In presenting the dissertation as a partial fulfillment of
the requirements for an advanced degree from the Georgia
Institute of Technology, I agree that the Library of the
Institute shall make it available for inspection and
circulation in accordance with its regulations governing
materials of this type. I agree that permission to copy
from, or to publish from, this dissertation may be granted
by the professor under whose direction it was written, or,
in his absence, by the Dean of the Graduate Division when
such copying or publication is §olely for scholarly purposes
and does not involve potential financial gain. It is under-
stood that any copying from, or publication of, this dis-
sertation which involves potential financial gain will not
be allowed without written permission.

7/25/68



AN INVESTIGATION OF ELECTROCHEMICAL FACTORS INVOLVED IN THE STRESS

CORROSION CRACKING OF TITANIUM ALLOYS IN SALT SOLUTIONS

A THESIS
Presented to
The Faculty of the Graduate Division
by

Fu-Shiong Lin

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Metallurgy

Georgia Institute of Technology

June, 1971



AN INVESTIGATION OF ELECTROCHEMICAL FACTORS INVOLVED IN THE STRESS

CORROSION CRACKING OF TITANIUM ALLOYS IN SALT SOLUTIONS

. Approved: A 2

rman . 2

- — = ——

Date approved by Chairman:i'Z'?l



ii

ACKNOWLEDGMENTS

I wish to express my sincere appreciation and gratitude to
Dr. R. F. Hochman, my thesis advisor, for his guidance, encouragement
and patience during this study. I also wish to thank Dr. E. A. Starke,
Jr. and Dr. Helen Grenga for their review of this work.

I am grateful to the Advanced Research Project Agency, ARPA

order 878, for the support which made this investigation possible,



TABLE OF CONTENTS

Page

ACKNOWLEDGMENTS . . . . + + &« « « & & & & o & « . ii

LIST OF
LIST OF
SUMMARY
Chapter

T

L1

TIT.

TABLES . v v« v e e e e e e e e e ey

FIGBRES & & w % & @ % ¥ @ % & @& & & &mw i 3 i

INTRODUCTION G % @ B w0 % & § ¥ W o@ & W % s 1

Titanium-Hydrogen System

Hydrogen Embrittlement of Titanium Alloys

An Electrochemical Mechanism of Stress Corrosion
Cracking

Deformation Modes

Aluminum Content and the Susceptibility to
Stress Corrosion Cracking of Ti-Alloys

EXPERIMENTAL PROCEDURE . . . . + +« 4+ . +« « « .« 10

Specimen Preparation

Polarization Curve Measurement

Quantitative Determination of Repassivation
Power in Aqueous Solutions

Surface Factor Investigation

Crack Initiation and Propagation Investigation

RESULTS 0w % % R WO ¥ @ B ¥ & § B @ 5 4 18

Current and Potential Measurement of the

Stressed Specimens

Quantitative Determination of the Repassivation

Power in Aqueous Solutions

Polarization Behavior

pH Value, Surface Finiah and Stress Corrosion Cracking
Effect of Scratching the Surface on Potential and
Current Change

Anodic Polarization Curves of the Stressed Specimens
Prior to and After Crack Formation



iv

TABLE OF CONTENTS (Continued)

Page
Chapter
IV. DISCUSSION OF RESULTS . . . + « + &« « & =+ o« « =« 47
The Cracking Process
Effects of Surface Conditions on Potential and
Absorption
Anodic Dissolution
V. CONCLUSIONS I T T L P S R )

BIBLIOGRAPHY C e e e e e e e e e e e e .3



Table
i U

2,

34

Repassivation Power
Free Energy Data

Reaction Potential

LIST OF TABLES

Page
29

30

30



Figure

10.

11.

12.

13.

14.

LIST OF FIGURES

Phase Diagram of the Ti-H System . . . . .
Solubility of Hydrogen in o-Titanium . . . .

Isothermal Cross Section of the Phase-Diagram
of the Ti-Al-H System at 20°C . . . . . .

A Specimen as a Reference Electrode . . . . .

A Specimen Design for Unstressed Experiment. The
Shadowed Area is Covered by Lucite with Copper
as an Electrical Connection ;

Specimen for Tension Tests

Special Specimen for Tension Tests to Detect
Surface Effects T . T

Specimen for Bending Tests
Notched Specimen for Bending Tests

Typical Diagram for the Calculation of the
Repassivation Power for a Specimen Scratched by a
Non-Conductive Material

Potential vs Time Curves of the Specimens with
Different Tensile Stresses in a NaCl Solution
with pH = 3,5. Load Held Constant After Point Yis
Y2 and Y3 T T A T T A T
Current vs Time Curve of a Specimen Under

Tension in a NaCl Solution With pH = 3.5 e e .

