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FOREWORD

This program was conducted by General Dynamics, Fort Worth
Division (GD/FWD), with Lehigh University (Dr. R.P, Wei) as
subcontractor/consultant. This report (Vol. V) documents the
corrosion fatigue titanium research work performed by Lehigh
University under Phase II of the "Development of Fatigue and
Crack Propagation Design and Analysis Methodology in a Corrosive
Environment for Typical Mechanically-Fastened Joints" program
(NADC contract N6226--81-C-0268). The program was sponsored
by the Naval Air Development Center, Warminster, PA, with
Mr. P. Kozel as the project engineer. Dr. S. D. Manning of
General Dynamics, Fort Worth Division was the Program Manager/
Principal Investigator and Dr. R. P. Wei of Lehigh University
was a co-~investigator.

Lehigh University personnel supported the research
documented in this report (Vol. V) as follows: Dr. M. Gao
provided technical support, Dr. G. Shim and Mr. C. D. Miller
assisted with the fracture mechanics experiments, and
Mrs. Simmons typed the report.

The Phase II effort is further documented in three volumes
as follows:

©0 Volume III - Phase II Documentation

o Volume 1V - Phase II Test and Fractographic Data

o0 Volume VI - Technical Summary
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SECTION I

INTRODUCTION

Envirommental enhancement of fatigue crack growth in
metals and high-strength alloys has been well recognized
in recent years [1-18]. In a deleterious enviromment,
cyclic load frequency could have an important effect on
fatigue crack growth. Most of the systematic work on
frequency effect have been carried out on the aluminum
alloys and high-strength steels [1~11]. Few studies have

been done on titanium and titanium alloys [12-18].

Titanium and titanium alloys are used in a wide
range of applications; for instance, in aircraft and ship
structures, compressors and turbines, and surgical im-
plants. It is well known that these materials can be
susceptible to environmentally enhanced fatigue crack
growth (or, corrosion fatigue), and exhibit the attendant
effect of frequency. Further understanding of corrosion

fatigue crack growth behavior is therefore important to

the reliable utilization of titanium and titanium alloys

in critical applications.

In this study, Fatigue crack growth experiments were
carried out on a beta-annealed Ti-6Al-4V alloy in 3.5 pct

NaCl solution to examine systematically the influence of
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frequency on crack growth response and to explore the
probable mechanisms for the frequency dependence. These
experiments are supplemented by detailed microstructural
and fractographic examinations. A brief survey of
literature i3 given in Section II to assess the current
state of understanding and to provide a framework for the
planned research. Material and experimental procedures

are given in Section III. The fatigue crack growth results

and the fractographic observations are described in Sect-

ion IV. Implications of these results and probable

mechanisms are discussed in Section V. The need for ad-

ditional work is also discussed.

LTS

...........
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SECTION II
LITERATURE REVIEW

Environmentally assisted subcritical crack growth in
structural materials is of great importance, because in
many cases these materials are exposed to deleterious en-
vironments which can cause embrittlement. The embrittle-
ment sequence involves a number of processes. For a
gaseous environment, the processes include gas phase
transport, physical adsorption, dissociative chemical ad-
sorption, entry, diffusion and the embrittlement reaction
itself (namely, hydrogen embrittlement) [1]. The process
that governs subcritical crack growth in a specific
material-enviromment system is dependent on the relative

rates of these processes.

Methods to identify the rate controlling process for
crack growth have been developed through coordinated
fracture mechanics and surface chemistry studies. Ex-
perimental 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 and

Ti-5A1-2.5Sn and Ti-6Al-4V alloys in water vapor (2,3],

AISI 4340 steel and A542 steel in low pressure hydrogen
sulfide [4,5]), or by surface reactions in other cases

(e.g., AISI 4340 steel in water or water vapor [6,7] and

.........................................
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in hydrogen [8,9), or by diffusion of hydrogen through
the metal in still others (e.g., AISI 4340 steel exposed

to a higher pressure of hydrogen sulfide [41]).

A model has been proposed that formalizes the
relationship between envirommentally assisted fatigue
crack growth (or corrosion fatigue) and the gas phase
transport and surface reaction processes [10,11]. 1If the
rate of surface reaction is fast relative to the rate of
transport, fatigue crack growth is determined by gas
transport. (It is to be noted that, in the development
of this model, the subsequent processes of diffusion and
embrittlement were assumed to be much faster and did not
need to be incorporated.) In this case, the model
predicts that the corrosion fatigue component of fatigue
crack growth rate, (da/dN)cf, is a linear function of ex-
posure (py/2f), for p,/2f less than a critical value
(po/2f)s (where p, and f 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 and Ti-5Al1-2.5Sn and Ti-6Al-4V alloys

tested in water vapor [2,3] and on A542 steel tested in

Hydrogen sulfide [5]. These results tended to support
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hydrogen embrittlement as the mechanism for crack growth

enhancement [2,5].

Like other structural materials, titanium alloys are
often used in aqueous environments, such as sea water.
Therefore, it is important to develop an understanding of
fatigue crack growth response and to identify the con-
trolling process for crack growth of titanium alloys ex-
posed to aqueous environments. Since the reactions of
water with titanium are expected to be very fast, and
transport of the environment is not expected to be limit-
ing, other controlling processes for crack growth must be
examined. Available experimental data on fatigue crack
growth 1in aqueous environments and on mechanisms of

embrittlement are briefly reviewed.

