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ABSTRACT

To understand the mﬂuence of temperature on the rate of fatigne-crack growth in
high-strength metal alloys, constant-load—amplitude fatigue-crack growth experiments
were carried out using a 3-inch~thick (6. 35 mm) mill-annealed Ti~6A1-4V alloy plate
as a model material. The rates of fatigue-crack growth were determined as a function
- of temperature, ranging from room temperature to about 290C (or,. about 550F/563K)
and as a function of the crack-tip stress—-intensity factor X, in a dehumidified high~
purity argon environment. The results indicate that the rate of fatigue-crack growth
for . K from 10 ksi vin, to 30 ski vin, (11 to 33 MN-m~ 3/2), corresponding to growth
rates from 2 x 107 to 4 x 10~4 inch per cycle (5.08 x 10~ ~6 101,16 x 102 mm/cycle) -
are essentially independent of test temperature in this range, The dependence of the
rate of fatigue-crack growth on K appears to be separable into two regions, with a
transition occuring in the range of 2 to 3 x 10“6 inch per cycle (5.08 to 7.62 x 105 mm/
cycle). The transition correlates well with changes in both the microscopic and macro-
scopic appearances of the fracture surfaces, and suggests a change in the mechanism
znd the influence of microstructure on fatigue-crack growth. '

Limited correlative experiments indicate that dehumidified oxygen and hydrogen
have no effect on the rate of fatigpue-crack growth in this alloy, while distilled water .
increased the rate of crack growth slightly in the range tested. Crack growth in
-yvacuum (less than 5 x 10~6 torr) was about one-half that observed in the dehumidified
argon environment. Mass spectrometric analysis and other experiments suggest that
_this difference is produced by residual moisture (well below 30 ppm) in the argon
atmosphere. The possible influence of this residual moxsture on the observed tempera~
ture mdependence is discussed, :

Companion fractographic examinations suggest that the mechanisms for fatigue-
crack growth in the various environments are essentially the same, The observation
of ductile striations on specimens tested in vacuum (4.4 x 107 to 2.9 x 10”2 torr) is not
in agreement with previous investigations on aluminum alloys. Possible reasons for
this discrepancy are discussed.
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The importa.nce of fat1g1.1e-crack g-rowth re51stance m determmmg the serwceable

: 'lives of au.cra_ft structures has been well recogmzed [1]* W1th the development of air- _

crafts to operate at fhght speeds m excess cf the speed of sound such as the supersonlc '

"'transpcrt (SST), the fatlgue-cra.ck g'rowth res 1stance of materla.ls over a vnde range of
:bemperatures,' associated with aerodynamic heatmg, needs to be cons idered. Recent
investigal_:ions ‘have shown that atmospheriec inoisture and other environments (such as
water; salt water, ea.li: and certem organic liquids) can also have a signj_ficant effect
on the rate of fatigﬁefcrack growth in high-strength alloys tzjlﬁ] and that these environ-
mental influences are affected by temperature th]. Thus,'vthe performance of structures
in service will depend on the complex interections between loads, temperatures_a;nd B
environments encountered during the entire flight profile.

Fatigue-crack growth resistance of several stainless steels and titanium alloys |
~ at room temperature and at 550 F ( or, about 290 C/ 563 K) has been evaluated by
Hudson [17]. For some of the meterials, fatigee-crack growth resistance at -109F
(or, about ~78C/195K) was also detecmined (171. ‘No consistent pattern of bemﬁw
with temperature was evident. Since these tests were conducted in air, the results may
reflect the co;nbined influences of atmospheric moisture and temperatere [410, 11}, In
a recent series of experimenis, the effect of tempe_rature on the rate of fatigue-crack
growth m a 7075-T651 aluminum alloy was examined over a range of temperafcres from
room temperature to approximately 100C (373K/212F) in distilled water and in dehuml—
dified hydrogen and oxygen env:rox_lments {10]. Dehumidified h1gh—pur1ty argon (99. 99985

percent purity) was used as a reference environment. The results show that fatigue~

