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FATIGUE CRACK GROWTH AND SURFACE REACTIONS
FOR TITANIUM ALLOYS EXPOSED TO WATER VAPOR

s. J. Gaol, G. W. Simmons? and R. P. Wei3
LEHIGH UNIVERSITY
Bethlehem, PA 18015

ABSTRACT

Parallel fracture mechanics and surface chemistry studies
have been carried out to develop understanding of environmentally
assisted fatigue crack growth in titanium alloys. Room
temperature crack growth response in water vapor was determined
for annealed Ti-5A1-2.5Sn alloy and for Ti-6Al-4V alloy in the
solution treated and solution treated plus over-aged conditions
as a function of water vapor pressure from 0.266 to 665 Pa at a
frequency of 5 Hz and a lcad ratio of 0.1. Reference data were
obtained in vacuum. The kinetics of reactions of water vapor and
oxygen with fresh surfaces of Ti-5A1-2.5Sn alloy were measured at
room temperature.

The results showed that the the reactions with water wvapor
and with oxygen are both rapid; with an initial sticking
coefficient of 1.0 for water vapor and of 0.54 to 0.84 for
oxygen., The reaction with water vapor produced a monolayer of
oxide (Ti0), whereas 2 to 3 layers of TiO resulted from the
reaction with oxygen. Enhancement of fatigue crack growth by
water vapor is believed to result from embrittlement by hydrogen
that is produced by the reaction of water vapor with the fresh
crack surfaces. Fatigue crack growth response was shown to
conform to a model for transport controlled crack growth.

lvisiting Scholar. Shenyang Metals Research Institute, Academica
Sinica, Shenyang, Peoples' Republic of China.
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3protessor of Mechanics, Department of Mechanical Engineering and
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FATIGUE CRACK GROWTH AND SURFACE REACTIONS
FOR TITANIUM ALLOYS EXPOSED TO WATER VAPOR

S. J. Gao, G. W. Simmons and R. P. Wei
LEHIGH UNIVERSITY ‘1
Bethlehem, PA 18015

INTRODUCTION

Environmentally assisted subcritical crack growth in struc-
tural materials is of great importance, because in many cases
these materials are exposed to deleterious environments which can

cause embrittlement. The embrittlement sequence involves a

number of processes. For a gaseous environment, the processes
include gas phase transport, physical adsorption, dissociative
chemical adsorption, entry, diffusion and the embrittlement
reaction itself [l]. The process that governé subcritical crack
growth in a specific material-environment system is dependent on

the relative rates of these processes. Methods to identify the

rate controlling process for crack growth have been developed
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through coordinated fracture mechanics and surface chemistry
studies. Experimental results have shown that crack growth under

sustained or cyclic load is controlled by gas transport in some

cases (e.g., for 2219-T851 aluminum alloy in water vapor [2],

DI N

AISI 4340 steel and AS542 steel in low pressure hydrogen sulfide

“
RO .

[3,4]), or by surface reactions in other cases (e.g., AISI 4340

L1

steel in water or water vapor ([5,6] and in hydrogen [7,8)]), or by

k3
.

diffusion of hydrogen through the metal in still others (e.g.,
AISI 4340 steel exposed to a higher pressure of hydrogen sulfide
(31).
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A model has been proposed that formalizes the relationship
between environmentally assisted fatigue crack growth and the gas
phase transport and surface reaction processes [9,10]. If the

rate of surface reaction is fast relative to the rate of |

. transport, fatigue crack growth is determined by gas transport.
In this case, the model predicts that the corrosion fatigue
component of fatigue crack growth rate, (da/dN)cf, is a linear

i function of exposure (p,/2f), for p,/2f less than a critical ?

value (po/zf)s (where p, and £ are the gas pressure and loading
frequency, respectively). When po/2f is equal to and greater
‘ than (p,/2f)g, (da/dN)cf reaches and remains at a saturation
,{ value, (da/dN)cf's. These predictions are substantiated by

experimental results on 2219-T851 aluminum alloy tested in water

~ vapor [2] and on A542 steel tested in hydrogen sulfide [4].