Wanhill [12] observed the effect of frequency on
fatigue crack growth for Ti-2.5Cu (IMI230) and Ti-6Al-4V
alloys in a 3.5% NaCl solution. The kinetic data showed a
significant effect of frequency with rates increasing
with decreasing frequency from 50 to 5 Hz. There was no
difference in the response to frequency between the region
above and below Krgce. The author did not provide a clear

cut mechanism of the environmental enhancement of crack

growth. They suggested, however, that if environmental
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crack growth occurred as a consequence of adsorption,
then the effective diffusivity of the absorbed species
must be greatly enhanced by the localized plastic defor-

mation at the crack tip.

Meyn [13] studied the effect of frequency on fatigue
crack growth rate for Ti-8Al-1Mo-1V alloy in a 3.5% NacCl
solution. When K is equal to or above Kpg... the crack
growth rate increased with decreasing frequency. Crack
growth rate was independent of frequency below Ky ... He
categorized his data in the K>K; .. region as type A cor-
rosion fatigue, which was attributed to stress corrosion
cracking; and in the K<Kjg .. region as type B corrosion
fatigue, the "true corrosion fatigue", in which the crack
growth rate was independent of frequency. No attempt was
made to define the mechanism for corrosion fatigue crack

growth.

Dawson and Pelloux [14] investigated frequency ef-
fect for Ti-6A1-6V-2Sn and Ti-6Al-4V alloys in a 0.6M
NaCl solution. Bucci [15], DOker and Munz [16] performed
similar investigations for Ti-8Al-1V-1Sn, Ti-8Al-1Mo-1V
and Ti-6Al-4V alloys. Data showed that in the high AK

region, crack growth rate (da/dN) increased with decreas-

ing frequency. In the intermediate AK region, the da/aN
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vs. AK curves for different frequehcies intersected. 1In
the low AK region, crack growth rate is independent of
frequency. Dawson and Pelloux [14] attributed their data
to a competition between repassivation and cyclic stress
corrosion cracking. Above Kigccr corrosion fatigue crack
growth was the result of repeated stress corrosion crack-
ing under the applied cyclic loading. Below Kygoor crack
growth rates were determined by the rate of repassivation
and the load rise time. Doker and Munz [16] attributed
the crack growth behavior in terms of a stress corrosion
cracking mechanism. They hypothesized that when KKygecor
the crack growth rate would be smaller than the propaga-
tion rate of the passive film behind the crack tip. The
crack propagation was arrested after some time. If K is
greater than K;g .. the crack can propagate, but its
velocity is limited by the generation rate or the dif-

fusion rate hydrogen, thus leading to a plateau velocity.

Nelson [17] assumed a mechanism of embrittlement of
titanium through which hydrogen would reach a suf-
ficiently high level to cause the formation of a brittle
hydride. The hydride would accelerate fatigue crack
growth or stress corrosion cracking. The crack plane was

found to be oriented at 15 degrees from the basal (0001l)

..................................................
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plane, which corresponds to a hydride habit plane of
(10I7) ([18].

Pao et al. [19] showed the influence of internal
hydrogen on fatigue crack growth by comparing charged
specimen data with those of uncharged specimen (530 ppm
vs. 53 ppm). The data showed that the growth rates below

about 430°K (the hydride stability temperature) tended to
be faster than those above this temperature for both the
charged and uncharged specimens. They explained the
observed behavior in terms of a hydride-embrittlement

mechanism.

From the above studies,it can be seen that the fre-
quency effect on fatigue crack growth rates for titanium
alloys in agqueous environments is rather complex. There
are no consistent explanations for this phenomenon, and
the mechanism is still unclear. Diffusion control,
repassivation reaction and hydride rupture are considered
to be involved in this behavior. To obtain a better un-
derstanding, a comprehensive study was undertaken. The

main results of this study are given in following sec-

tions.
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SECTION III

MATERIAL AND EXPERIMENTAL WORK

3.1 Material and Test Specimens

A Ti-6Al-4V alloy was chosen for this study. It was
received as a 12.7 mm thick plate in the beta-annealed
condition. The microstructure of the material consists
mainly of colonies or packets of similarly aligned alpha
plates with an interplate beta phase. It is usually
called coarse Widmanstatten alpha as in Fig. 1. (0002)
and (1010) pole figures for the rolling plane of the

plate are shown in Fig. 2. The rolling texture of the

material is very complex. The primary texture has been
F identified as (1013)([2023], in other word, most of the

grains are oriented with (1013) planes parallel to the
rolling plane and with the [2023] and [I210] directions

i along the rolling transverse directions,respectively.

Compact Teansion (CT) specimens were used in this
F study as shown in Fig. 3. Specimens were prepared in the
LT orientation , i.e., with the crack plane perpendicular

to the longitudinal direction and crack growth along the

long-transverse direction of the plate. A crack starter
notch was introduced into each specimen by electrodis-
charge machining and, subsequently, a 4.4 mm long

precrack was introduced at the notch tip by decreasing
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load fatigue. This precracking procedure ensured that
subsequent fatigue crack growth would be through material
that had not been altered by the.notch preparation proce-
dure and would be unaffected by the starter notch

geometry.