* See References.



linear elasticity for all‘of the test environments {10, 11]. The strong eifect of AK

_ ‘.on_the*apparent activation energy' for crack growl:h imphes that the mﬂuence of tempera- S

. ture on the ratejof fahgue-—crack growth wi]l be a functwn of ﬁK the eﬂ'ect of tempera—- " o

o 7 'Vu.tre bemg stronger at the lower AK levels [10, 11]. These fmdincrs suggest that the

ef.t'ect of temperature n:nght be mcorporated explicitly in desig'n through an absolute

rabe theory consideratlon of the fatlgue-crack growth process. Veriﬂcatlon of the _ |
general apprlic:al:nilit_j,r of this concept and further quantitative development of this approach
would be of both technological and funda.mental‘importance.

Since only a limited amount of information of this type is avaﬂaﬁle, an experimental
program was initiated to determine the rate of fatigue-crack growth on a single high-
strength alloy over a wide range of temperetures and cfack growth rates. The experi-
~ ments were earried out principally in a dehumidified high-purity argon atmosphere to -
Ngliminate' the interaction effects of aggressive environmenis, Annealed Ti~6A1-4V
alloy was selected as model material for _this stutly. Test temperature ranging fto:ﬁ
room tetnperehlre to about 290C (or about 563K/550F) were used. Com_pa.eion ﬁ'actograptxic
examinations of selected specimens were made to determine possible eha.nges in crack .
morphology (or eracking mechanisrrt) wittt changes in test temperature and environment.

The fatigue-crack growth and the fractographic studies will be discussed separately.




- MATERIAL AND EXPERIMENTAL WORK

:':‘-Materlal a.nd Specunens K | |

&-inch—thick (6 35 mm) plates of ml.ll—annealed Tl—6A1—4V a]loy were used in ﬂllS

‘ -‘-"_lnvestlgatlon.* The nommal chemxcal comp051tion of this materxal is ngen in Ta.ble 1.

: Longimdmal and trans;rerse tensﬂe-test sp—ecxmens and 3-;mch~f»vxde (76,2 mm) b_v
.12—inéh-19ng (305 mm) and singlé-edge noteh ‘(SEN) fracture-test specimens were pré;
pared .ln tripltcéte a.pd.testéd. 'I.‘he. tengﬂe properties and crack growth resist;ance
curves (for monc.)to.nic loading). are shown in Table 1 and—Figure 1 respectively, and are
typical of this alloy in the mill-annealed condition., These results suggest that the material
was cross rolled, with a cfoss rolling ratio of neaxl-ly 1:1, Optical micrographks show
rebresentative =<-B s?ructuré for this alloy, Figure 2,

Three-inch-wide (76.2 mm) by 14~inch-long (356 mm) center-crécked spec[meng-,
oriented in the LT (or RW) orientation}* were used for the fatigue-crack growth studies.
The initial center notch, about 0.4 inch (about 10 mm) long, was introduced by broaching.
The spegii:neps were precracked in air, of in "ultfa-high—purity" grade argon (99. 999

percent purity) at a stress ratio R of 0,05 through 2 sequence of loads that reduce AKX to -

* Heat No. D-4987. Material conforms to AMS 4911 specification.

** ASTM Committee E-24 on Fracture Testing of Metals has adopted the following conven- |

tion to denote the plane and direction of cracking [18]. The first letter, in the two letter
coding, denotes the direction normal (perpendicular) to the macroscopic crack plane,
while the second denotes the direction of crack growth. R, W and T have been used to
denote the rolling (longitudinal), width {transverse) and thickness (short transverse) direc-
tions respectively. To provide greater consistency and clarity, Committee E-24 will
adopt the designations L, T and S, respectively, fr these three principal directions in
rolled plate product. The new désignations are used in this report. For clarity, the

old designations are also included parenthetically. '



will he through materiallthat has not been altered by the notch preparatlon procedure a.nd'

'_ﬁ:}‘;"wﬂl be unaffected by the starter notch geometry.