Like other structural materials, titanium alloys are often

! used in enviroments that contain moisture. Therefore, it is
important to develop an understanding of subcritical crack growth

response and to identify the controlling process for crack growth

of titanium alloys exposed to water vapor. Since the reactions
of water vapor with titanium are very fast, studies of crack
growth kinetics and surface reactions can be used to further

examine the model for transport controlled fatigue crack growth

N

g (9,10].

j ; Fatigue crack growth experiments were carried out on a Ti-~
I 6A1-4V alloy in the solution treated and the solution treated
»

plus over-aged condition, and on an annealed Ti-S5Al-2.58n alloy.

Crack growth kinetics were determined at room temperature as a




.
- . S MDA

function of water vapor pressure, from 0.266 to 665 Pa. The
kinetics for the surface reactions of water vapor and of oxygen
with Ti-5A1-2.5Sn alloy at room temperature were also determined.
The crack growth results are correlated with the measured surface
reaction kinetics and are discussed in terms of the model for

transport controlled fatigue crack growth.

MATERIAL AND EXPERIMENTAL WORK

Fatique Crack Growth

Two 6.35 mm thick plates of Ti-6A1-4V alloy were used in the
crack growth studies. Specimen blanks were cut from the plates
and were given one of two heat treatments; namely, solution
treated (ST) and solution treated plus over-aged (STOA). The
solution treatment (ST) consisted of solution annealing at 1227 K
(1750 F) for 10 min. in vacuum, followed by cooling in air. The
STOA condition was obtained by solution annealing at 1227 K
(1750 F) for 10 min. in vacuum and water quenching, followed by
aging at 950 K (1250 F) for 4 h in vacuum and cooling in air.
Longitudinal tensile properties for these plates are given in
Table 1.

The Ti-5A1-2.5Sn alloy was received as a 25.4 mm thick plate
in the mill annealed condition. To ensure an all a-phase struc-
ture, it was re-heat-treated by annealing in vacuum at 1173 K
(1650 F) for 1 h and cooling in air. Auxiliary x-ray diffraction
test revealed no trace of S~phase. Longitudinal tensile

properties of this alloy are also given in Table 1.
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TABLE 1l: Longitudinal Tensile Properties of Titanium Alloys
(Averages of 3 Tests)

Heat Yield Tensile Elongation

Strength Strength in 50.8 mm
Alloy Treatment (MPa) (MPa) (pct)
Ti-6Al-4V ST 833 911 12.3
Ti-6Al-4V STOA 838 905 14.8
Ti-5A1-2.58n Annealed 876 917 15.0

Wedge-opening-load (WOL) specimens, with thickness =
6.35 mm, width = 52.3 mm and half-height to width ratio (H/W) =
0.486, were used. For the Ti-6Al1-4V alloy, the specimens were
oriented with the crack plane perpendicular to the rolling
direction and the crack growth direction in the long-transverse
direction of the plates (i.e., the LT orientation). For the Ti-
5A1-2.5Sn specimens, the TL orientation was selected. An initial
(or crack starter) notch, 15.2 mm in length, was introduced into
each specimen by electrodischarge machining. Each specimen was
precracked in fatigue, while exposed to the test environment
through a decreasing sequence of loads that terminated at the
load level corresponding to the specified initial K for the
actual experiment. The precracking procedure provided a fatigue
crack about 3.2 mm in length from the starter notch, or a crack
length of 18.4 mm, at the start of each experiment. This
precracking procedure ensured that the subsequent fatigue crack
growth would be through material that had not been altered by the
notch preparation procedure, and would be unaffected by the

starter notch geometry.
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Fatigue crack growth experiments were carried out in vacuum
and in vater vapor at room temperature. The tests were carried
out under constant-load-amplitude, sinusoidal 1loading in an
automated closed-loop electrohydraulic testing machine operated
in load control. Load control was estimated to be better than
t]l pct. A frequency of 5 Hz and a load ratio (R) of 0.1 were
used. The tests coverd stress intensity factor range (AK) from
about 14 MPa-ml/2 to about 55 MPa-ml/2. Stress intensity factor

K for the WOL specimens was computed from Egn. (1) {11]:

K = (Pal/2/BW)[30.96 ~ 195.8(a/W) + 730.6(a/W)2
- 1186.3(a/W)3 + 754.6(a/W) %) (1)

where P = applied load, B = gpecimen thickness, W = specimen
width and a = crack length. Both specimen width and crack length
are measured from the line of loading.