Stress intensity factor K for the CT specimen was

computed from Eqn.(1) [21].

K = -BL2+2) . (0.886+ 4.64 ¢ + 13.32 a2+
B/W(l-a) (

14.72 a3- 5,6 a4) (1)

where,

= a/W ;a/W > 0.2
= applied locad

specimen thickness

T W 9
(]

specimen width

a = crack length

3.2 Test Environment
Fatigue experiments were carried out in vacuum,
oxygen and in 3.5% NaCl solution at room temperature.

Tests in vacuum were made inside a commercial ultrahigh

10
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vacuum chamber that had been modified to provide mechani-
cal force feed-throughs at pressure below 10-5 Pa. Tests
in oxygen were made inside the same chamber at an oxygen

pressure of 266 Pa.

Tests in 3.5% NaCl solution were made or the immers-
ing the specimen test section in an one-liter solution.
The test solution was prepared by dissolving reagent
grade NaCl in distilled water, and was continuously
purged with nitrogen during each test. The average pH
value of the solution was approximately 6.4 at room tem-

perature.

3.3 Experimental Procedure

The crack growth experiments were carried out in an
automated closed-loop electrohydraulic testing machine
operated in load control. 1Two different procedures were
employed for the fatigue experiments. In the first pro-
cedure (procedure A), tests were carried out under
constant-amplitude loading at different frequencies.
This procedure was used to characterize the crack growth
kinetics in either 3.5% NaCl solution or in vacuum. 1In
the second procedure ( procedure B) , AK was maintained
constant by using an automated load shedding method after

prescribed numbers of cycles. The constant AK procedure

11
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allowed <characterization of frequency effects at
prescribed AK levels in either 3.5% NaCl solution or

oxygen.

To examine the effect of hold time, a modified con-
stant AK procedure (procedure C) was used. The loading

wave form consisted of ramping or linearly increasing K

to the selected K., level, in 0.58, holding for a
prescribed interval, and ramping down to Kpgj,h, again in

%; 0.5s. Specimens were tested only in 3.5% NaCl solution.

A step loading technique (procedure D) was used to
Eé examine crack growth under static loads. Load was held

constant from 30 min to 2 hr in 3.5% NaCl solution, after
each incremental increase in load, to establish the ab-
sence of detectable crack growth, and was increased by
the next increment. If continued <c¢rack growth was

detected, the load was maintained constant. Otherwise,

D AreAr AN
' . R L e
. LR P R

the load was increased.

Tests corresponding to the different procedures are

shown in the test matrices in Table 1.
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3.4 Crack Length Measurement

Crack lengths were measured by using either the
crack-mouth-opening displacement gage (clip gage) or an
a. c. potential system. Calibrations were carried out to
;stablish empirical relationships between crack length

and crack-mouth-opening displacement or a.c. potential.

Reference marks were made on the specimen surface along

the expected crack path and the crack was extended by

fatigue in air. When the crack reached a specified

length, fatigue loading was interrupted, and a static

—py
¢

load was applied and maintained constant. The electrical
potential and load-displacement data were recorded.

Replicas of the specimen surfaces were made. The actual

Ty

through-thickness average crack length was measured from

"
0

i 'l"
il
o]

replicas, using a travelling microscope, and included a
correction for «crack front curvature based on post-
fracture examinations. The calibration data are shown in

Fig. 4 and Fig. 5.

Using the least square method, the normalized poten-

tial, compliance and crack length relationships were es-

P
}
@
5.
L.'-

tablished. These relationships are given in Egns. 2 and
b 3, and also shown in the corresponding figures.
-
;..
®
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Compliance method (Fig. 4) :

Ia = W( 0.9979- 4.355 U) (in mm) (2)
U= 1
BEV/P + 1

crack length (see Fig. 3)

= gpecimen width=63.5 mm (see Fig. 3)
= specimen thickness
applied load

= Young's modulus

< m W W =¥
"

= crack-mouth-opening displacement

A.c. potential method (Fig. 5) :

a = 15.88 + 58.22V7- 20.69(v™)3 (in mm)| (3)

V*=(V(a)-Vr)/Vr= normalized potential
V(a)=potential corresponding tc the current
crack length
V, =potential reference corresponding

to the initial notch

Accuracy of crack growth length measurement with the

potential method was estimated to be better than one

14
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percent for crack length of 20 to 48 mm. The resolution
was better than 0.0lmm based on 20nV resolution in
electrical potential. The error or uncertainty as-
sociated with crack length predicted by eqn.(2) for the

compliance method was within +0.8%.

3.5 Fractography

The characteristics of fracture surface morphology
were observed by scanning electron microscopy. Examina-
tions were made by using the entire broken halves of
specimens to avoid artifacts that might be introduced by
sectioning, and to provide precise location of areas for
correlation with the crack growth data. For selected
specimens, both broken halves were placed insids the
microscope to allow mating areas of the fracture surfaces
to be examined. The scanning electron microscope was
operated in the secondary electron imaging mode at 20 KV.
A typical working distance of 17 mm was used, and the
specimen was tilled at 15 degrees with respect to the in-
cident electron beam about an axis parallel to the direc-

tion of crack growth.

