height of the constituentpeaksidentified as

bindingenergiesof oxygenin waterandanhydroxideare foundto havenearlythe sameratio to

one anotherat 24 and 177°C. However, the relativeheight of the peak associatedwith the

oxygenbindingenergyin an oxide is greaterat 177°Cthanat room temperature.This indicates

that an hydroxidefilm dominatesthe surfacewhen exposedto a water vapor environmentat

24°C,while anoxidecanreadilyform at 177°C. Therefore,it would appearthatthetemperature

effectobservedfor fatiguecrackgrowth rate in laboratoryair is adirect resultof the surfacefilm

formedat the growingfatiguecrack. It is unclearif the differentsurfacefilms directlyaffectthe

mechanicalbehaviorof the crack tip or the increasedoxide formedon the crack surfaceslimit

theamountof hydrogenabsorbedin thecyclicplasticzone.

Figure23 comparesthefatiguecrackgrowth characteristicsof 45° orientedspecimensin

laboratoryair andultrahighvacuumat roomtemperature.Theultrahighvacuumdata in Figure

23 representstwo fatiguecrackgrowth ratetests. During the K-increasingtestthe fatiguecrack

propagatedat an angleof approximately15° to the loadingaxis normal. To determinethe

reproducibilityof the test, a K-decreasing(C = -0.079mm1)test was conductedon the same

specimen.Thepropagatingfatiguecrackremainedwithin 8° of the loadingaxisnormalfor the

K-decreasingtest. Whilea smalldifferencein fatiguecrackgrowthratesis shownfor 7 MPa_/m

< AK < 10MPa_/m(Fig.23), thegeneralfatiguecrackgrowthbehaviorfor thetwo testsarevery

consistent.A comparisonof the vacuumandlaboratoryair fatiguecrackgrowth characteristics

showsminimal environmentaleffect for AK > 10 MPa_/m. However,for AK < 10 MPa_/m,a
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strongenvironmentaleffect is observed.For AK = 7 MPa_/m,the fatiguecrackgrowth ratefor

the 45° orientationis acceleratedby a factor of twenty in air comparedto vacuum. A similar

comparisonfor theT-L orientationat 24 °C (Fig. 21), revealsan increaseby a factor of threein

air ratescomparedto vacuum(da/dNat AK = 7 MPa_/m).

FractographicObservations

Fatigue crack surfaceswere examinedusing a scanningelectron microscope(SEM).

Figures24aandb aremicrographsshowingfatiguecracksurfacesproducedin laboratoryair for

AK = 19.8MPa_/m,R = 0.5 and5 Hz at room andelevatedtemperature,respectively.Fatigue

surfacesproducedat roomtemperature(Fig. 24a)exhibitaductileappearance.At 177 °C (Fig.

24b),muchof the fatigue surfacewassimilarto that producedat roomtemperature.However,

therewerealsosmoothregions(markedwith arrowsonFigure24b)runningparallelto thecrack

growth direction. Thesesmoothtransgranularfacetsarepresentbetweenthet/4 and3t/4 planes

throughthe specimenthickness. Theseflat regionsaremost prevalentin the regionswhere

groupsof elongatedo_grainswere observed(Fig. 2). Differencesin the fatigue surfacesare

more apparentwhenviewed at highermagnification(Figs. 25a and b). Here, ductile tearing

featuresareclearlypresentat roomtemperature(Fig. 25a),with matingfeaturespresenton the

conjugatesurface. Examinationof the transgranularfacetsat elevatedtemperaturerevealsthe

presenceof parallelsliptracesorientedapproximately30° from the crackgrowth direction(Fig.

25b). Theseobservationsfor the smooth regionsare consistentwith quasi-cleavageof the

elongatedprimaryo_[27]. Due to the highlytexturednatureof thismaterialandthe groupingof

elongatedprimary o_grains, thesesmooth regionscan consistof cleavagefacetsfor several

grains.

Fatigue surfacesproducedin ultrahigh vacuumwere also examinedto distinguishthe

effectsof temperatureandenvironment.Figures26aandb aremicrographsfor specimenstested

in ultrahighvacuumat R = 0.5 and5 Hz at roomandelevatedtemperature,respectively.Eachof

the micrographswere taken in a region whereAK wasapproximately16.8MPa_/m. Fatigue

surfacesproduced at room temperature(Fig. 26a) were ductile in appearance,with ductile

featuresappearingsimilarto the fatiguesurfaceproducedat roomtemperaturein laboratoryair

(Fig. 24a). At 177 °C (Fig. 26b), small-elongatedfeatureswere observed. However, these
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featureswerenot as largeor abundantasthoseproducedat 177°C in laboratoryair (Fig. 24b).

Examinationof thesesurfacesat highermagnificationrevealsa uniform andductile surfaceis

producedat roomtemperatureandat 177°Cinultrahighvacuum.Thesesurfacesarecomparable

to thoseproducedin laboratoryair at 24°C(Fig.25a).

The fatiguesurfacesproducedat 24 °C and 177°C in ultrahighvacuumat 16.8MPa_/m

(Fig. 26) arevery similarin appearanceto oneanother;while thoseproducedin laboratoryair at

24 °C and 177 °C for AK = 19.8MPa_/m(Figs. 24 and 25) revealdistinctdifferences. These

observationscomparefavorablywith the fatiguecrackgrowth rate datapresentedin Figure21.

In the inert environment,fatiguecrackgrowthratesat 24 °C and177°C areroughlythesamefor

appliedAK valuesup to approximately17 MPa_/mat R = 0.5. However, in laboratoryair,

fatiguecrackgrowth ratesat 177 °Cbecomeincreasinglylowerwith increasingAK comparedto

fatigue crack growth ratesat 24 °C for all appliedAK greaterthan 7 MPa_/mat R = 0.5.

Therefore,morphologyof thefatiguesurfaceshelpsto supportthe observationspreviouslystated

for Figure 21. Namely,temperaturebetween24 °C and 177 °C hasvery little affect on the

intrinsic fatigue crack growth behaviorof Ti 6-2-2-2-2 for AK < 19.8 MPa_/mat R = 0.5.

However, in laboratoryair, fatigue crack growth ratesdecreasewith increasingtemperaturein

theKmax-affectedregion.

Summary

1. For AK greater than 4.4 MPa_/m, Ti 6-2-2-2-2 has a comparable fatigue crack growth rate

to Timetal 21S sheet. Ti 6A1-4V sheet has a lower fatigue crack growth rate than either Ti 6-2-2-

2-2 or Timetal 21S in room temperature laboratory air. In the near-threshold regime (AK less

than 5 MPa_/m) the fatigue crack growth rate was found to decrease with an increasing fraction

of o_phase (i.e. da/dNTimeta121s > da/dNTi 62222 > da/dNTi 6A14v).