(1) Current vs Time and (2) Potential vs Time
Curves of Specimens Under Bending in a NaCl

Solution of pH = 3.5 ,

(1) Current vs Time and (2) Potential vs Time

Curves of the Notched Specimens Under Bending in a NaCl

Solution with pH = 3.5. Notched Specimens Under
Tension Show the Similar Results

vi

Page

12

13
14

14

23



Figure
15.

16.

7.

18.

19.

20.

21‘

22,

23,

24,

LIST OF FIGURES (Continued)

Potential vs Time Curves of the Specimens in a NaCl
Solution with pH = 3.5, using Higher Chart Speed

to Determine the Cracking Process, (1) the Bending
Specimen, (2) the Tensile Specimen

Current vs Time Curves of Specimens in a NaCl

Solution with pH = 3,5, using Higher Chart Speed

to Determine the Cracking Process and the Current
During Cracking, (1) the Bending Specimen, (2) the
Tensile Specimen .« « & & &« & w @ & = = & %

Petential vs Load Curves of Specimens in NaCl

Solution with pH = 3.5 under Tension, (1) Using the
Special Specimen (Figure 7), (2) Using the flat

Specimen (Figure 6), Load held Constant after Point Y .

Shcematic Curve of Time vs Potential as Affected by
Scratching the Specimen, (A) a Large Scratch, (B)
Repeatedly Scratching the Surface with Small Scratches

Microstructure of a Specimen which was Bent in NaCl
Solution of pH = 3,5 until the Measured Potential
Reaching a Point X as Shown in Figure 15 was Observed.
The Unbroken Specimen was Removed from the Solution and
then Metallographically Examined, (A) 170 X Magnifica-
tion, (B) 500 X Magnification. Etchant: 1 part of HF,
1 part of HNOj and 2 parts of Glycerine. . . .

Anodic Polarization Curve of an Unstressed Specimen in
a NaCl Solution with pH = 3,5. The Specimen was Polished
and Exposed to Air for 23 Hours before Testing . . . .

Pitting was Observed on the Surface of an Unstressed
Specimen as Potential change from 1.6 to 2.0 Volt (SCE) in
the Anodic Polarization Curve. Pitting Initiates at the
Grain Boundaries, 300 X Magnification, Etchant: 1 Part
of HF, 1 Part of HNO; and 2 Parts of Glycerine . . .

Cathodic Polarization Curve of an Unstressed Specimen
in a NaCl Solution with pH = 3.5, Specimen was Polished
and Exposed to Air for 20 Hours before Testing . . . .

Effect of pH Value on the Stress Corrosion Cracking
of Ti: 8-1-1 Alloy in 3.5% NaCl Solutions During
Bending Tests o« 4+ « @ o 4 & = & & % s e

Effect of Surface Roughness on the Stress Corrosion
Cracking During Bending Tests in 3,5% NaCl Solution
with pH = 3.5, (1) 1 Micron fine Polish, (2) Rough Polish

by Bench Grinder ., . . . . . + .+ + o« o« s s e

vii

Page

27

28

L

32

33

34

35

36

37

37



Figure
25,

26,

27,

28,

29,

30.

31.

32,

LIST OF FIGURES (Continued)

Effect of the pH Value on Anodic Polarization
Curves of Unstressed Specimens in a NaCl Solu-
tion with pH Equal to (A) 1.5, (B) 5.5 and (C) 8.5 . .

Effect of the pH Value on Cathodic Polarization
Curves of Unstressed Specimens in a NaCl Solution
with pH Equal to (A) 1.5, (B) 5.5 and (C) 8.5 . . .

Effect of the Surface Finish on Anodic Polarization
Curves of Unstressed Specimens in a NaCl Solution

with pH = 3.5. Specimens were Polished and Exposed

to Air before Testing for: (A) 12 hours, (B) 5 hours,
(C) 5 minutes and (D) 5 seconds . T

Effect of Surface Finish on Anodic Polarization

Curves of Unstressed Specimens in a NaCl Solution

with pH = 3.5, (A)1 Micron Fine Polish, (B) No. 3

Emery Paper Polish and (C) Rough Polish by Bench Grinder

Effect of Surface Finish on the Cathodic Polarization
Curves of Unstressed Specimens in a NaCl Solution with
pH = 3.5, (A)1 Micron Fine Polish, (B) No. 3 Emery
Paper Polish and (C) Rough Polish by Bench Grinder .