15
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3.6 Microstructure Examination

An examination of the fatigue fracture surface in
relation to the underlying microstructure was carried
out. Two-surface analysis was used to determine the
relationship between the microstructure and the fracture

surface morphology for selected specimens.

The procedures for preparing the specimen for

analysis are as follows (see Fig. 6):

1. A small cubic metallographic sample was cut
from the mid-thickness region of one of the
broken halves of the specimen by using a
diamond cutting wheel. The metallographic
sample contains the fracture surface, and ex-
poses sections that are parallel and trans-

verse to the specimen surface.

2. One of. these sections (say, one parallel to
the specimen surface) was polished and etched.

To protect the fracture surface, the sample

was mounted with a cool plastic kit. After
polishing, the specimen was etched with
Kroll's reagent for 60 seconds. The

microstructure was revealed and examined by

16
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optical microscopy, with particular attention
given to the region close to the fracture sur-

face.

The mounting material was then dissolved in
.Acetone and the specimen was remounted. The

second section (say, the transverse section)

was polished and etched for examination.

The mounting material was dissolved once more.
The sample was cleaned carefully and
thoroughly, so as not to damage the specimens
surfaces (including the fracture surface and
the polished surfaces), and was examined by

scanning electron microscopy (SEM).

The fracture surface was then etched with
Kroll's reagent, and the sample was again ex-
amined by SEM. By these procedures, relation-
ship between microstructure and surface mor-

phology could be obtained directly.

17
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SECTION IV

RESULTS

4.1 FPatigue Crack Growth

i Fatigue crack growth data, obtained from constant
load-amplitude fatigue test, are shown in Fig. 7. These
data were obtained under sinusoidal loading in 3.5% NaCl
solution at a load ratio of 0.05 and at three different
frequencies; 10, 3 and 0.3 Hz. The crack growth rate vs.

AK curves intersect at AK = 40 MPa-ml/z. When AK is

below 40 MPa-ml/z, crack growth rates at 10 and 3 Hz are
higher than those at 0.3 Hz. Conversely, when AK exceeds
40 MPa-ml/z, 0.3 Hz produces the higher crack growth

rates.

Similar tests were <carried out under constant-
amplitude loading with a load ratio of 0.3. The same
data trend was observed, Fig. 8. When AK is below 30
MPa-ml/z, loading at 10 and 3 Hz produced the highest
crack growth rates. Whereas at AK above about 30
MPa-ml/z, fatigue 1loading at 0.3 Hz resulted in the
highest crack growth rate. These results show that the
crack growth rate increased with increasing load ratio.
This behavior is consistent with a higher mean stress at

the higher load ratio [22,23].

19
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To examine the effect of cyclic-load frequency on
fatigue crack growth in greater detail, testing was
carried out under constant-AK loading. Test results for
AK values of 16, 22, 32, 44, 59 MPa-m}/2, with R=0.05 and
frequencies ranging from 15 Hz to 0.03 Hz, are shown Fig.
9. These results show that crack growth rates at each AK
increased with decreasing frequency, reached a maximum,
and then decreased with further decrease in frequency.
The frequency corresponding to the maximum crack growth
rate increased with dezreasing AK. Similar results were

obtained at AK= 32 MPa-ml/z, for a load ratio of 0.3 (see

Fig. 10).

Fatigue crack growth rate data obtained in wvacuum
under constant amplitude loading (Fig. 1ll) exhibits the
same trend as that for 3.5% NaCl solution. To confirm
that there is a frequency effect in vacuum, similar tests
were carried out under constant AK loading in pure oxygen
at p=266 Pa. The data showed no essential difference in
crack growth rates in vacuum and in oxygen (Fig. 12).
The correspondence between the data in vacuum and in pure
oxygen implies that there is a frequency effect on crack
growth rate in vacuum; (see the discussion section for

further development of this implication).

20
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The effect of hold-time, at maximum load, on fatigue

crack growth rate are shown in Fig. 13. The crack growth

rates are shown as a function of AK and hold time, tj, of
0, 1 and 2.33. Since there is a direct relationship be-
tween hold time and frequency, the observed effect on
crack growth rate may be attributed to frequency rather
than hold time. With zero hold-time, that is, at 1 Hz
for the conditions used here, crack growth is slower un-
der triangular wave loading than for sinusoidal loading.

This difference is considered in the discussion section.

To determine if sustain-load contributed to the ob-
served enhancement of fatigue crack growth, tests were
carried out under constant or sustained load. No detect-
able sustain load crack growth was observed up to Ky,,*66
MPa-ml/z. Since all the fatigue tests were carried out
with K;,, below 66 MPa—ml/z, no contribution by
sustained-~load growth or stress corrosion cracking is ex-

pected.

21
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4.2 Fractography And Metallography
To assess the influence of environment on the micro-
mechanism of crack growth, scanning electron microscopic

(SEM) observations of fracture surfaces and of the ad-

jacent metallographic sections were carried out. Typical
SEM micrographs of beta~annealed Ti-6Al-4V alloy specimen
tested in 3.5% NaCl solution at room temperature are

shown in Fig.s. 14 and 15. Figure 14 shows the variation

of surface morphology with K level, whereas Fig. 15 shows
changes with test frequency. Three different components
may be identified; namely, (i) flutes [24], (ii) £fine
striations, and (iii) quasi-cleavage with small amount of
ductile tearing [25]. These components are shown at
higher magnifications in Figs. 16 to 20. The relation-
ship of fracture surface morphology with the underlying
microstructure is illustrated by the SEM micrographs and

the accompanying sketches in Figs. 21 to 27.