2. Fatigue crack growth rate data for several values of R or Km_x plotted as AK versus Km_x,

can be used to identify closure affected and closure-free fatigue crack growth rate data for Ti 6-

2-2-2-2.

3. A stress ratio effect has been observed for Ti 6-2-2-2-2 for all loading conditions. While

this effect is smaller for closure-free data than for closure-dominated data, a non-zero slope is
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observedfor all datapresentedasAK versusKmaxfor a selectedda/dN. Theempiricaltechnique

describedin this papermakesit possibleto delineateclosure-freeand closure-dominatedKmax

effects. This delineation is not possible using the ASTM suggested crack closure measurement

technique.

4. For AK greater than 7 MPa_/m (R = 0.5), the fatigue crack growth rate for Ti 6-2-2-2-2 in

177 °C laboratory air is less than room temperature laboratory air. An apparent increase in

toughness with temperature is observed for AK > 17 MPa_/m (R = 0.5) in ultrahigh vacuum.

However, a temperature dependence is not observed for AK < 17 MPa_/m. Therefore, the

temperature dependence observed in laboratory air is a result of environmental interactions

during fatigue cycling.

5. The fatigue crack growth characteristics of cross-rolled Ti 6-2-2-2-2 sheet are dependent

upon specimen orientation. While the fatigue crack growth behavior of T-L and L-T oriented

specimens are very similar, the fatigue behavior of 45 ° oriented specimens are very different. In

the Paris regime, the slope of the log da/dN versus log AK curve is much higher for the 45 °

orientation (approximated by a AK 45 power law) than for the T-L and L-T orientations

(approximated by a AK 26 power law). Although the 45 ° orientation results in a lower fatigue

crack growth rate for AK < 13 MPa_/m than is observed for the T-L and L-T orientations, a

greater environmental degradation is also observed.
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Table I. Material Chemistry, wt. %.

Alloy A1 Zr

Ti 6-2-2-2-2 # 5.60 1.81

Timetal 21S 3.00 ---

Ti 6A1-4V* 6.3 ---

Cr Sn Mo Nb V Fe Si O

1.79 1.88 1.96 ...... 0.03 0.23 0.103

...... 14.95 2.62 --- 0.34 0.195 0.145

............ 4.0 0.15 --- 0.16

# - Beta Transus: 960 _+ 6°C (1760 _+ 10°F)

* - Nominal Composition

Table II. Microstructure of Three Ti Sheet Products.

Alloy Grain size Volume fraction [3 Morphology

Ti 6-2-2-2-2 < 10 _tm 35 - 45 % Primary ct and transformed [3 colonies

Timetal 21S 25 - 50 _tm 70 - 80 % Grain boundary ct and platelet ct in
retained

Ti 6A1-4V < 15 _tm 10 - 20 % ct matrix with grain boundary [3

Table III. Mechanical Pro 9erties.

Tensile cy_ (MPa)
Alloy axis C_s (MPa) (0.2% offset) E (GPa)

Ti 6-2-2-2-2 L 1161.1 1121.8 116.5

T 1145.2 1110.7 121.9

Timetal 21S L 1299.7 1196.2 ---

T 1320.3 1241.1 104.1

Ti 6A1-4V L 986.6 901.1 113.1

T ........ 109.6
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Table IV. Threshold Test Results for T-L Oriented Ti 6-2-2-2-2 Specimens

at 24 °C (from Fig. 7).

Fatigue Crack AKth R at Km_ at Threshold

Growth Test (MPa_/m) Threshold (MPa_/m)

Constant R 2.81 0.10 3.12

Constant R 2.09 0.50 4.18

Constant Kmn _

Constant Kmn _

Constant Kmn _

Constant Kmn _

Constant Km_

1.94 0.49 3.85

1.53 0.77 6.60

1.61 0.85 11.0

1.52 0.91 16.5

0.941.41 22.0

Table V. Threshold Test Results for T-L Oriented Ti 6-2-2-2-2 Specimens

at 177 °C (from Fig. 14).

Fatigue Crack AKth R at Km_ at Threshold
Growth Test (MPa_/m) Threshold (MPa_/m)

Constant R 3.11 0.10 3.46

Constant R 2.22 0.50 4.44

Constant Kmn _

Constant Kmn _

Constant Kmn _

1.65 0.90 16.5

1.50 0.93 22.0

1.39 0.97 44.0

Table VI. Threshold Test Results for L-T Oriented Ti 6-2-2-2-2 Specimens

at 24 °C (from Fig. 19).

Fatigue Crack AK_h R at

Growth Test (MPa_/m) Threshold

Constant R 2.79 0.10

Constant R 2.10 0.50

1.55 0.90Constant Kmn _

Constant Kmn _

Constant Kmn _

1.49 0.93

1.46 0.97

Km_ at Threshold

(MPa_/m)

3.10

4.20

16.5

22.0

33.0
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Figure 1. Composite optical micrograph of Ti 6-2-2-2-2 sheet

product. Primary o_ grains appear light in the micrograph,

while transformed I_ grains are dark.
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Figure 2. Optical micrograph of the cross rolled Ti 6-2-2-2-2 sheet,

normal to long transverse direction. Primary _ grains appear light

in the micrograph, while transformed [_ grains are dark.
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Figure 3. Basal plane (0002) pole figure for Ti 6-2-2-2-2 sheet, examined at the t/4

plane. Included in the lower left quadrant is a stereographic projection drawn

with 10 ° intervals.
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Figure 5a. Fatigue crack growth rate versus cyclic stress-intensity factor for
T-L oriented Ti 6-2-2-2-2, Timetal 21S, and Ti 6A1-4V tested in room

temperature laboratory air at 5 Hz and R = 0.5.
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Figure 5b. Fatigue crack growth rate versus cyclic stress-intensity factor for
T-L oriented Ti 6A1-4V tested in room temperature laboratory air at R =
0.5.
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Figure 5c. Fatigue crack growth rate versus cyclic stress-intensity factor for

Timetal 21S tested in room temperature laboratory air at R = 0.1.
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Figure 6. Fatigue crack growth rates for Ti 6-2-2-2-2, T-L orientation, in
room temperature laboratory air at 5 Hz. Numbers and letters indicate

load-displacements measurements to determine opening loads. Three
test were performed at each R and the starting point and direction of

tests (K-increasing or K-decreasing) are noted with arrows.
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Figure 7. Lower Paris to threshold regime fatigue crack growth rates for Ti 6-2-2-