Tests\wete performed inside a modified commercial ultrahigh
vacuum chamber using a static environment. Experiments in vacuum
were made at pressures below 7 x 10'7 Pa, and those in water
vapor by back-filling the chamber with water vapor from a high-
purity source attached to the chamber. Purification was achieved
through alternqte freezing and thawing triply distilled water in
the source and pumping away the dissolved gases. Prior to each
experiment, the chamber was baked out and evacuated to about
7 x 10”7 pPa. wWater vapor was then admitted into the chamber to

the t "escribed pressure. Pressure was monitored by a capacitance

me. )meter. The tests covered water vapor pressures from 0.266 to

665 Pa (0.002 to 5 torr).
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Crack length was measured with an ac electrical Lotential

system [12,13]). Calibration tests were made to obtain an

empirical relationship between crack length and electrical
potential, These tests were accomplished by comparing electrical
potential measurements against fatique markings on fracture
surfaces produced by intentionally introduced overloads during !
fatigue in air. Corrections for crack front curvature were made :
by measuring average crack lengths from the fatigue markings |

after specimen fracture. The following least-squares calibration

equations were obtained from the results on two specimens:

a = 16.1 + 41.0V"; for v* < 0.286
* *2 *
{ a = 15.0 + 49.2v" ~ 14.3v*2;  for 0.286 < V* < 0.7
(a in mm) (2) j

v o= (V - V,)/V, is the normalized potential, V is the potential

corresponding to crack length a, and V, is the reference

potential corresponding to the initial notch. With a working
current of 0.75A (rms) at 93 Hz, the accuracy and the resolution
of crack length measurement were estimated to be 1.3 pct and

15 um, respectively, for the WOL specimens used in this study.

Surface Reactions
ﬁ Auger electron spectroscopy (AES) was used to determine the

kinetics of Leactions of water vapor and oxygen with titanium

alloy surfaces at room temperature. The measurements were

limited to the Ti~-5A1-2.5Sn alloy. Clean surfaces produced by in

»
-

situ impact fracture of notched round specimens were used.

Exposu'es of these surfaces to water vapor and to oxygen were

o0




achieved by back-filling the spectrometer chamber from high
purity water and oxygen sources. High purity water vapor was
obtained by alternately freezing and thawing triply distilled
water contained in a side arm to the spectrometer chamber, and
pumping away the dissolved gases. The oxygen was contained in a
one-liter Pyrex bulb, and was of 99.95 pct purity.

For the surface studies, background pressure in the
spectrometer chamber was typically of the order of 6.7 x 1078 pa
(5 x 10-10 torr), as measured by an ionization gage. The
reactant gases were admitted into the chamber to pressures below
1.3 x 10™% pa (1076 torr) to effect the desired exposures. The
chamber was re-evacuated to below 6.7 x 10~/ Pa (5 x 10~2 torr)
prior to each analysis. At these low pressures (i.e., below
1.3 x 1074 Pa), reactions induced by species created by the
ionization gage filament and by the incident electron beam were
minimal. A different area of the impact fracture surface was
analyzed for each exposure, using a scanning Auger microprobe
(SAM), to preclude the inclusion of any effects that might have
been induced by the incident beam during the previous
measurements.

The extent of reactions of water vapor and oxygen with the
alloy surface was determined by measuring the oxygen Auger
electron peak~to-peak height (APPH) as a function of exposure
(pressure x time). To compare the results of several different
experiments, the oxygen Auger electron signal (measured for
constant instrumental parameters) was normalized with respect to

the APPH of the Ti(387 eV) signal for a clean titanium surface.




The Ti(418 eV) transition is sensitive to changes in matrix,
since this transition involves the valence band. The changes in
the valence-level density of states that occur upon oxidation
give rise to significant changes in the shape of the Ti(418 eV)
peak. Changes in the shape of this peak, therefore, were used to
detect the onset of oxidation, and the characteristic peak shapes

were used to identify the oxide phases.