i Test Environment

Dehumidlﬂed Matheson "Research" grade a.rgon (99 9995 percent purlty) was
used as the pri;_acipal test envlronment. Dehumidiﬁed- Matheson "Ultra- Pure' grade B
exygen _(99. 95 percent purity) and hydrogen‘ (99. 999 percent purity) and distilled water
were also used to provide supplemental information. The detmmidiﬂad gaseous environ-~
_ments were obtained by passing the respective gases through a gas purifier (Matheson
Model 460 purifier with Model 461-R cartridge for moisture), then through a series of
cold traps at less than -140C (~130K), and finally through a silicone fluid back~diffustcn
trap and discharged. Distilled water used in the experiments was triple~distilled water
- purchaseti commercially. Because of the highly reactive nature of the titanium all_oys,
limited correlatire experiments were conducted fo compare test results obtained in

dehumidified high-purity argon with those obtained in vacuum at 2-5 x 1_0‘7 torr. *

Experimental Procedures

The fatigue-crack growth experiments were carried out under axial loading at

R = 0. 05 in an 100, 000-1b. capacity MTS Systems closed-loop electro-hydraulic

* Experiments in vacuum were performed at NASA Langley Research Center,



were clamped in p __ce ['?] _ For tests mdtSttHﬁd water, cup-type chambers were used

.These were simply fﬁled Wlth d1st111ed water. _ Testmg was started after a short perlod

L -_ffar instrument stabihzatmn. For : the dehum1d1f1ed gaseous environments, a rxgorous

e -‘:purgmg procedure was followed The gas tram was purged with "UItra-ngh-Punty"

grade argon for at least 30 mmdtes. Durmg thls uutxal purging operation, the various
components of the gas train up-stream from the back-diffusion trap were heated to at
least 100C (3‘731{) ~ The cold—-traps were then filled with 11qu1d mtrogen, and the ecviron-
-ment chamber-specimen assembly was agaln heated to a minimum of 100C (373K) while
maintaining the argon flow, ** VAThe specimen was then brought to the desired test {empera-
ture by means Qf electrical resistance heating tapes. (Temperature stability was better
| than + 2C during a wort;ing day.) Appropriate test environment was introdnced and was
allowed to flow through the system for at least 15 minutes prior to the start of the experi-
ment. Continuous flow at a chamber pressure of about 5 psi (36 kN /m?) above ambient
was maintained throughout the experiment.
| A -continnods-recording electrical potenti.al system‘ was used for monitoring crack
growth, The detailed experimental procedure and calinration of this method have been

described elsewhere [19, 20]. Using a working current of 2.5 amperes, this system

provides an average measurement sensitivity of about 0.003 inch (0. 076 mm) in half-

* Comparison experiments indicated that test frequencies from 1 to 15 Hz. had negligible
effect on the rate of fatigue-crack in this material tested in a debumidified argon environ-
ment, ‘

** This step was combined with specimen heating whenever the test temperature was to
exceed 100C (373K). ' '



ment sensitivify with crack length for a typica.l”spemmen is shown in Figure 3 the actua.l

o sensitivity varies sometvhat with the thiclkne-ss of each specimen... Resolutmn ts better
than 0. 0015 inch (0. 038 mm} in half—cra.ck length ‘a. For comparison, both the-elec-li.:'.: R
, _‘ trical potential method and a visual method usmg a photogrld techmque [17] were used o
" to monitor crack growth on'a single specimen The results show the good agreement
hetween these two methods, thure 4. (Note that corrections for crack front curvature ) |
_were needed In mak_lng this comparison, since the visual method measures the crack
lengths at the specisnen surface whereas the electrical potential method provides an

- average through the specimen thickness).