2-2, T-L orientation, for constant-R and constant-K=xtesting in room

temperature laboratory air. Noted in the figure are regions of correlation

(similar R) between the different types of tests.
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orientation, in room temperature laboratory air.
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Figure 9. AK,h versus K .... data at 1 x 10 lo m/cycle for Ti 6-2-2-2-2, T-L

orientation, in room temperature laboratory air. Two distinct regions, a

closure-dominated region (dashed line) and a Kmox-affected region (dotted

line) are identified.
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32



o

o

E
v

z

23

10 "7

108

10 "9

10 "10

Ti 6-2-2-2-2, T-L

24 °C, Lab air, 5 Hz

o R=0.1

[] R=0.5

Krnax= 22.0 MPa_m

R = 0.1 (AKe,)

• • R=0.5(AKe, )

[]

O

ASTM E 647

1 10

AK (MPm/m)
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using the AK versus K .... data.
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Figure 12. Fatigue crack growth rates for Ti 6-2-2-2-2, T-L orientation, in room
and elevated temperature laboratory air, R = 0.1. The starting point and

direction of each test (K-increasing or K-decreasing) are noted with arrows.
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Figure 17. Fatigue crack growth rates for T-L, L-T, and 45 ° oriented Ti 6-2-

2-2-2 in room temperature laboratory air at R = 0.5. Three tests are
shown for each orientation. The beginning of each K-increasing test for

the 45 ° orientation is indicated with an arrow. The approximate power
law slope in the Paris regime for each orientation is indicated on the plot.
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Figure 18. Fatigue crack growth rates for T-L and 45 ° oriented Ti 6-2-2-2-2

in 177 °C laboratory air at R = 0.5. The approximate power law slope in

the Paris regime for each orientation is indicated on the plot.
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included in this plot is noted with an arrow.
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Figure 24. SEM micrographs of fatigue surface of Ti 6-2-2-2-2, T-L

orientation, AK = 19.8 MPa_/m, R = 0.5 tested at a) 24 °C and b)

177 °C in laboratory air.
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Figure 25. SEM micrographs of fatigue surface of Ti 6-2-2-2-2, T-L

orientation, AK = 19.8 MPa_/m, R = 0.5 tested at a) 24 °C and b)

177 °C in laboratory air.
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Figure26. SEM micrographsof fatiguesurfaceof Ti 6-2-2-2-2,T-L
orientation,AK = 16.8MPa_/m,R = 0.5testedat a)24 °Candb)
177°C in ultrahighvacuum.
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Appendix A - Crack length and stress-intensity factor determinations for the ESE(T)

specimen.

A compliance expression to determine crack length (a) for displacements measured along

the front-face of an ESE(T) specimen has been derived [28].

a-: Co+C 'V't) +c4(v)4+cs(v)s
W

(A-l)

Where U =
_] E vB / P + 1

, W is the specimen width (Fig. 4), B is the specimen thickness (Fig.

4), P is the applied load, v is the displacement, and E is the elastic modulus. The coefficients for

each term have been solved as Co = 1.00132, C1 = -3.58451, C2 = 6.59954, C3 = -19.22577, C4 =

41.54678, C5 =-31.75871.

A compliance solution for strain measurements along the back-face of an ESE(T)

specimen has also been derived [28].

_- : No+Na I(logA)+N2(logA)2+N3(logA)3+N4(logA)4 (A-2)

Where: A = (e / P)BWE, and e is the measured strain. The coefficients for each term have been

solved as No = 0.09889, N1 = 0.41967, N2 = 0.06751, N3 = -0.07018, N4 = 0.01082.

The crack-tip stress-intensity factor expression for the ESE(T) specimens is [28]:

]B_W-- Fec
(A-3)

where:

(2+]3)
Fec = G (A-4)

(1-]3)3/2 (1-wd_)l/2

G = 1.15 + 0.94fl - 2.48fl2 + 2.95_3 1.24_4 (A-5)

(A-6)

and d is the distance between the specimen edge and load line (Fig. 4).
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Appendix B - Closure measurements using the compliance techniques.

Load versus strain data was acquired during fatigue testing. The collection of this data

during fatigue testing of T-L oriented Ti 6-2-2-2-2 in room temperature laboratory air is

identified in Figure 6. From the load versus strain data, strain deviation is calculated as the

difference between the measured strains and a least-squares fit through the unloading curve near

the maximum load. Load is then normalized by the maximum applied load and plotted against

the reduced strain. This technique results in an increased resolution for graphical determination

of the crack-opening load. Examples of reduced strain plots are shown in Figures A1, A2, and

A3. An opening load is determined on the reduced strain plot when the tangent to the loading

curve becomes vertical [11]. The opening load determined from the reduced strain technique is

then compared to the opening load values calculated for five selected offset values [7], to

determine the appropriate offset level to use for the calculation of AKop.
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0.4
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0.0
-7

Ti 6-2-2-2-2, T-L
24 °C, Lab Air
R = 0.1, AK = 2.97 MPax/m

Pop/Pmax= 0.325, AKeff= 2.45 MPax/m

Load-strain measurement #1

(Figure 6) unloading

loading
!)

results from

offset technique

(PoJPmax)

1% offset (0.328)
_z/12 % offset (0.308)

<---4 % offset (0.275)

=J_8 % offset (0.246)

16 '/o offset (0.208)

,I
-6 -5 -4 -3 -2 -1 0 1

Strain Deviation (#Strain)

Figure B 1. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2 to determine crack

opening load. Opening loads determined for 5 different offset values are also shown.
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Figure B2. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2 to determine crack-

opening load. Opening loads determined for 5 different offset values are also shown.
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Figure B3. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2

at AK = 2.09 MPa_/m, R = 0.5 and 5 Hz in room temperature laboratory

air. The entire loading portion of the curve is vertical, indicating no

crack closure.
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Appendix C - Ti 6-2-2-2-2 data in room temperature laboratory air at R = 0.5.

Fatigue crack growth rate (da/dN) and cyclic stress-intensity (AK) data for three tests

(one K-decreasing and two K-increasing) performed on T-L oriented Ti 6-2-2-2-2 in room

temperature laboratory air at R = 0.5 and 5 Hz is listed in Table C1. The tests were conducted in

accordance with ASTM E 647 [7] with sinusoidal loading and the normalized K-gradient (C) for

each test is listed in Table C1. This data is shown graphically in Figures 5a, 6, 7, 14, 16, and 18.

Closure-free AK values were determined using the intersection of closure dominated and Kmax

affected results (as demonstrated in Fig. 8).