RESULTS

Fatique Crack Growth Response

Room temperature fatigue crack growth data for solution
treated (ST) and solution treated plus over-aged (STOA) Ti-6Al-4V
alloys are shown as a function of stress intensity factor range
(AK) in Figs. 1 and 2, respectively. These data indicate that
the fatigue crack growth rates in water vapor are faster than
those in vacuum, especially in the lower AK region. The
influence of water vapor in the higher AK region is relatively
small. The effect of water vapor pressure on fatigue crack
growth rate can be seen also in Figs. 1 and 2. The pressure
dependence is characterized by the fact that the rates of fatigue
crack growth increase with increasing pressure below a critical
or saturation pressure, reaching a maximum value and remain
unchanged beyond the critical pressure. This behavior is
discussed on the basis of the transport controlled crack growth
model {9,10] in the following section.

Comparison of data for the Ti-6Al1-4V alloy in the ST and
STOA conditions is shown in Fig. 3. Crack growth rates in vacuum

are the same for the two heat treatment conditions. The rates
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for the solution treated (ST) alloy in water vapor, however, are
slightly higher than those for the solution treated plus over-
aged (STOA) alloy. It is noted that the strengths of Ti-6A1-4V
alloy for these two heat treatments are nearly identical (see
Table 1). The change in fatigue crack growth rates in water
vapor for the two.heat treatments, therefore, is believed to
result from differences in microstructure rather than tensile or
yield strength.

Results for the Ti-5A1-2.5Sn alloy are shown in Fig. 4. It
is seen that water vapor also enhanced fatigue crack growth
rates, but its effect disappeared at AK values above about
30 Mpa-ml/2,

Surface Reaction Kinetics

Auger electron spectra of the impact fracture surface of Ti-
5A1-2.55n alloy, Fig. 5a, indicate the presence of only the
alloying elements; (the aluminum Auger peak at 1400 eV is not
shown). Typical changes in the spectra after exposure of the
fracture surface to water vapor and to oxygen are shown in Figs,
Sb and 5c, respectively. The reaction kinetics of these gases
with the clean alloy surface are shown in terms of normalized
oxygen Auger peak intensities, or APPH, versus exposure in Fig. 6
for water vapor and in Fig. 7 for oxygen. For the reaction with
oxygen, a saturation value is reached following an exposure of
4 x 1073 to 5.3 x 10”3 Pa-s (3 x 1073 to 4 x 1072 torr-s). 1In
the case of reactions with water vapor, an apparent initial

saturation is reached after approximately 10°3 to 1.3 x 1073 pa-s

(8 x 10'6 to 10'5 torr-s) exposure. The normalized oxygen APPH




for this initial saturation in water vapor is about one-half that
of the saturation level achieved in oxygen. Beyond this initial
saturation, however, there was a further, but slower, reaction of
water vapor with the titanium alloy surface.

Comparison of the Ti(418 eV) peak from the clean surface,
Fig. Sa, with the corresponding peak after 5.3 x 103 ra-s
(4 x 1073 torr-g) exposure to water vapor and to oxygen, Figs. 5b
and 5¢, shows changes in the titanium Auger electron transitions.
Changes in the Ti(418 eVv) peak after 5.3 x 10~3 pa-s exposure to
oxygen are significant and suggest oxidation of the surface even
for this modest exposure. The shape of the Ti(418 eV) peak is
similar to that reported by Solomon and Baun [14] for bulk TioO,
with a characteristic small peak at about 405 eV. There are
smaller, but demonstrable changes in the Ti(418 eV) peak after
5.3 x 10”3 Pa-s exposure to water vapor which indicate the
possible initiation of oxidation.