The first component is composed of facets containing
colonies of rod-like elements (or flutes), and represents
crack growth across colonies of similarly aligned and
crystallographically oriented alpha-platelets (see Figs.
14, 15, 16a and 17) [24]. The areal fraction of this
component increased with increasing K. It also increased

with decreasing frequency at first, but then decreased

22
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with further reductions in frequency. The greatest
amount of this component corresponded to the frequency at
which the fatigue crack growth rate is a maximum at a

given K level (see Figs. 17 and 18).

More detailed examinations indicate that the direc-
tion of flutes are nearly parallel to the traces of
alpha-platelets on the fracturé surfaces (Fig. 18).
Fatigue striations were also observed which are nearly
parallel to the axis of the flutes, with the local growth
direction nearly perpendicular to the flute axis. Figure
19, taken from mating fracture surfaces, shows patches of
fluted regions that intersect with regions that contain
fatigue striations. These microfractographs show that
flutes, which were once mistaken for cleavage, striations
or river patterns, are the result of internal necking
[26]. The flutes are likely to be the nucleation sites
of titanium hydrides, although no evidence of hydride was

found on the fracture surface.

The second component appears as nearly flat facets
(region A in Figs. 14 and 15) or as intergranular frac-
ture (region B in Figs. 14 and 15), and was nearly absent

at the frequency for maximum enhancement of crack growth
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at a given K level. Examinations at higher magnifica-
tions show that the facets are covered with very fine
striations (see Fig. 16b and microfractographs of mating
surfaces in Fig. 20). The spacing of the striations is
several times smaller than the corresponding macroscopic
crack growth rate, PFPig. 28. These facets appear to cor-
respond to growth along the prior beta grain boundaries
or through alphé-phases that are formed along these boun-
daries, Fig. 20. It is interesting to note that the
striations appear to be ductile on one surface, and to
have a very different and brittle appearance on the
mating surface. This is caused by the fact that the slip

system in this hcp alloy is limited.

The remaining component is quasi-cleavage with a
small amount of ductile tearing [25]. This component may
be seen in the SEM microfractographs at the high and low
frequencies, and was nearly absent at frequencies where

the environmental effect was highest (see Figs. 14, 15,

17).

The relationship between the fracture surfaces and
the underlying microstructure are shown in Figs. 21 to
27. Using a two-surface trace analysis technique, the

angles between the striated and fluted fracture facets

24
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and the underlying alpha-platelets were found to be ap-
proximately 78 degrees. This characteristic value im-
plies that hydrogen assisted fatigue crack growth may
result from the formation and rupture of titanium hydride

(18]. The possibility of hydride formation and its role

in explaining the observed frequency dependence for

fatigue crack growth is considered in the next section.

25
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SECTION V

DISCUSSION

The results show that the effect of frequency on
fatigue crack growth in beta-annealed Ti-6Al-4V alloy in
3.5% NaCl solution is complex. To understand the ob-
served response, it is useful to recall the concepts
developed for gaseous environments [1-8]. There, the
processes for enchancing crack growth included transport
of the deleterious gas to the crack tip, reactions of the
gas with newly created surfaces at the crack ¢tip to
evolve hydrogen, diffusion of hydrogen into a region
ahead of the crack tip to produce embrittlement, and the
embrittlement reaction itself. The actual crack growth
rate is determined by the rate controlling process and
the embrittlement mechanism [27]. It is reasonable to
consider the crack growth response within this context,
where in a transfer of control or a change in mechanism

may take place with changes in frequency.

5.1 The Rate Controlling Process

To study the frequency effect on crack growth rate
for Ti-6Al1-4V in 3.5% NaCl solution, the first step is to
determine which is the rate controlling process. Because

of the presence of liquid at the crack tip, the transport
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process is not considered to be limiting. Surface reac-
tions with water vapor have been measured and are found
to be extremely rapid [3]. Henée, reactions of 3.5% NacCl
solution with this alloy are not expected to be the con-
trolling process. The most 1likely rate controlling
process, therefore, is either that of hydrogen diffusion

into the titanium alloy or the embrittlement reaction.

A number of models for diffusion controlled crack
i growth rate have been proposed [4,28]. The models
@

predict that the crack growth rates would vary according

to the square root of time and diffusivity, with an ac-

tivation energy equal to one-half of that for diffusion.
In other words the cycle~dependent component of fatigue
crack growth rate, (da/dN)cf, should be a function of
(l/frequency)l/2 (29] (see Eqn. 1)}. The crack growth
rates in oxygen and in vacuum were used as reference in
computing (da/dN)cf. Interpolation was used to estimate
the reference crack growth rate for the corresponding
conditions of AK and frequency utilized for the tests in
3.5% NaCl solution. The results are shown as
log((da/dN)cf) vs log(l/frequency) in Fig. 29 for the
region where the c¢rack growth rates increased with

decreasing frequency.