Table CI: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in

room temperature laboratory air at R = 0.5 and 5 Hz.

da/dN i_ AK _iclosure-free i_ da/dN i AK _ closure-free

.................(m;_cyj}................_i.........(M0a_m)_XK(MPa_my_ ................(m;"c_;i)..............._(MPa_/m)_X_<(MF_a_/m) "
: :. :: : :

K-decreasing, C = -0.079 mm -1 1.07E-09 2.54 2.25
2.16E-09 3.07 2.99 1.00E-09 2.52 2.20

2.14E-09 3.05 2.98 9.17E-10 2.51 2.13

2.16E-09 3.04 2.99 9.24E-10 2.49 2.14

2.13E-09 3.02 2.97 9.10E-10 2.48 2.12

2.08E-09 3.00 2.94 9.14E-10 2.46 2.13

2.05E-09 2.98 2.93 9.30E-10 2.45 2.14

1.97E-09 2.96 2.88 8.27E-10 2.43 2.06

1.90E-09 2.95 2.84 7.26E-10 2.42 1.97
1.87E-09 2.93 2.82 7.21E-10 2.40 1.97

1.84E-09 2.91 2.80 7.10E-10 2.39 1.96

1.83E-09 2.89 2.79 7.02E-10 2.37 1.95

1.81 E-09 2.88 2.78 6.85E-10 2.36 1.94

1.76E-09 2.86 2.75 6.11 E-10 2.35 1.88

1.74E-09 2.84 2.74 5.89E-10 2.33 1.86

1.71 E-09 2.82 2.72 6.04E-10 2.32 1.88

1.64E-09 2.81 2.67 5.73E-10 2.30 1.85

1.57E-09 2.79 2.62 5.36E-10 2.29 1.82

1.54E-09 2.77 2.60 5.34E-10 2.28 1.82

1.53E-09 2.76 2.60 5.29E-10 2.26 1.82

1.50E-09 2.74 2.58 4.88E-10 2.25 1.79

1.47E-09 2.72 2.56 4.70E-10 2.24 1.78

1.45E-09 2.71 2.54 4.60E-10 2.22 1.77

1.40E-09 2.69 2.51 4.44E-10 2.21 1.76

1.33E-09 2.68 2.45 4.49E-10 2.20 1.77

1.29E-09 2.66 2.42 4.38E-10 2.18 1.76

1.27E-09 2.64 2.41 3.98E-10 2.17 1.74

1.23E-09 2.63 2.38 3.62E-10 2.16 1.72

1.18E-09 2.61 2.34 3.35E-10 2.15 1.71
1.15E-09 2.60 2.32 3.12E-10 2.13 1.70

1.11 E-09 2.58 2.29 2.85E-10 2.12 1.70

1.05E-09 2.57 2.24 2.40E-10 2.11 1.69

1.05E-09 2.55 2.24 8.29E-11 2.09 1.67
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Table C1. Continued

2.73E-09 _ 3.36 3.27

2.83E-09 _ 3.40 3.32

3.06E-09 _ 3.48 3.42

3.24E-09 i 3.52 3.49

3.37E-09 _ 3.56 3.55

3.50E-09 _ 3.61 3.60

3.69E-09 _ 3.65

.......3:.:/.6.E_:09____...............:}.:_ZO................................................................
3.83E-09 _ 3.74

1.45E-08 5.57

.......__"_ "°'._uE_uo _...............5:.6?................................................................
1.57E-08 5.70

1.64E-08 5.77

1.71 E-08 5.84

1.80E-08 : 5.91

.......!_..8-7!_:08.......................5.:.9{3...............................................................

.......' "=_ "°!_._P.E:uO_____...............6.:.0.6................................................................
2.07E-08 6.13

2.17E-08 6.21

.......41(J:il_:0_)_ ...............3i7_)...............................................................2.23E-08

4.19E-09 _ 3.83
4.26E-09 _ 3.88

4.34E-09 _ 3.93

4.50E-09 _ 3.97

.......4:._('}.E.:09___',...............f_:o2...............................................................
4.96E-09 _ 4.07

5.19E-09 i 4.12

6.28

2.27E-08 6.36

2.34E-08 : 6.43

......2:4:!_1_':08.......................6:.5.1................................................................

......" ='_ "°_:.'.2_.E":uO........_...............6.:.5.9................................................................
2.60E-08 6.67

........................................ $

2.68 E-08 6.75

2.80E-08 6.83

5.73E-09 _ 4.27

.......5:98E_:09i...............4:32...............................................................

.......6:.J.5.E.:09.......',...............4:3_Z...............................................................
6.28E-09 _ 4.43

6.62E-09 i 4.48

......3 13E 08. ....._.......-:..........._...............7:.0.9................................................................

3.26E-08 : 7.17
3.46E-08 7.26

3.62E-08 7.35

3.67E-08 7.44
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Table C1. Continued

d a/d N _i A K d a/d N i A K d a/d N i_ A K

............(m)c_)Ji ...........ii (MPa_/m) ............im)cyi) .........i (MPa_/m) ...........im)c_;ii ..........ii (MPa_/m)

K-inc., 0=0.16 mm -1 (cont.) 1.41E-07 12.33 K-inc., 0=0.16 mm -1
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Table C1. Continued

...........daddN..............i.................AK................II............da(dN............i', AK
(m/cyl) ii (MPa-,,/m)II (m/cyl) iiii (MPa-,,/m)

5.03E-08 _ 8.42

5.20E-08 _ 8.51

5.39E-08 _ 8.61

5.95E-08 ii 9.10

6.25E-08 ii 9.21
6.53E-08 ; 9.32

__L__

6.72E-08 ; 9.43

6.88E-08 ; 9.55

7.06E-08 ; 9.66

7.18E-08 ; 9.77

7.32E-08 ii 9.89
7.64E-08 ; 10.01

__L__

d a/d N :: A K
............................................ i

(m/cyl) i (MPa4m)

9.28E-07 i 24.44

1.18E-06 _ 24.77

1.44E-06 i 25.03

2.47E-06 _ 25.65

3.30E-06 _: 26.03
4.47E-06 _ 26.35
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Appendix D - Ti 6-2-2-2-2 data in room temperature laboratory air at R = 0.1.

Fatigue crack growth rate (da/dN), cyclic stress-intensity (AK) and effective cyclic stress-

intensity (AKin-) data for two tests (one K-decreasing and one K-increasing) performed on T-L

oriented Ti 6-2-2-2-2 in room temperature laboratory air at R = 0.1 and 5 Hz is listed in Table

D1. The tests were conducted in accordance with ASTM E 647 [7] with sinusoidal loading and

the normalized K-gradient (C) for each test is listed in Table D1. This data is shown graphically

in Figures 6, 7, and 13. Closure-free AK values, determined using the intersection of closure

dominated and Kmax affected results (as demonstrated in Fig. 8), for da/dN less than 1 x 10 7

m/cycle are also presented.