Fracture surfaces produced by sustained-load crack growth in
1.33 kPa (10 torr) water vapor inside the Auger spectrometer
chamber, using methods described in {15], were also analyzed,
Fig. 54. The relative oxygen-to-titanium signal and the energy
distribution of the titanium peaks, following this high exposure
to water vapor, are similar to the corresponding features in the
spectra for oxygen, Fig. 5c. The indicated extent of reaction
with the fracture surface is consistent with the apparent further

reactions with water vapor beyond the initial saturation level,

FPig. 6.




a2 DISCUSSION

The rate and extent of reactions of water vapor with
titanium alloys are of primary interest for the interpretation of
results on envitonhentally assisted fatigue crack growth, The
results for oxygen are included for the purpose of comparison and
background for future studies of the inhibition of crack growth

by oxygen (10]. Before considering their relationships to crack

growth response, quantitative estimates of the kinetics of
surface reactions from the AES data are discussed.
Surface Reactions
{ For water vapor, it will be shown later that the extent of
reaction corresponding to the initial saturation level can be at
most equivalent to one oxygen per surface titanium atom. In this
) case, the normalized oxygen signal may be expected to be approxi-
’ mately proportional to the amount of adsorbed oxygen up to the
saturation level. For the initial reaction with water vapor, the

following rate equation is assumed to apply:

o e L R A

de/at = (S,/Ny)(2mkT)~1/2(1 - @) (3) |

In Eqn. (3), © is the coverage and is defined as n/N,, where n is

the surface concentration of oxygen at time t, and N, is the
i o surface oxygen concentration at saturation. S, is the initial

SO { sticking coefficient, p(2nnkT)'1/2 is the arrival rate of water

molecules, and (1 - 6) is the fraction of unreacted surface. The

o | rate constant, k., is thus k; = (S,/Ng)(2mmkT)"1/2, rIntegration
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of Egn. (3) gives the following expression for © in terms of the

exposure pt:

In(l - 8) = = (S,pt/Ny)(2mmkT)"1/2 (4)

To calculate values of 1ln(l ~ &), a representative value of
the normalized oxygen signal for the saturation level needs to be
chosen., Although this choice is somewhat arbitrary, a value was
selected to provide good fit to the data over a range of

exposures up to 1.6 x 10-3 pa-s (1.2 x 1073 torr-s). A plot of

F ‘ ‘ In(l - ©) as a function of water vapor exposure, pt, is shown in
; Fig. 8. From this plot a value of S,/Ny = 7.8 x 10716 cp2 s
( obtained, which corresponds to a reaction rate constant of

- 2.8 x 103 (Pa-s)~l, If the maximum value for So of unity is
S assumed, then the maximum oxygen concentration at saturation is

i 1.2 x 1015 cm'z. For comparison, the number of atoms at the
3 surface of polycrystalline titanium is estimated to be
1.35 x 1015 cm’z, and the oxygen concentration in the (001) face

; f of Tio is 1.12 x 1015 em2,

2 For the case of reactions with oxygen, it is necessary to
! consider the attenuation of oxygen Auger electrons in relating
k ; | the normalized oxygen signal to the amount of adsorbed oxygen at
| 4 the surface, because the reaction can involve more than one layer

‘ X of oxide. An estimate of this attenuation is made by considering

s o

|
{ the signal from n layers of oxide:

I = 1I,{1 + Zexp(-nd/Lcos¢)] (5)

»
-

In Eqn. (5), I, is the signal from a single layer of oxide, 4 is

the thickness of this layer, L is the mean free path of oxygen




? Auger electrons in the oxide, and ¢ is the angle between the

surface normal and the entrance aperture of the Auger analyzer.

’ : Based on the results of reactions with water vapor obtained
in this study, it is assumed that the normalized oxygen signal at
saturation in water vapor (I, = 1.0) corresponds to a monolayer

: ‘ of TiO. The thickness, d, of this layer is expected to be of
the order of the oxygen ionic diameter in TiO, or @ = 0.299 nm.

The mean free path of oxygen Auger (510 eV) electrons is not

known precisely, but is expected to be between 0.8 and 1.0 nm on
the basis of values of mean free paths reported for electrons of
f , this energy in a number of other materials, Calculated values of
{ oxygen signal as a function of the number of layers of oxide are

L : given in Table 2, for assumed mean free paths of 0.8 and 1.0 nm.