RESULTS AND DISCUSSIONS

Fatigue-Crack Growth Results

Fatigue-crack growth rate data were determined from the slopes of the electrical

potential records and correlated with the ¢rack-tip stress-mtensxty parameter AK

AK Ao*f‘ f(a/W) - SR ¢ V'
where A0 = range of apphed gross-section stress
a = half-~crack Iengtli
f(a/W) = correction factor for finite-width specimen [21, 22].
W = specimen width ' '

Data for tests conducted in dehumidified argon at temperatures from room temperature
to about 290C {or about 70 to 550¥/300 to 563K) are shown in Figure'S. These results .
covered a range of stress—-intensity parameters { AK) from about 10 to 35 ksivin. (11 to

38.5 MN-m~3/ 2y with corresponding crack growth rates (Aa/AN) from about 2 x 10™7



:;pally caused by dri.t' in the crack length mom.tcrmg system, assocmted W1th sma.ll cha.nges T

.;in specrmen tempeﬂx-eture; end ecss xble delay produced by the precrackmcr procedure [24] 3
—i_The growth rates for selected values of AK. at the vanous temperatures, a.re shown m
h e . a standard Arrhemus plot in Flgure 6. Itis seen that the rates of famgue-crack growth, B
'for AK from 10 to 30 ksx vin. (11 to 33 MN-m"™ ~3/2 are essentially independent of tempera-l
ture in the range of 20 to 200C (or, about 70 to 550F/300 to 563K), m contradistinetion
to that of the ;2075¥T651 alurninum alloy [10]. 'I'he dependerlcle of the rate of fatigue-
.crack growth on AK appears to be separable ieto two regions, with a transition occurring
in the range of 2 to 3 x 10~ inch per cycle (5.08 to 7.63 x 1075 mm/cycle), as shown
typically in Figure 8. Usiné a piece~wise power-law {23] fit to the experimental datza,

‘that is Aa

A% = C(AR" @

* the exponent n ranges from 7 to 10 for growth rates (Aa/AN) between 2 x 1077 and
2x 1075 inch per cycle (5. 08 x 107% to 5. 08 x 1075 mm/cycle), and is about 3 in the

| range 2 X 107% to 5 x 1074 inch per cycle (5. 08 x 1075 to 1.27 x 1072 mm/cycle.),

Figure 5. This t:raneit‘ion suggests a change in the n;echanism of fatigue-crack grcwtﬁ
and correlates well with a change in the macroscopre appearance of the fracture surface,
Figure 7. The fracture is quite coarse (macroscopically) at growth rates lbelorv the |
translitioh range-of 2 to 3 x 10”8 inch per cyele (5.08 to 7,62 x 10~ 'mm/cycle) and
becomes smooth at the higher rates of growth. A more detaﬂed dispussion of the
changes in vfracture mecharxism will be given in the fractcgraphic section (Section III)

of this paper.



complétment thesé studies, s limited mumber of experiments were carrted out

: he rate 'Aof fatigue-crack growth and a correlatwe study was '

conducted 6 determine 1f any d;ﬁ'erenoes exxsted between data obtamed in dehumidified i

high—mlrity argon'and those obtained in veouum= at 10"6 to 10‘7 torr. _ The results of thesez L

'-studtes are shown in Figures 8 to 11 An additlonal test was ca.rmed out at 610 ("73F/ o

| 212K) and 2 9 X 10'9 torr the results of this test are shown ln Figure 12 It is seen that -
data obtained ln dehumldi.fied oxygen (Flgure 8) and hydrogen (thure 9} are nearly |
ldentmal to those for dehumidtfied argon for AK rangmg from about 15 to 30 ks:/ in.
(18.5 to 33 MN -3/ 2 ). For the same ra:nge of 4K, distilled water mcreased the rate
of fatigue-crack growth by about 50 percent at low AK levels, whereas at the higher A K
levels the rate of growth approached that for dehumidified argon, Figure 10. The resolts
.suggest that the rate of fatigue-craci: growth in these environments are again independent
- of ,temperature-.