Table DI: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in room

temperature laboratory air at R = 0.1 and 5 Hz.

da/dN AK _ closure-free da/dN AK closure-free

(m/cyl) (MOa-,,/rn) iAK (MPa_/rn) .............(m/cyi i .......................(MPa:_m) ...........AK(MF_a_m:)

K-decreasing, C = -0.079 mm -1 1.22E-09 :: 3.59 2.39

2.80 E-09 :: 4.30 3.37 1.17E-09 :: 3.54 2.35
2.77E-09 :: 4.28 3.35 1.11E-09 i 3.52 2.30

2.83E-09 :: 4.25 3.39 1.10E-09 i 3.50 2.30

2.78E-09 :: 4.23 3.36 1.07E-09 i 3.48 2.27
2.60E-09 :: 4.20 3.27 1.04E-09 3.46 2.25

................................................i....................................................................................................................................i ....................................................................................
2.56E-09 _ 4.18 3.25 1.04E-09 _ 3.44 2.25

2.53E-09 i 4.15 3.23 9.72E-10 :: 3.42 2.19
_____ ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

2.53E-09 i 4.12 3.24 9.12E-10 i 3.39 2.14

2.49E-09 :: 4.10 3.21 8.96E-10 :: 3.37 2.13

2.30E-09 :: 4.08 3.11 8.63E-10 i 3.35 2.10

2.25E-09 :: 4.05 3.08 8.17E-10 i 3.33 2.06
2.10E-09 :: 4.03 2.99 7.84E-10 i 3.31 2.03

2.01E-09 :: 4.00 2.94 7.59 E-10 3.29 2.01

2.14E-09 _ 3.98 3.02 7.04E-10 i 3.27 1.97
__>____ __L___

2.12E-09 _ 3.95 3.01 6.99E-10 :: 3.25 1.96
.................................................................................................i................................................................................................................................................................................................................................................................................................................................................................................................................................................

2.10E-09 _ 3.93 3.00 7.00E-10 _ 3.23 1.96

2.03E-09 i 3.91 2.95 6.61E-10 :: 3.21 1.93
1.92E-09 i 3.88 2.88 6.32E-10 i 3.20 1.91

.......................!.,;,83E-09......................ii.............................3...8.6............................................................2.;.8.3............................6.15 E-10 ; 3.18 1.89
1.71E-09 i 3.83 2.75 6.04E-10 ; 3.16 1.89
1.64E-09 ; 3.81 2.70 5.53E-10 3.14 1.85

1.59E-09 _ 3.79 2.66 5.20E-10 ; 3.12 1.82

1.53E-09 _ 3.77 2.62 5.04E-10 :: 3.10 1.81
__>____ ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

1.50E-09 _ 3.74 2.60 4.61E-10 _ 3.08 1.78

4.51E-10 :: 3.06
4.42E-10 i 3.04

3.94E-10 i 3.03

..........3.:.32.E.::!..0...........il 3.01
2.95E-10 : 2.99 .
2.72E-10 :: 2.97

1.78

1.77
1.75

1.72

1.71
1.71

3.43E:11 _ 2:95 " 1:69
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Table D1. Continued

(m/cyl) (MPa-x/m) AK (MPa-x/m) JL (m/cyl) (MPa-x/m) AK (MPa-x/m)

K-increasing, C=0.16 mm -1

2.17E-09 _ 4.00 3.04

2.14E-09 _ 4.04 3.02

2.21E-09 _ 4.09 3.06

2.33E-09 i 4.14 3.12

39gEi09 i 4-i§(} " 385 2.45E-08

4.16E-09 _ 5.02 3.91

4.34E-09 _ 5.08 3.98

.......4:.47.E_.::09.......i...............§.:.!.4:..................................4::.()2................

.......UZ.!..E_.:09......',...............5.:2J....................................4::.o9................
5.02E-09 _ 5.27 4.19

5.27E-09 i 5.33 4.26

8.11 6.72

8.21 6.89

............2:62E-08.............................8:3!.....................................................................7:o4..................................

......,-,,:._.,r ,-,,:,_:..?_..E:u0........_...............8.:.f!.1...................................7.:.92.................
2.72E-08 : 8.52 7.11
2.98E-08 8.61 7.33

2.98E-08 8.72 7.32

3.08E-08 8.82 7.40

554-E:og i 514-o " 4-134- 3.30E-08 : 8.93 7.58

5.65E-09 _ 5.46 4.37 .............3.:42E-08 ..............................9:04 ..................................................................7.66 ..................................
5.67E-09 _ 5.52 4.37

.......6:._?:3.E_.:09.......',...............5.:59...................................4::.46................
6.44E-09 _ 5.66 4.56

6.44E-09 _ 5.73 4.56

6.64E-09 i 5.80 4.60

......3 50E 08. .. -:..........._...............9.:.!.5..................................7.:.7.2.................
3.84E-08 9.26 7.98

4.03E-08 9.37 8.11

3.89E-08 9.48 8.00

4.12E-08 9.60 8.16

6188E:09 i 5187 " 4-166 4.27E-08 : 9.71 8.26

7.46E-09 _ 5.94 4.79 .............4.:..44..E.-.08..............._..............................9..:..82...................................................................8....3.8..................................
7.74E-09 _ 6.00 4.84

.......7:.9!..E_.:09......,,...............6:08..................................4::.87.................
8.48E-09 _ 6.15 4.99

8.96E-09 i 6.23 5.07

9.51E-09 i 6.31 5.17

......4 83E 08. .. -:..........._...............9.:.94:..................................8:.6.4.................
5.02E-08 10.06 8.76

5.37E-08 10.18 8.99

5.63E-08 10.31 9.15

5.74E-08 10.44 9.21

994.E:og i 61;38 " !5124- 5.71E-08 : 10.56 9.18

1.01E-08 _ 6.46 5.26 5.89E-08 10.70 9.28
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Table D1. Continued

(m/cyl) (MPa-,,/m) _ AK (MPa-,,/m) ]L (m/cyl) (MPa-,,/m) AK (MPa-,,/m)

K-!.ncreas!ng_C-0.!6_m:l(cont.)...........................................................
6.02E-08 _ 10.82 9.36

6.10E-08 _ 10.95 9.40

6.42E-08 _ 11.08 9.59

6.57E-08 i 11.21 9.67

............2:04E-07..........................................!7-.69...........................................................................................................................
2.15E-07 17.89

2.16E-07 18.11
......................................... >

2.17E-07 18.33

2.18E-07 18.55

6178E:08 i 1135 " 9178 2.39E-07

7.09E-08 _ 11.49 9.95

7.27E-08 _ 11.63 10.05

7.70E-08 _ 11.77 10.28

8.11E-08 _ 11.91 10.50

8.25E-08 _ 12.05 10.57

8.71E-08 i 12.20 10.80
8195E:08 i "121;34. " "1Q92 2.62E-07 20.42

9.51E-08 _ 12.49 11.19 2.57E-07 20.69
___________________________________________________________________________________________________________________________________

9.44E-08 _ 12.64 11.15 2.79E-07 20.91

9.82E-08 _ 12.80 11.32 ......2i;94.1-:07 .....................2:ii:i_) ..............................................................