TABLE 2: Calculated Signal (I) from n Layers of Oxide

N S S - i

SIGNAL SIGNAL

E LAYERS (L =0.8 nm) (L =1.0 nm)
,f } 1 1.00 1.00
%: : 2 1.60 1.66
o 3 1.96 2.10
J 4 2.17 2.39
%5 I 5 2.30 2.59
f' "’j 6 2.38 2.72
é ; '? 7 2.42 2.80
] i 8 2.45 2.86
E ' 9 2.47 2.90

2.48 2.92

-
o




From the foregoing estimate, the initial saturation level for the
reaction of oxygen with Ti-5A1-2.5Sn alloy (Fig. 7) would corres-
pond to 2 to 3 layers of TiO (equivalent to 0.6 to 0.9 nm in
thickness).

If the reaction of oxygen with the titanium alloy had taken
place by a sequence of reactions, such as the rapid formation of
a monolayer of chemically adsorbed oxygen or a monolayer of oxide
followed by a slower increase in oxide thickness, one would
expect to observe an inflection in the data of normalized oxygen
signal vs. exposure shown in Fig. 7. The fact that there is no
observable inflection suggests that the chemisorption and the
oxidation reaction, leading to the formation 0.6 to 0.9 nm of
oxide, have comparable rates. The rate of oxygen reaction can
thus be described in terms of the rate of change in the area of
surface that is occupied by the oxide overlayer with exposure.
Equations (3) and (4) can be used for this purpose by redefining
© as the areal fraction of surface covered by the 0.6 to 0.9 nm
thick layer of oxide. A plot of 1n(l - @) vs. exposure (pt) is
shown in Fig. 9. A value of S, /N, = 2.5 x 10°16 cm? is obtainea,
which corresponds to a rate constant for this reaction of k, =
1.3 x 103 (Pa-s)~1l. The 0.6 to 0.9 nm thick oxide film, corres-
ponding to the initial saturation level, would have an oxygen
concentration on the order of 2.2 x 1015 to 3.4 x 1015 a2,

For these values of N,, the corresponding values for the initial
sticking coefficient, Sor would be on the order of 0.54 to 0.84.

These results indicate that the reaction of water vapor with

the titanium alloy surface takes place with an initial sticking

coefficient on the order of unity, and reaches an initial

14




saturation level that is equivalent to a monolayer of oxide
(i.e., TiO). There is apparently an additional, slower reaction
with water vapor as evidenced by further changes in the Auger
spectra for fracture surfaces exposed to 1.3 kPa (10 torr) of
water vapor. The similarity between the specfra following this
extensive exposure to water vapor and those for oxygen exposures

of 0.0133 to 0.133 Pa-s (10”4 to 10°3 torr-s) suggests that the

limiting thickness of oxide formed in water vapor approaches that
formed at low exposures to oxygen.

The initial sticking coefficient for oxygen is estimated to
be between 0.54 and 0.84, as compared to unity (or 1.0) for water
vapor. The initial limiting thickness of oxide formed from the
reaction of Ti-5A1-2.5Sn alloy with oxygen, on the other hand, is
2 to 3 times that formed with water vapor. The reactions and
extent of reactions for Ti-5A1-2.5Sn alloy with water vapor and

oxygen are in general agreement with studies of titanium surfaces

P e R T

(16-21]. These surface reaction results are considered in
relation to environmentally asaisted fatigue crack growth in the
following discussions.

Fatigue Crack Growth

1 From the surface chemistry studies, it is seen that the

surface reaction rate for water vapor with titanium alloy is very
- o fast. The reaction rate constant at room temperature, Koo

f? f calculated from the data in FPigs. 6 and 8, is of the order

{ ; 103 (Pa~s)"1. (Although there is apparently a slower additional

! ! reaction, its contribution to crack growth appears to be small.

No further consideration of this second reaction will be given
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here.) The rate constant for the fast reaction is comparable to
that for the reaction of water vapor with 2219-T851 aluminum
alloy [2]) and to that for the first step in the reactions of
hydrogen sulfide with AISI 4340 steel [3]. For the latter two
cases, fatigue crack growth has been identified as being
controlled by the transport of deleterious gases to the crack tip
[2,4]. Consequently, one can expect that, in the case of
titanium alloys exposed to water vapor, fatigue crack growth

would also be controlled by gas transport.