Data obtained in vacuum (2.1 x 10~7 and 4.4 x 1077 torr) at‘room temperature

| are some 30 to 50 percent slower than those obtained in dehumidified argon atlow AK
levels and tended to converge with the dehumidified argon results at the h1gher AK
levels, Figure 11, Careful rechecking of testing maohme calibration and experimental
procedures and additional cotxlparative experiments, using distilled weter from a single
source as the test environment, showed that these diiferencee are real and sign-ificant
{the interlaboratory reproducibility being approximately 10 percent}. On the. basis of
these experiments, a mass specirometric anal_vsie of the dehumidified argon atmos~
phere was initiated, and further purification of the gases wes attempted (see following

discussions), Test results obtained in vacuum at ~61C (-78f/212K) were essentially the



and suggest that the temperatire indepen~ ... -

dence may be extended 'to this low temperature; . ..~

'Mass Spectrometric Analysis aed Cotnpa.mon Expex;ttxmeets RS

: A sample for eaees s@ctrometrxc enalyets wae colleeted by meertmg 2 co]leetlon |
:_.bulb just down—stream of the envu:onment chamber. The standa.rd purgmg procedure o
was used with the exceptmn that the system‘ was evacuated with a mechamcal pump and
back~filled with a.rgon severall times before the regular purging sequence to ensure
removal of air from the collection bulb. The sample was analyeed ina Hitachi mass
apect‘rometer.;“ The results indicate that the arnount of nitrogen and o::ygen in the
dehumidified argon sample was less than 30 and 8 ppm (parts per miﬂion) respectively.
" These contaminants may be introduced by the sample collection procedure (i.e., from
“air trapped in the stop- cocks), during transfer into the mass spectrometer, or by pos-
sible leakage in the environmental system. The determination of moisture level was
"~ much more uncertain. The amoent of moisture present could not be resolved from the
backgrou.nd mmsture level in the mstrument Based on the sens1tivity 11mits of the
B mstrument it was estlmated that the momture content was well below 30 ppm. o

Concurrent vuth thls examlnatlon, attempts to further purlfy the test envirom;nent :

were made.< It was found that by using a t1tan1um suhhmatmn pump as a O'etter in the .
argon stream, re(tuction in the-rate of fatigue~crack gromh (comp.arable to the percenta;ge
difference between vecuum and dehumidified arcon results), was obtained on another .

mlll—annealed T1—6A1—-4V alloy plate.

* Analysis performed by Dr. J. Sturm, Department of Chemistry, -Lehigh University.



: evels below .

30 ppm can still‘affect’ fatigue crack grewth in this. txtanium alloy. Smce'_ the inﬂuence

of oxygen at ~1-atmosphere (Figure 8) d1d not s[onifica.ntly mcrease the'rate of fatigue-— '_

‘-.crael-: growth the‘ actwe impurity’ is cons1dered to be moxsture (water vapor) present

: Discussion K

The absence of temperature dependence for the rate of fatlgue-—crack growth 1n
the mill-a.nnealed Ti—GA1—4V s.lloy in the range of 2 .4 10'7 tos5x 10"4 inch per cycles
(5. 08 x 1(:!'6 to 1. 27 x 10:)"2 mm/cycle) should be interpreted with care. Although the
results are in general agreement with that reported by Hudson [17] for a Ti-8Al-1V-1Mo
alloy, the apparent sensitivity: of this titanium alloy to residual moisture of less than 30
-ppm did not permit a clear resolution of the problem that the influence of temperature
. associated with deformation may have been compensated by that resulting from environ- .
- mental embrittlement inapartla]ly saturated environment [10, 25], I one can assume
that the effect of envn'onment has a decreaslng branch with temperat\n:e as i.ndwated
by Johnson and Wi]lner [25} for environments conta.ming a fixed amount of moisture,
" then the fat1gue-crack growth in a truly inert env:ronment may be shown to be dependent N
o on temperature. This particular point stﬂl needs to be investigated.
| “The epi).arent lack of temperahlre‘dependence in the range of growth retes from
.2' x 1077 to 5 x 10~4 inch per cycle”(t"a. 08 x 1076 to 1,27 x 1072 mm/cycle) does not
imply complete temperature independence over the enf.ire range of growth rates; " For

-3

growth rates in excess of about 10~% inch per cycle (2.5 x 107 mm/cycle), crack growth

| approaches the onset of rapid fracture or fracture Instability, and is expected to be