1.05E-07 _ 12.95 2.93E-07 21.43
......................................... :................................................................................................................................... >

1.03E-07 _ 13.11 2.86E-07 21.68

1.02E-07 i 13.26 3.00E-07 21.97
"1104.E:ot i "1;314.2 " 3.09E-07 22.20

1.13E-07 _ 13.59

1.13E-07 _ 13.75

........!.:.26.E_.::07,......._.............!..4.:78..............................................................
1.32E-07 _ 14.26

1.34E-07 i 14.43

......3...07,.E_:07,.....................22:.4.e.............................................................

......" "" _ "'"£._"?.E:u f........_.............22:.7..6..............................................................
3.38E-07 : 23.02
3.41E-07 23.32

3.43E-07 23.58

3.64E-07 23.88

1.47E-07 _ 14.96

........!:§4:E!:07.',.............!5:!5.............................................................
1.56E-07 ; 15.33

1.59E-07 ; 15.51

1.65E-07 i 15.69

......4 00E 07. .. -:..........._.............24::.7.3..............................................................
4.07E-07 25.04

4.08E-07 25.33

4.28E-07 25.68

4.49E-07 25.93

"11Y'IE:O? i "15188 " 5.57E-07 : 26.33

1.80E-07 _ 16.07 ............5:56E-07........_...........................26.57 ..........................................................................................................................

1.77E-07 ; 16.27 ......5.()3.E!-_QT........_.............26:.94:..............................................................
1.74E-07 ; 16.46 5.07E-07 27.23

1.84E-07 _ 16.66 5.07E-07 27.59

1.91E-07 i 16.86 5.09E-07 27.88

.........1:961_:6t_ ............."1:7i6_3............................................................5.27E-07 28.24

210"lE:0t i "1t128 " 6.05E-07 : 28.57

1.97E-07 _ 17.49 6.30E-07 28.90
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Table D1. Continued

da/dN AK _ closure-free
..........inlTcyii..................(mpa_m)",iAK(mpa_nli....
K_i.nc.[easi.[!g_...C.-.().:.!.6..m.m_!....(£ont.:.)..............................

6.49E-07 ;_ 29.25 .
7.16E-07 ;_ 29.60 .
7.51E-07 _ 29.97
8.02E-07 _ 30.35
8.78E-07 _ 30.73
9.49E-07 _ 31.12
9.29E-07 _ 31.45
9.50E-07 _ 31.85
1.00E-06 _ 32.20
1.09E-06 _ 32.63

........!.:.24.1_:06......i.............33:.00...............................................................

........!;37(:06 i.............33:43...............................................................

...............!.5#E:06i..........................34.##...........................................................................................................................
1.64E-06 _ 34.60

da/dN AK closure-free
(m/cyl) (MPa_i_) .............AI;((MPa_/i_) .....

2.04E-06 35.89

......2.:25.E;;()6......._.............36:3! ................................................................

......#.:60.E:()6......._.............#6:76 ...............................................................

......2.:98E:()6......._.............#-T:.69...............................................................

......#.:.!.2E;;()6.....................#8:._1..0..............................................................

......2.:95E:()6.....................#8:.59..............................................................

......#.:26E:()6.....................#9:._!..!...............................................................
3.36E-06 : 39.52
3.44E-06 : 40.08
4.09E-06 : 40.51
4.60E-06 40.99
5.09E-06 41.47
5.31E-06 41.97
5.45E-06 . 42.48

..................................................................................F.....................................................................................................................................................................................

6.20E-06 43.00
1.71E-06 i 35.05 7.41E-06 43.58

1.89E-06 i 35.46 7.72E-06 44.04
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Appendix E - Ti 6-2-2-2-2 data in 177°C laboratory air at R = 0.5.

Fatigue crack growth rate (da/dN) and cyclic stress-intensity (AK) data for three tests

(one K-decreasing and two K-increasing) performed on T-L oriented Ti 6-2-2-2-2 in 177 °C

laboratory air at R = 0.5 and 5 Hz is listed in Table El. The tests were conducted in accordance

with ASTM E 647 [7] with sinusoidal loading and the normalized K-gradient (C) for each test is

listed in Table El. This data is shown graphically in Figures 10, 11 and 14. Closure-free AK

values, determined using the intersection of closure dominated and Kmax affected results (as

demonstrated in Fig. 8), are also presented.

Table El: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in

177 °C laboratory air at R = 0.5 and 5 Hz.

6O



Table El. Continued

da/dN AK i closure-free da/dN AK closure-free

(m/cyl) (MiSa_/m ).............)[l_iMiSa_/m )....

.......!.:.0.6.E.::!_0........................2.:22 ..................................!.:.9_5.................
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Table El. Continued

K-increasing, C=0.16 mm -_ (cont.) 4.82E-08 9.65
4.94E-08 9.77

..................................................................................}....................................................................................................................................................................................

"1:75E:08 _i 61(}6 " 9.65E-08 13.14

.............9:63E:08 ............................!..3.:..3...4..........................................................................................................................

.......,, o-,_ ,,o_.:° (..E:._t?......._..............!.3:.!..4"..............................................................
9.81E-08 13.14

9.71E-08 13.14

9.58 E-08 13.14

2.16E-07 19.72

2122E:08 _i 7[:)3 " 2.15E-07 19.72

2.33E-08 i_ 7.32 2.14E-07 19.72

2.42E-08 i_ 7.41 2.19E-07 19.72

2.51E-08 _ 7.50 2.24E-07 19.72

2.59E-08 _ 7.59 2.23E-07 19.72

2.64E-08 _i 7.68 2.23E-07 20.06

.......}[Nl_[();9ii ...............7[77 ..............i...............................................2.25E-07 20.32

2.31E-07 : 20.56

.......2.:36.E_IQT[......................20:.8.2.............................................................
2.39E-07 21.07

......." "'_ "'C.:it"?E2"t/........_..............2.!.:.3.3..............................................................
2.47E-07 21.58

2.51E-07 21.84

.......315[J1_[0;9_ ...............;9[45 ..............................................................2.57E-07 22.10

357E:08 _i 816(3 " 2.58E-07 22.36

.......2.:63.E:.Q7 ......................22:.6.3 .............................................................

.......2.:6-(.E_:.QT.......................22:.9.!..............................................................

.......,-, --,o_ ,-,--,C.:L_?.E2"t.;........_..............23:.2.0..............................................................
2.82E-07 23.47

2.84E-07 23.76

2.85E-07 24.04

4.13gE208 _i g130 " 3.02E-07 24.34

4.48E-08 _ 9.42 3.27E-07 24.63

4.66E-08 ii 9.53 3.53E-07 24.94
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Table El. Continued
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Table El. Continued
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TableEl. Continued

da/dN ii AK 11.............ct-_-dN.............i AK da/dN iii AK
............(mJcyl) ............ii (MPa_/m)II (m/cyl) i (MPa_/m) .............(m/cyii ...........ii (MPa_/m)

K.:!.n%...C.-.9.:.!.6..rp.rni!..(c:£[?t.:).........