27
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The slope over this region was found to be 0.48+0.04
(at the 95% confidence level) by statistical analysis of
the pooled results. This slopé is consistent with that
for hydrogen diffusion, and suggests that the rate con-
trolling process at the higher frequencies is that of
hydrogen diffusion into a region of the material ahead of
the crack tip. This idenfication, however, is not suf-
ficient to account for the decreases in crack growth
rates with futher decreases in frequency and for the ef-

fect of K level on the frequency dependence.

5.2 Role Of Hydrides

One plausible explanation for the data trend shown

in Fig. 9 1is that the enhancement of c¢rack growth

resulted from the formation and rupture of titanium

v
RSN
LI I 3 -l

hydrides, which can be dependent on strain rate. Support

T,
.

for hydride formation and rupture is provided by the

results of Peterson [30] and Pao [19,31,32]. Peterson

showed that hydrogen embrittlement can occur even in

8 Pa and attributed 1its cause to

vacuum at 1.33x10°
hydrides formed by internal hydrogen [30]. Pao showed
that crack growth rates were increased by increasing the
concentration of dissolved hydrogen in titanium alloys,

and were reduced substantially when the test temperature

was increased above that at which hydrides ceased to be stable

28
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[19,31,32]. He explained these results in terms of a

hydride mechanism for embrittlement.

Further support for hydride formation and rupture is
provided by the measurement of planar angle between frac-
ture surface and alpha-platelets described in the pre-
vious section. The angle between the fluted facets and
the alpha-platelets has been determined to be 78 degrees
by using two surface trace analysis. This result is com-
parable with the angle between hydride habit plane (1017)
(18] and alpha-platelets (i. e. between 75.3 and 82.8
degrees, see Appendix I). There is, however, no direct

evidence for hydrides from this study.

In addition, indirect support is also provided
through the crack growth behavior in wvacuum and in
oxygen, Figs. 1l and 12. These results show a frequency
effect on crack growth rate; although not as pronounced

as that observed in the 3.5% NaCl solution.

From the above discussion, one may suggest that
hydride formation and rupture could be considered as the

embrittlement mechanism.
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The fact that hydride formation is sensitive to
strain rate has been shown by a number of investigators
[36-39]. At low hydrogen concentrations, the strain rate
will aid in overcoming the barrier and enhance hydride
formation [40]. It was also found that hydride embrit-
tlement became more severe with increased strain rate

£38,41,42].

For the beta-annealed Ti-6Al1-4V alloy used in this
study, with a low hydrogen concentration, it is reason-
able to assume that the observed crack growth response
resulted from the strain rate dependence for hydride for-

mation. At the higher strain rates, or higher test fre-

quencies, the material would appears to be brittle be-
cause of hydride formation. At the lower frequencies or
i strain rates, the material would be more ductile with

little or no hydride present. The more brittle states
would result in high crack growth rates than the more
ductile states. There is a "critical value" of strain

rate or a "critical" frequency at each K level below

which no hydride would be formed. Crack growth rate

reaches a maximum at this frequency, and is expected to

decrease abruptly below this critical frequency.
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The fracture surface morphology supports the
proposed explanation, Figs. 14, 15, 17. 1In the high fre-
quency region, striations and séme fluted components are
present. The fluted component, which is believed to be
associated with hydride formation and rupture, increased
with decreasing frequency. At the critical frequency of
corresponding crack growth rate point, the fracture sur-
face is largely covered with the fluted component Fig.
15. Below this frequency, the fluted component nearly
disappears and the material appears to be dutile. These
observations are consistent with the dependence of

hydride formation on strain rate.

For the critical strain rate concept to be valid, an
unique relationship between critical frequency and K
level must exist. 1In other words, the critical points of
highest crack growth rate in all of the K levels must
have the same strain rate. The data were analyzed on the
basis of this assumption and are shown in Fig. 30. The

results show that the condition of constant "critical"

strain rate is met by having the product
(Kmax)ax(frequency) equal to a constant. The crack
growth data were replotted as (da/dN) vs.

(Kmax)3x(frequency) in Fig. 31, and show good agreement

among the data at the various K levels. The theoretical
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strain rates based on linear elasticity and on the
elastic-plastic analysis proposed. by Hilton, Hutchison
and Rosengren [43,44], however, suggest that either
(Kpax) x( frequency) or (Kmax)zx(frequency) should be con-
stant. Measurements of crack-tip strains by Davidson
[45], using a stereo imaging technique, show that the

strains are proportional to the 2nd or 3rd power of

K. Additional analytical and experimental studies are

needed to clarify this issue.

The effect of frequency on crack growth rate for
beta-annealed Ti~6Al-4V alloy in 3.5% NaCl solution,
therefore, can be explained in terms of diffusion control
and a strain-rate dependent hydride formation mechanism.
In the region where crack growth rate increases with
decreasing frequency, the crack growth rate is controlled
by hydrogen diffusion, such that (da/dN)cf shows a depen-
dence on (l/frequency)l/z, and is determined by hydride
formation and rupture. When the frequency is decreased
below the critical frequency, the material becomes more
ductile, with little or no hydride formation, and the
crack growth rate decreased abruptly. It is expected
that the crack growth rate would still be controlled by
hydrogen diffusion, and resume the (l/fr:equency)]'/2

dependence at sufficiently low frequencies.
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5.3 Brief Discussion Of Repassivation And Film Rupture
Mechanism