,KIc or Kc Since Eracture toughness

known to'be dependent on temperature some mﬂuence of temperature on the rate of o

‘:.fatxgue-crack growth at these hlgh rates would be expected It 1s mterestm« to note

ot tl:l‘a.t, by comparmg Figures 1 a.nd 11, the value of Kmax (Kmax = AK/(I-R)) f01' transi- |
:tion to rapxd fatigue-crack g;rowth (1.e. A a/ A N > 10"4 m/cycle or’ 2, 5 X 10"3 mm/cycle)
_ _corresponds to the K level for the onset of crack growth under monotomc loadina.
Practically, the observed temperature mdependence permlts a degree of sunphfl- _-
-cation in estimati.ng the fatigue performance of structures intended for service at various '
temperatures. However, the possible interactions between temperature and load under
-conditions of changing loads and temperatures encountered during service may be quite -

slgnificant and must be carefully explored. This problem is being investigated currently.



L FRACTOGRAPHY -

M.ATER IAL AND EXPERIMENTAL WORK

_Selected spec imens, _tested in 4the various envxronments and at different temperatures:. .

; :ﬂ"'were examined by means of optical microseopy and electron-microfractography to deter—

m!ne possxble changes m crack merphology, or crackmg mechanism, and the re]ationshxp |
' between crack paths aud mlcrostructure. L - _

| For electron-microfractography, two—stage plastic-carbon reclicas. shadoﬁed w1th .

: plaﬂnum—-ca.rbon were used The :hadowing direction was along the dmecticn of crack

prclongetion. Repljcas were taken from regions of the fracture surface corresponding

to observed xﬁecfcscopic crack gfcwth rates of.i to 3 x 1075 inch per eycle (2.54 to 7.62

1074 mm/cycle), and to those above and below the observed macroscopic transition region,

2 to3x 10—.6 inch per cycle (5. 08 to 7. 62 x 10~® mm/cycle), Figures 5 and 7. They were

* examined in 2a RCA EMU~3G electron microsco;)e Operated at 50 or 100 kV. Specimen

~ tilting was used to‘enhance contrast [26]; tilt angles up to 30° were used. |

In ﬁertment cases, specimens were plated with mckel and then sectioned to

: .' exa.mine the interaction of the propagating crack mth the alloy microstructtxre by cptlcal .

' 'microscopy.

RESULTS AND DISCUSSIONS

Effects of Eﬁvi_ronment and Tem?erature

Typical eiectron—micrographs of fetigue ﬁ'.actﬁre surfaces of specimens tested Ain |
the various environments and temperatures are shown in Figure 13.! 'I;he.results indicate
that there are po significant differences in the failure n'aodeland fracture paths for speci-

mens tested at different temperatures and in the different environments, with ductile |



:_-;. with the fact that there were no sxgmflcant mﬂuenee of test envxronment and temperature

" on the rate of fat:gue-crack growth for thls alloy.

The observatxon of ductlle stnatlons on specxmens of Ti—6A1-4V a.lloy tested in
vacuum (at 4.4% 10"7 to2.9x 10‘9 torr) is not io agreement with the results reported
" by Pelioux [27] and ‘Mjejlm. [2.;8] for. aluminum -alloys. These workers euggested -thet the
mechanism for _fati-gue—crack‘g‘rowth is different from that in air, and therefore, should
- oot lead to strietion formation, Two probable reasons can be cited to account for the
apparent discrepancy, aside from the fact that different alloye are involved. Both
reasons are related to the ability to clearly resolve striations by replication electron -
rmlcroscopy First, the striations in specimens tested in vacuum have a flattened and
- smeared appea.rance. Figure 13(c) and (d), and hence, would be more difficult to resolve.
Broek showed that by tﬂtmg the repllca. with respect to the electron beam, enhanced
3 ;contrast may be obtained [26], regions tha.t appeared relatxvely “featm-eless“ under one set ‘. :.‘ -3: |

i

. of newmg eondltxons were shown to contam fatigue stmatmns and other structtn'al features. -