3.87E-07 iii 30.04

4.55E-07 ii 30.49

4.84E-07 i_ 30.86

.................4.72E-O7.................ii.............................3:L06.........................
4.75E-07 ii 31.26

............................................. ) ............................................

4.90E-07 ii 31.86

5.38E-07 i_, 32.37

........5:54E_:OZ.........i..............32:59.............

........52'#E_:OZ.........i..............32:89.............
5.75E-07 ;i 33.11

6.59E-07 _ 33.76

........(}...54:E_277........i 33.96

................o:54E:O7.................i............................34-!8..........................

........6:.5_}.E_.::0.7..........i..............34::.3.9.............
7.07E-07 ;i 34.61

7.59E-07 i 35.29

................7:05E:07.................i............................35.53..........................

........[: [gE:OZ.........i..............35:-14.............
7.87E-07 i 36.10

.......8....!.0.E:0 7_........i ..............36.:.3().............

........9..._?fiE:9[ ........i..............:}C?.:.88.............
9.29E-07 i 37.13

1.16E-06 ii 37.85
w.w.w.w.w.w.w.w.w.w.w.w.w.w.w_.w.w.w.w.w.w.w.w.w.w.w.w.w.w...

.........!..:.!.9.E.IQ6.........iiii..............38.:.!.9............

1.20E-06 _i 38.33

.........!.:.2.0.E.:0.§........._i...............#8}:.#9.............

.........!.:.2.0.E.:9#........._...............#8}:.8}2.............

1.25E-06 iiii 39.08
1.31 E-06 _:: 39.33

.........!..:.36E.:.Q6.........iiii..............39.:.57............

.........!..:.43E._.06.........iiii..............39:._};:}............

1.43E-06 _i 40.09

1.72E-06 _:: 40.84

.........!..:.82E.:.Q6.........iiii..............4 !..:.!.2............

.........2.:.09.E._.06.........iiii..............4 !..:.39............

2.39E-06 _i 41.65

........2:.6.5.E.:0.6........._i...............f_.!.:.9.2.............

........2:.7_0.E.:0.#........._i...............f_2:..!.5.............

4.12E-06 ;_ 42.69

.........4.:.9##.:Q6.........iiii..............43:.()2 ............
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Appendix F - Ti 6-2-2-2-2 data in 177°C laboratory air at R = 0.1.

Fatigue crack growth rate (da/dN), cyclic stress-intensity (AK) and effective cyclic stress-

intensity (AKin-) data for two tests (one K-decreasing and one K-increasing) performed on T-L

oriented Ti 6-2-2-2-2 in 177 °C laboratory air at R = 0.1 and 5 Hz is listed in Table FI. The tests

were conducted in accordance with ASTM E 647 [7] with sinusoidal loading and the normalized

K-gradient (C) for each test is listed in Table FI. This data is shown graphically in Figures 10,

11 and 13. Closure-free AK values, determined using the intersection of closure dominated and

Kmax affected results (as demonstrated in Fig. 8), for da/dN less than 1 x 10 7 1Tl/cycle are also

presented.

Table FI: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in

177 °C laboratory air at R = 0.1 and 5 Hz.

da/dN

(m/cyl)

AK iiiclosure-free

(MPa4rn) _i/,K (MPa4rn)

K-decreasing, C = -0.079 mm 4 1.26E-09 3.60 2.50
2:24-E:0§ :: 4-:36 " 2,:'1i 1.27E-09 3.57 2.51

2.25E-09 :: 4.34 3.12 1.27E-09 3.55 2.51
2.20E-09 :: 4.31 3.09 1.24E-09 3.53 2.49
2.22 E-09 :: 4.28 3.10 ...........:1i]7E:iJ§ ...........................315]...............................214-4.............
2.23E-09 _ 4.25 3.11 '11]OE:09 " 2,:4-9 " 212,9
2.19E-09 :: 4.23 3.09 1.07E-09 3.47 2.37
2.10E-09 :: 4.20 3.03 1.04E-09 3.45 2.35

1.92E-09 :: 4.18 2.93 9.35E-10 3.43 2.27
1.84E-09 _ 4.15 2.88 1.00E-09 3.40 2.32
1.87E-09 :: 4.13 2.90 1.04E-09 3.39 2.35
2.05E-09 :: 4.10 3.01 9.35E-10 3.36 2.27
2.25E-09 :: 4.08 3.12 9.06E-10 3.35 2.25

2.20E-09 _ 4.05 3.09 8.46E-10 3.33 2.21
2.02E-09 :: 4.03 2.99 8.10E-10 3.31 2.19
1.97E-09 :: 4.00 2.96 7.57E-10 3.29 2.15

...........]:§:1i_:()9 ..........i 3.98 2.92 .........._7143E::10............................3127...............................21i,4 .............

1.79E-09 i 3.96 2.85 7.12E-10 3.25 2.12

......................!..78E:09..................................................3:93............................................................2.8 ..............................................6.-UE:!0.....................................................3:23............................................................2.07..........................
1.75 E-09 ; 3.91 2.83 5.88 E-10 3.21 2.04
1170E:09 :: 2,.89 " ;2180 5.81E-10 3.19 2.04

1.65E-09 i 3.86 2.76 4.93E-10 3.17 1.99

......................!.-66E:09..................................................3:84............................................................2.77.............................................3-90E:!0..................................................................................................................!-96...........................
1.66E-09 ; 3.82 2.77 3.19E-10 3.13 1.95
1162E:09 ::. 2,.-79 " ;21-74- 8.38E-11 3.11 1.93

...........]:6]E:09 ..........i 3.77 2.74 ......................................................................................................................................

1.56E-09 i 3.75 2.71

...........:1i4-§E:iJ§...........::..............3.i2, ..............................2i66 .............K-increasing, C=0.16 mm -_

...........:i:4:3E:59...........i..............._:7:1................................_:6_........................i:_8E:09 ..........._..............._:5_..............._i..............2:75 .............

...........]:3;8i_:()9 ..........:; 3.68 2.59 ...........iI56E:09 ...........;...............2;i6:i................._..............2i7i ..............

1.35E-09 i 3.66 2.56 1160E:09 _ 2,:65 i 21-72,
1.31 E-09 i 3.64 2.54 ...........!.:.6.6.E.-:0.9...........i...............3.:.69..............................2.:.7.7.............
i:25E:09 i 3.62 " 2:50 1:72E:09 i 3:74- " 2:8i

66



Table F1. Continued

..........d_dN...............................AK.........................c!osure:free]I............d_dN..............aK
(m/cyl) (MPa-,/m) AK (MPa-,/m) ][ (m/cyl) (MPa-,/m)
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Table F1, Continued

(m/cyl) (MPa-,,/m) AK (MPa-,,/m) ][ (m/cyl) ii (MPa-,,/m) AK (MPa-,,/m)

K_!.nc reas !.ngj..:c -.0.:.!6 ..m.m.[ 1....(co.nt-.) .........................................................................!..;08E ::.97........_............................!.4-.6. 8 ..........................................................................................................................