A model [9,12] for transport controlled fatigue crack growth
has been developed and has been modified recently to account for
the effect of load ratio (13]. The data obtained from this study
may be used to further examine this crack growth model.
According to the model [9,12,13], the rate of fatigue crack
growth in a deleterious environment, (da/dN),, is composed of the
sum of two rates -- the rate of growth in an inert reference
environment or that of the "pure®” (mechanical) fatigue component,
(da/dN)r, and the rate for the cycle-dependent environmental or
"corrosion fatigue" component, (da/dN).¢. (Here the contribution
from stress corrosion cracking or sustained load growth is
assumed to be negligible.) The component (da/dN)cf is assumed to
be proportional to the amount of embrittling species (hydrogen)
produced by the surface reaction during each loading cycle, and
is thus proportional to the size of the "effective" reacting
surface area and to the extent of surface reaction (9,12].

By assuming that the surface reaction follows Langmuir
kinetics and that gas transport along the crack proceeds by

Knudsen or molecular flow, the following relationships were
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derived for transport controlled fatigue crack growth [9,12,13]:
2

(da/aN) (p_/2£) g
cf . _0O = 436 8" X5 _ AWM £(R) (p_s2f)  (6)
(da/dN)cf s (p°/2f)s a N k'rE2 °
' o
2 '_1
- g* Oys 7)
(p,/2f), = [436 < ﬁl’;; YT/M £ (R) (
o
1 [f1+RrR? .1 . .
f(R) = = I:[-——] + ]; for sinusoidal loading and (8)
4 L1-R 2" o<rel

In these equations, p, = gas pressure of the surrounding
environment, £ = loading frequency, T = absolute temperature, k =
Boltzmann's constant, M = molecular weight of the gas, Ny, =
density of surface sites for reaction, R = load ratio (i.e.,
ratio of minimum to maximum load in agiven fatigue cycle), dys =
yield strength, and E = elastic modulus. The constants a and B'
are empirical constants relating to surface roughness and gas
flow [9,12,13]. Subscript s is used here to denote the
corresponding values at saturation. Equation (7) gives the value
of p,/2f at which saturation in environmental effect can be
expected; in other words, the combination of pressure and
frequency (or exposure) for which the surface reaction is
complete during one loading cycle. It can be seen from Eqn. (6)
that the corrosion fatigue component of crack growth rate,
(da/dN) ¢, varies linearly with Po/2f below saturation. When
po/2£ is equal to and greater than (po/zf)s, (da/du)cf reaches
and remains at the saturation value (da/du)cf's.
A comparison of Eqn. (6) with the experimental results for

Ti-6A1-4V alloy in water vapor is shown in Fig. 10. Data for the
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two heat treatments at two different AK levels are used. The
average value of available (da/dN). ¢ data at water vapor
pressures of 13.3, 66.5, 266 and 665 Pa is used to represent the

saturation value, (da/dN)cf's, for each AK level. Because

’ (da/dN) ¢ is the difference between (da/dN), and (da/dN)., which
are of the same order of magnitude, errors for

(da/dN)Cf/(da/dN)cf's are expected to be very large, particularly

% ! at the lower water vapor pressures. The 95 pct confidence
| intervals were estimated from the residual standard deviations
and are shown for each set of data in Fig. 10 [18]). The data
indicate that the model 1is in good agreement with the
( experimental results.

In the model, B*/h is taken to be an empirical constant and
is to be determined from the fatigue crack growth data. By using
the least-square method, the water vapor pressure (p,)g at which

i the corrosion fatigue component of crack growth .ate reaches the

; saturation value is found to be 2.2 Pa (0.016 torr) for a loading

frequency of 5 Hz. Substitution of (p,)g into Egn. (7) gives a
value of 3.7 for B*/a for the Ti-6A1~4V alloys. The value of
‘ 8*/0 determined from the experimental results for the Ti-6Al-4V

alloy/water vapor system and from other material/environment

systems are compared in Table 3. It appears that 8*/3 is
4 L essentially a constant, and is independent of both the material
and the environment. This observation along with the pressure
dependence for the rate of fatigue crack growth lends further