Dawson, Pelloux and Doker, and Munz [14,16] have
studied the effect of frequency on crack growth rate for
titanium alloys in halid solutions, and had obtained
similar results (see Introduction). They proposed to ex-
plain their results in terms of a film repassivation and
rupture mechanism over the entire frequency range. For
this explanation to apply, (da/dN)cf must be inversely
proportional to frequency (assuming repassivation follows
first-order reaction kinetics) and the repassivation time
must be consistent with the range of frequencies where
environmental effects are observed. Their data were
reanalyzed by using the same superposition model ultil-
ized in this study and are shown in Figs. 32 and 33. The
results show that (da/aN).¢ is again a function of

(l/frequency)l/2

instead of 1l/frequency. The repassiva-
tion time was measured to be of the order of 10'3 second
for titanium alloys in halid solutions [46,47]. This
time is 2 to 4 orders of magnitude lower than that en-
counterd in fatigue, i.e., corresponding to frequencies

from 107! to 10 Hz. (about 10 to 10~%

second) Con-
sequently, an explanation using a repassivation and film

rupture mechanism cannot be applied, and the hydride
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mechanism, diffusion control and strain rate effect ap-

pears to be more reasonable.
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SECTION VI

SUMMARY

The frequency effect on crack growth rate for beta-
annealed Ti-6Al1-4V alloy in 3.5% NaCl solution has been
examined. The results show that the crack growth rate at
a given AK increased with decreasing frequency, reached a
maximum, and then decreased with decreasing frequency.
Diffusion control is considered to be the rate controll-
ing process. Enhancement of crack growth is attributed
to hydride formation and rupture, which is dependent on
strain rate. The observed frequency effect is explained
in terms of diffusion control in conjunction with a
strain rate dependent hydride embrittlement mechanism.
This explanation is supported by analyses of fracture
morphology and crack path in relation to the alloy
microstructure. The frequency at which a maximum in
crack growth rate is obtained at a given K level is given
)3

by the relationship (K x frequency = constant. Fur-

max

ther studies should be pursued in the following area:

l. Obtaining direct evidence of hydride formation
during crack growth.

2. Understanding of the relationship between the

hydride formation and strain rate.

3. Calculation of crack-tip strain rate.
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327 2 Holes with Diometer D
32
-\ P = =t
+ H
16
T'vicle
1 c =
a B
o w : —rR ==
Wi
-_ Kz LM {0.886 « 4.6‘«-!3.32.:'0|4.72¢‘-5AS¢.‘), where asa/W
L 8vw {1-a)*/?
8 a, w H w, c o L4 Q R
mm | 12.6 13.9 63.9 38.1 89.0 |17.8 15.9 0.689 | 2.54 | 2.54
In, 10.497 |0.62% | 2.50 1.0 3.30 | 0.70 |0.625 | 0.3% 0.1 0.1
Figure 3: Compact tension (CT) specimen.
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4: Calibration curve of crack length versus
normalized compliance for beta-annealed
Ti-6A1-4V alloy specimen.
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Calibration curve of crack length versus
electrical potential for beta-annealed

Ti-6Al1-4V alloy specimen.
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Figure 7: Kinetics of fatigue crack growth in
beta-annealed Ti-6Al-4V alloy plate
exposed to 3.5% NaCl solution at room
temperature (R = 0.05).
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Figure 8: Kinetics of fatigue crack growth in
beta-annealed Ti-6A1-4V alloy plate
exposed to 3.5% NaCl solution at
room temperature (R = 0.3).
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Figure 9: The influence of frequency on fatigue crack
growth rate of beta-annealed Ti-6Al-4V
alloy in 3.5% NaCl solution at room temper-
ature (R = 0.05).
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Figure 10: The influence of frequency on fatigue

o crack growth rate of beta-annealed

o Ti-6Al-4V alloy in 3.5% NaCl solution
o at room temperature (R = 0.3).
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Figure 1ll: Kinetics of fatigue crack growth for beta-
annealed Ti-6Al-4V alloy plate in vacuum
(p <103 Pa) at room temperature (R =
0.05).
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Figure 12: Kinetics of fatigue crack growth for
beta-annealed Ti-6Al1-4V alloy plate
in oxygen (p = 266 Pa) and in vacuum
(p <10-5 Pa) at room temperature
(R = 0.05).
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Figure 13: Effect of holding time on kinetics of
fatigue crack growth in beta-annealed
Ti-6Al1l-4V alloy plate exposed to 3.5%
NaCl solution at room temperature (R =
0.05).
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.