R . ' i ,!.-..-.;.
o i - .—\:

B ThlS techmque was utxhzed to examine repllcas from specimens tested in vacuum.. The
AR

" results indeed demonstrate that, under certain orientations, regious that conteiin' |

‘striations can be made to appear nearly featureless, Figure 14, The second poss'bllity E L
is that the rate of fatlg'ue-crack growth, and henoe, the strl.atlon spacing, could be well
below the reoolutlon limits of replication electron—microscopy technique [29] the limit

has been variously estlmated at some 200 to 500 A. Th1s may well be the case for the



5], Sihce these alloys

re known to be quite ensxtwe to the effe ‘t-'offfatmospherlc moisture, an“order of

: .}_'f'_'*of growth may not have been resolvable Regardless, ‘it Is clear that the mechanisms _- S

o :A'-AfOr fatigue-crack growth in the T1—6A1-4V anoy are essentially the same f°1" aﬂ the o

environments investngated

- Low Growth Rates

For speclmens tested at low AK levels. correspondmg to. growth rates below .
about 2 x 10™ 6 | inch per ecycle (5 x 10~° mm/cycle), a macroscopically observable
coarse region of crack growth was observed (see Figure 7)., Above approximately
.2 x 10-6 inch per cycle (5 x 10~% mm/cycle), the macroscomc texture of the fracture
surfaces appeared to be fine. This change in fra.cture appearance corresponds to the
transition in the crack—growth-rate versus A K curves, Figure 5, and suggests a
: change in the mechanism for fatigue—crack growth. ( By alternating between "hlo'h" |
‘and ""low"" A K's to produce craok—growth—rates above and below the transitxon range i
of 2to 3 x 10"6 inch per cycle (5. 08 to ‘7 62 x 1073 mm/cycle), alternate fme and :
coarse regions of crack growth may be produced)

Typleal electron—micrographs of fatxgue-crack surfaces | in the fine and eoarse
reglons are shown In Figure 15. In the "fine' regmn, duotnle fatlme stmattons pre-
dominate, Flgure 15(a); while in the ''coarse" regmn a more 1rregular fracture smfa.ce
with regions of ""quasi~cleavage' are observed, ,Figure 15(b). .Optical microscopy |

resulis (on sections parallel to the plate surface) show extensive crack branching in the

mag'nltude reduction in growth rate assoc lated w1th a chancre m test envxronment, f.rom _‘ o »‘f-'.'_f

Vir to ,va.cuum isp sible [2 3 10 12},— The strlations, ifpresent at the reduced rates



ocH smna.l fracturmﬁ ofthe: second-phase partlcles, Flgure 16 No detaﬂed mecha.msm

:f.for crack g'rowth ¢an be determmed or. postulated Althoucrh no strxatlons were observed R

P a mechamsm of crack g'rowth assocmted w;th ductﬂe fatigue strw.tmn formatmn could not _

be ruled out since at these low rates of g'owth mdw1dua1 strxatlons (with spacmgs less

o 'tha.n 500 A) would not be resolvable with the current plastlc-carbon rephcanon techmques.



N

etudy the effec.ts of temperature and crack drn'mg force, characterized by the erack-*tp "'_ | )

.:_V‘II‘Btress intenslty factor A K, on crack growth A range of temperature f.rom room

| -'.-*VItemperatm-e to about 2900 (or, 563K/550]n were investtgated The results mdicate that o
| the rate of fattgue—crack g-rowth for AK from 10 ksi Vin, to 30 ksi vin. (11 to 33 MN-m 3/2),
o correspondi.ng to growth rates from 2 x 10""7 todx 10‘4 inch per cycle (5. 08 X 10‘6 to | |

; 1_.16 x 1072 mm/cycle) were essentially unaﬂeoted,bytemperature in this range. The
dependence of the rate of fatigue-crack growth on A K appears to be separeble into two