2.79E-08 i_ 9.10 7.97 1.13E-07 15.06

2.92E-08 i_ 9.21 8.11 1.15E-07 15.25
3.01 E-08 9.32 8.20 1.17E-07 15.43

3.09E-08 9.43 8.28

3.22E-08 9.54 8.42

3.41 E-08 9.66 8.61

3.58E-08 .: 9.78 . 8.77

.......3:.6.:(.g:08........_..............!.0.:.(?.!................................8:.85................
3.81E-08 10.13 8.99

1.48E-07 16.98

1.52E-07 17.18

1.54E-07 17.39

1.56E-07 : 17.61

.......!..:t}!..I-:.07:......................!.7:.8.2.............................................................
1.66 E-07 18.04

......._ -'"_ "-'!..:LV.E:W........_..............!.8:.2.5..............................................................
1.74E-07 18.48

5.46E-08 11.29 10.41

5.51 E-08 11.43 10.45

5.68E-08 11.56 10.59

5.83E-08 .: 11.70 . 10.71

..............6-02E:08......._...........................!!-85............................................................!0-85............................

.......e o,-,,- ,-,Q":t:._:._.':::.:V.'ff........_..............!.!..:99 ..............................!.0:.99..............
6.35E-08 12.13 11.11

6.52E-08 12.28 11.23 2.11E-07 20.34

2.54E-07 22.38

2.61E-07 22.65

2.72E-07 22.92

2.80E-07 : 23.20

.......2.:89E:(77.......................23:.z}8.............................................................

......." "':'-_ ""C.:_?.E:U._........_..............23:.-7-7..............................................................
2.99E-07 24,06

1.05E-07 14.70 3.03E-07 24.35
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Table F1. Continued

da/dN i_ AK

............imJayii.............ii.........iMPa_mi.........
K-inc., C=0.16 mm -1 (cont.) 5.45E-07 i 35.83

.................._i_i_:6Y..................ii.............................__:_...........................................gig3E"_oY.................i.............................5gi"28..........................
ii 24.93 : 36.713.18E-07

3.18E-07 _ 25.24

.........312iE_:oY........._i...............2:_ig:_..............

..................5i_g_:6Y..................ii............................._g:g_............................
3.35E-07 iii 26.17

3.37E-07 _i 26.48
.........5ISgE_6Y.........ii..............29:Y9..............
..................g:gi_:6Y..................ii............................._Y:i_............................

5.74E-07

5.91 E-07 _ 37.16

........5:.8§.E.:()7.........::...............3.-(.:6!...............

........5:.9.@.:9:........::...............3.8.:9:[.............
6.20E-07 :: 38.53 2.65E-06 i 55.22

da/dN : AK da/dN : AK

(m/cyl) i (M Pa_/m) (m/cyl) :: (M Pa_/m)

.........!.:.88E::06 .........i..............5!..:4:2.............

.........!:.9.8.E::06.........i..............52.:Q3.............

........2..20!::06 .........!..............52.:65 .............

........2...35E::06 .........! 53.28
2.44E-06 _ 53.93

2.46E-06 _ 54.53

6.52E-07 :: 39.00

........6.:87.E.:0.7..........::...............39.:.4.6.............

........6.:86E.:0.7..........::...............39.:.94.............

.........3.:.O2.E.:9.6.........::..............55:.8.:(..............

..................3J.5E:O.6...................::............................5.6.:..55...........................
........3.35E::06.........:..............5::2: .............

3.80E-06 _ 57.94
............................................. >

4.39E-06 _ 58.65

4.68E-06 _ 59.37

4.99E-06 _ 60.12

.........5:.08.E.:9.6.........::...............69:.#.!...............

..................5.:..4:E:0.6...................:.............................6..!....:.57............................
7.04E-06 i 62.33

3.64E-07 i_ 27.45 6.86E-07 i 40.42

.........317CJ1_2()7.........ii...............27179 .............. 7.15E-07 i 40.91

..................3I"77E:67 ..................ii.............................28:"i"3 ....................................7I40E20:Z ........._..............4:i:40 .............

..................3186E:67 ..................ii.............................28i"48 ............................7.84E-07 i 41.91

3.92E-07 _i 28.82 8.53E-07 _ 42.41
.........5:94#:6_.........ii..............29:i6......................9:32E:6Y........i...............4:2:94.............
..................g:9g_:6_..................ii............................._9:g_............................................9ig_d:oY.................i.............................43-:-45-..........................
..................4I"05E:67 ..................::i.............................29:"87 ...................................915_9E:0Z........i...............4_3199............. 8.41 E-06 i 63.16

.........4108E5()7 .........ii...............30123 .............. 1.01 E-06 8.57E-06

............................................. il......................................................................................... : ......................................................................................... >

_ 44.51

1.02E-06 _ 45.03

1.04E-06 _ 45.58

.........!.:._1..3.E.:()6.........::...............Z_6.:.!.2..............

1.23E-06 :: 46.68

........:1..:28E.:0.6.........::...............4:?::24.............

........:1..:32E.:0.6.........::...............4:7'.:8.!..............

1.42E-06 :: 48.39
1.51E-06 _ 48.96

1.59E-06 _ 49.57

1.69E-06 _ 50.18

1.81E-06 :: 50.79

_ 63.92

8.49E-06 _ 64.77

9.34E-06 _ 65.47

1.21E-05 _ 66.28

.........!..:.3.6.E.:()5.........::...............6-7:.!.3..............

..................!....:..3.0..E.:.05...................:.............................6.7.:..97............................
.........!:.64:!::05 .........i..............68.:96 .............

2.18E-05 :: 69.79

2...8!..E::05:: 7O.86

2.79E-05 : 71.60

3.78E-05 _ 73.03

.........3.:.3.0.E.:()5.........::...............:(3:.7_}..............

..................4.:..0.7.E.:.0.7..................::.............................30..:59............................
4.09E-07 ii 30.97

4.22E-07 ii 31.33

.........4:.:38E:0-(.........::i..............3:t:.;(?..............
4.36E-07 ii 32.09

4.46E-07 ii 32.94

4.52E-07 ill 33.34
..........................................................................................i ..........................................................................................

4.50E-07 _ 33.75

..................4.:..6.9E.:07..................ii.............................34:!7...........................
4.90E-07 ii 34.57

5.05E-07 iii 35.00

5.33E-07 ii 35.41
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