Crack Propagation
Direction

Figure 14: The influence of AK on the FSM of beta-
annealed Ti-6Al1-4V alloy tested in 3.5%
NaCl solution at room temperature 1/2
(f = 10 Hz and R = 0.05): (a) 16 MPa-nm
(b) 27 MPa-ml/z, and (c) 44 Mpa-ml/2,
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The influence of frequency on the FSM of
beta-annealed Ti~6Al-4V alloy tested in
3.5% NaCl solution at room temperature
(AK = 32 MPa~ml/? and R = 0.3:

(a) 10 Hz, (b) 0.3 Hz, and {(¢) 0.03 Hz.
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Three components of the FSM for beta-
annealed Ti-6Al1-4V alloy tested in
3.5% NaCl solution: (a) fluted facets,
{b) fine striations, and (¢) guasi-
cleavage with small amount of ductile
tearing (AK = 32 MPa-ml/2, R = 0.3).
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Figure 17: SEM fractographs of beta-annealed Ti-6Al1-4V
alloy tested in 3.5% NaCl solution, show-
ing similar fracture morphology at critical
growth rates, (a) AK = 27 MPa-ml/2 at £ =
10 Hz, (b) AK = 30 MPa-mi/? at £ = 3 Hz, and
(c) AK = 44 MPa-ml/2 at £ = 0.3 Hz.
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SEM fractographs of the fluted component
of beta-annealed Ti-6Al-4V alloy tested
in 3.5% NaCl solution at three different
magnifications (AK = 32 MPa-ml/2, £ =
0.03 Hz, and R = 0.3).
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Figure 19: SEM micrographs from mating fracture sur-
faces of beta-annealed Ti-6Al1-4V alloy
tested in 3.5% NaCl solution, showing the
features 95 fluted component (AK =
32 MPa-ml f =1Hz, and R = 0.3);
mating pairs are a-a' and b-b'.
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) Figure 20: SEM micrographs from mating fracture

- surfaces of beta-annealed Ti-~6Al-4V

. alloy tested in 3.5% NaCl solution

ﬁ showing the features of s}giation

e component (AK = 32 MPa-mi , £ =10 Hz,
R = 0.3); mating pairs are a-a' and

‘k b-b'.
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, Figure 22: Fracture surface and the underlying micro-
. structure of beta-annealed Ti-6Al-4V alloy
tested in 3.5% NaCl solution (AK =
_ 44 MPa-ml/2, £ = 0.3 Hz, and R = 0.05):
- (a) fracture surface; (b) section parallel
to specimen surface, (c) section transverse
‘ to crack growth direction, and (d) fracture
surface after etching.
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Figure 23: Fracture surface and the underlying micro-
structure of beta-annealed Ti-6A1-4V alloy
tested in 3.5% NaCl solution (4K =
44 MPa-ml/2, £ = 0.3 Hz, and R = 0.05):

(a) fracture surface, (b) section trans-
verse to crack growth direction, (c) sec-
tion parallel to specimen surface, and
(d) fracture surface at a lower magnifi-
cation.
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Figure 24: Fracture surface and the underlying micro-
b structure of beta-annealed Ti-6Al-4V alloy
. tested in 3.5% NaCl solution (4K =

44 MPa-ml/¢, £ = 3 Hz, and R = 0.05):

(a) fracture surface, (b) section parallel
to specimen surface, (c) section transverse
to crack growth direction, and (d) fracture
surface of a higher magnification.
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Figure 25:

surface morphology with its underlying
microstructure as shown in Fig. 22;
angle between alpha platelets and
crystallographic (fracture) facet is
about 78°.
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Schematic illustration of the fracture
surface morphology with its underlying
microstructure as shown in Fig. 24;
angle between alpha platelets and
crystallographic (fracture) facet is

about 79°
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Figure 27: Schematic illustration of the fracture
surface morphology with its underlying
microstructure; angle between alpha
platelets and crystallographic (fracture)
facet is about 78°.
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Figure 28: Comparison between striation spacings
and macro crack growth rates at dif-
ferent frequencies.
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Figure 29:

Relationship between (da/dN) cf and
frequency for Ti-6Al1-4vV alloy tested
in 3.5% NaCl solution at room tempera-
ture.
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Figure 31: Fatigue crack growth response for
Ti-6A1-4V alloy in 3.5% solution at
room temperature (R = 0.05) as
function of the strain rate parameter

3
Kmax x frequency.
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The influence of frequency on fatigue
crack growth rate of Ti-6Al1-6VSn alloy
exposed to 0.6M NaCl solution (R = 0.1),
by Dawson and Pelloux ([1l1].
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Figure 33: The influence of frequency on fatigue
crack growth rate of Ti-6Al-4V alloy ex-
posed to 0.6M NaCl solution (R = 0.1), by
Dawson and Pelloux [ll].
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APPENDIX I
Calculation of the Angle Between {1010} and (1017)

Based on the geometrical relationship between
crystal planes in a hexagonal lattice, the angle ¢ be-

. * . %*
tween the plane (hlklllll) and the plane (hzkzlzzz)

can be expressed by the following equation.

2

- 2
. 3a
s

cos¢ = Jrf 2., 2 3a%, 2., 2., 2 32, 2
a a
(hl +kl +hlkl+z;7zl )(h2 +k2 +h2k2+:;7£2 )

where
a and c are lattice parameters.

The habit'plane of titanium hydride has been shown to be
(10I7) [18]. It is also known that the orientations of
alpha-platelets are nearly parallel to the {1010} pris-
matic planes [33,34,35]. For pure titanium, the ratio of
a/c is 1/1.588. Then, the angles ¢ between (1017) and

{1010} can be obtained as follows:

Crystallographic ¢
Plane
(1010) 75.34°
(0110) 75.34°
(1100) 97.2° or 82.8°

*
The indices of a plane in the hexagonal system are writ-
ten (h k i 2). The value of i depends on the values of
h and k. The relation is

h + k = =i
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