. regions, with a transition occurring in the range of 2 to 3 x 10~% inch per cycle (5. 08 to
.- 7.62x 1075 mm/cy;ele). The transition correlates well with changes in both the macro-~

B scopic and microscopic appearances of fracture surfaces, and suggests a change in the

-'-_mechanism and the inﬂueﬁce- of microstructure an fatigue-crack growth.- o

| Linnted correlatlve experlments indicate that dehumidlfied osxygen and hydrogen

g :."-:'had no effect on the rate of fatlgue-crack growth in thie alloy; ;vhile dlstxlled Water

moreased the rate of crack growth by 30 to 50 percent for A K from 15 to 30 ks{ \/'in

";_':""(17 5 to 33 MN-»m“‘3/ 2) Crack growth in vacuum, at Iess than 5 b4 10"6 torr, was about
.'.-:one—half that observed in the dehumidified gaseous envu'onments for the sz;me range ‘

) of AK. Mass spectrometric analyms and other experxments suggest that resmiual .

' t:rmisture, well below 30 ppm, can have a deleterious effect on this _alloy. The observed

temperature independence may still be caused by the compeneating influences of moisture

and deformation on fatigue~crack growth, and should be investigated further.



1es s o“e that the mechamsms. or fatlgue-crack v

growth m the ,varxous envmonments, mcludmg vacuum, a.re essentlally the same. , The '

: .-observation of ductile striations on specnnens tested m vacuum is. not m aoreernent with_" PO

o prev:ous mvestxgatxons on alummum alloys.- Thzs dxscrepancy is beheved to be caused

-prmcipally by problems of contrast and resolutmn in the rephcatxon electron-mxcroﬁ'ac.-‘
. ‘tography technique. “ ' |
Although the apparent temperature independence provides a degree of sxmpllﬂca-
tion in estimating the service performance of 'structure, the interactions between load
and temperature under conditions of changing loads and temperatures encounteredduring

service may be quite significant and should be carefully explored.
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Specimen No.,
Direction

Longitudinal
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:(Average)
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- (Average)
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* Pensile Properties
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- 144.8 (999)
: 146.1 (1008)

0.20

'Nohiizlal""'Chéfﬁical Cbmpésﬂit'idn‘(wéigﬁt percent)'r o
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P

T

Elongation

|145.2 (1002)

n2in,

Ercent .
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Figure 1: Crack growth resistance curves for 1/4-inch thick -
©. " mill-annealed Ti-6Al-4V alloy plate

CRACK GROWTH RESISTENCE - MN -m¥2

CRACK GROWTH RESISTENCE -ksi- in'2

2.

CRACK GROWTH - mim

8
I

20—

120

e Tl- 43 T
| ‘-Tl 441'”"“
‘-_,ATI 457-‘

\

~ MN=

Y

(b) Tronsverse (TL or WR)

Ol
"CRACK

. 0. 2
GROWTH




1%
e
fa..

et

b
n.x.._m?.... b

LY
-:.-A

s A
oI
T .Pu.h....__lw-_u.
ey,

e

3 —
Y

Al..n_u sty =t
ale U MO .
..qu.u.‘.N frizs
A o T e

\ .\!. .
AR
e .-ﬁ......\...\Mﬂ .

2. < X 70 >

. § A R T T ST LAt

_ T AR By, RSN
L F LI L IH IR KNy

T

icrostructure of alloy

igated (200X)

invest

lve 1

. Represéntat‘

Figure 2

-

C T (U .

8



HALF C_RACK LE'NGTH (a )

i ‘Specimen TI-16

SENSITIVITY - 102 mm/pv

 SENSITIVITY - 103 in. /pv
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.-

Fi‘gure 3: Variation of measurement sensitivity with
crack length for a typical test specimen
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Figure 4: Correlatmn between crack length measurements from
~ visual and electrical-potential methods
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Figure 8a: Rate of fatigue-crack growth in dehumidified oxygen at room temperature
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Figure 9: Rate of fatigue-crack growth in dehumidified hydrogen at room temperaﬁure
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Figure 16: Optical micrographs of branching cracks in
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