; support for the model of transport controlled crack growth, and

provides an indication of its broader applicability as an

; ‘ | estimation procedure,.
i
|
}
[
]
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TABLE 3: The Empirical Constant 8*/a for Different Material
and Environment Combinations

MATERIAL ENVIRONMENT B /a REFERENCES
Ti-6A1-4V Water Vapor 3.7 This Study
2219-7T851 Water Vapor 3.8 [2,13]
2-1/4Cr-1Mo0 Hydrogen 3.2 [4,9]
(A542, Class 2) Sulfide

SUMMARY

Parallel fracture mechanics and surface chemistry studies
( have been carried out to develop understanding of environmenta..y
assisted fatigue crack growth in titanium alloys. The room
temperature fatigue crack growth responses have been determined
for both solution treated (ST) and solution treated plus over-~
i aged (STOA) Ti-6Al-4V alloys and for annealed Ti-5A1-2.5Sn alloy
| | in water vapor at pressures from 0.266 to 665 Pa, as well as in
vacuum. Tests were carried out at a frequency of 5 Hz and load
: ratio of 0.1, and covered stress intensity factor range (4K) from
about 15 to 55 Mpa-ml/2, The experimental results showed that
the rates of fatigue crack growth increased with increasing water
; vapor pressure until a critical pressure is reached, at which the

[N growth rate attained a maximum (saturation) value.

The kinetics for the reactions of water vapor and oxygen

PRSP

| “w with fresh surfaces of Ti-5A1-2.5Sn alloy at room temperature {
| were determined. (The reactions with the Ti-6A1-4V alloy are

expected to be similar.) The reactions were followed by




measuring changes in the oxygen Auger signal. The results showed
that the reactions with water vapor and with oxygen are both
rapid, with an initial sticking coefficient of 1.0 for water
vapor and of 0.54 to 0.84 for oxygen. The reaction with water
l vapor resulted in the formation of a monolayer of oxide (TiO),

whereas 2 to 3 layers of TiO resulted from the reaction with

oxygen,

Based on the fracture mechanics and surface chemistry data,
it appears that the enhancement of fatigue crack growth in the
titanium alloys resulted from embrittlement by hydrogen that is
produced by the reaction of newly created crack surfaces with

{ water vapor. Crack growth is controlled by the rate of transport

of water vapor to the c¢rack tip, and the fatigue crack growth

response conforms to and provides further confirmation for a

s

model for transport controlled crack growth.
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FIGURE CAPTIONS

Influence of water vapor pressure on the kinetics
of fatigque crack growth in solution treated
Ti-6Al-4V alloy at room temperature.

Influence of water vapor pressure on the kinetics
of fatigue crack growth in solution treated plus
over-aged Ti-6Al-4V alloy at room temperature.

Comparison of data for Ti-6Al-4V alloy in the
solution treated (ST) and solution treated plus
over-aged (STOA) conditions.

Influence of water vapor pressure on the kinetics
of fatigue crack growth in Ti-5A1-2.5Sn alloy at
room temperature.

Auger electron spectra of Ti-5A1-2.5Sn surfaces:
(a) after impact fracture in vacuum,_(b) after
exposure to 5.3 x 10-3 Pa-s (4 x 10-° torr-s)
water vapor, (c) after exposure to 5.3 x 10-3 Pa-s
(4 x 1072 torr-s) oxygen, and (d) after exposure
to 1.33 kPa (10 torr) water vapor. (Ep = 2 keV,

3 eV peak to peak, Ip = 20 uA.)

Normalized oxygen Auger electron signal versus
water vapor exposure.

Normalized oxygen Auger electron signal versus oxygen
exposure.

Plot of &n (1 - 8) as a function of water vapor
exposure.

Plot of &n (1 - 6) as a function of oxygen exposure.

Comparison of normalized (corrosion) fatigue crack
growth rates for Ti-6Al-4V alloy with model pre-
dictions for pressure dependence.
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Fig. 5: Auger electron spectra of Ti-~5A1-2.5Sn surfaces:

(a) after impact fracture in vacuum, (b) after
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vater vapor, (c) after exposure to 5.3 x 10~
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(Ep = 2 keV, 3 eV peak to peak, Ip = 20 u A.)
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