Current and Potential Changes as a Result of

Scratching the Surface of the Unstressed Specimens

in NaCl Solution, (1) Current vs Time Curve. Poten-
tial vs Time Curves in (2) pH = 3.5 and (c¢) pH = 11.5
Solutions. P is a Curve sof one Scratch and Q

is a Curve for Numerous Fine Scratches on the Surface .,

Effect of the Surface Finish on Current and Adsorp-
tion Phenomena of Unstressed Specimens, (1) Current
Between the Two Specimens One With a Film-Covered
Surface and the Other with a Fresh Surface, (2)
Potential Curve of a Specimen with a Film-Covered
Surface, (3) Potential Curve of a Specimen with a

Fresh Surface, (4) Potential of Specimens when they
were Tmmersed in NaCl Solution After Exposing them to
Air for Different Period of Time . . .+ =+ « « o

Effect of the Tensile Stress on the Anodic

Polarization Curves of Specimens in a NaCl Solution

of pH = 3.5 (1) is the Unstressed Specimen, (2) is

the Stressed Specimen just Below the Point P, (3),

(4) and (5) are the Stressed Specimens Above the

Point P. (6) is the Stressed Specimen Above the

Point P in 3.5% K25q+Solution with pH = 3.5, where
Point P is at the“Yield Point Shown in the Inset in

the Upper Corner of This Figure T

viii

Page

38

39

40

41

42

43

44

45



ix

LIST OF FIGURES (Concluded)

Figure Page
33. Anodic Polarization Curves of the Bending
Specimens During Cracking in NaCl Solution of
PH=52 <« « w s & w % & & 3 &« @ % & % w 46



SUMMARY

The material used in this study was commercial Ti:8-1-1 alloy.
Corrosion studies were made in salt solutions of different pH values.
The potential, current and polarization curves of unstressed and stressed
specimens under tension and bending were measured with "Beckman Elec-
troscan 30" potentiostat,

The current density between a fresh surface and a normal air
exposed surface of Ti:8-1-1 alloy is about 2 mA/cmz. The electrode
potential of fresh surface specimens is dependent on the pH value of
the solution, i.e. -0,88 and -1.02 volt (SCE) in NaCl solutions with
pH = 3.5 and 11,5 respectively.

The results indicate that crack initiation may involve prefer-
ential dissolution at the head of dislocation pile-ups, In addition,
anodic dissolution at the crack tip is possible and may play some part
in crack propagation.

A region in the potential and the current versus time curves was
directly related to the crack propagation and indicated that crack prop-

agation was continuous.



CHAPTER 1

INTRODUCTION

Stress corrosion cracking can be defined as a cracking process
that is caused by the simultaneous application of a corrodent and sus-
tained tensile stress (l). Generally titanium base alloys are resistant
to stress corrosion cracking. These alloys normally have a good pro-
tective film, however, it can be ruptured by applied tensile stresses,
Electrochemical cells will develop between the bare surface and the
film-covered surface that will prevent film repair and enhance anodic
dissolution (2, 3). Unlig (4), Uhlig and Sava (5), and Coleman and co=
workers (6) have suggested that the adsorption of atoms or ions in the
stress-corrosion medium on the metal at the tip of the crack may be a
factor in the stress corrosion cracking of metals because chemisorption
decreases the surface energy at the crack tip. Scully (7) and others
have suggested that hydrogen plays an important role in the stress
corrosion cracking, The hydrogen ions in the corroding medium will be
discharged and then diffuse into the metal when the surface film is
ruptured. It has also been suggested that the hydride phase may be
precipitated within the plastic zone of the crack tip, embrittling it.

There is much disagreement in the literature concerning the
possible role of hydrogen, surface energy and/or anodic dissolution in
the stress corrosion cracking process, The present study concerns it-

self with the electrochemical aspects and the role of anodic dissolution



in the stress corrosion cracking process of titanium alloys.

Titanium=Hvdrogen Svystem

A phase diagram of the Ti-H system, based on the data by
Livanov (8), is shown in Figure 1. A diagram indicating the solubility
of hydrogen in a-titanium from this data is shown in Figure 2. Figure
3 shows how the aluminum content in titanium alloys affects the solu-
bility of hydrogen.

The phase diagram shows that hydrogen stabilizes the B-phase and
narrows the a-phase region. The solubility of hydrogen in a-titanium
decreases sharply with decreasing temperature. Titanium hydride pre~-
cipitates have been confirmed by autoradiography, with the aid of
tritium, the radioactive isotope of hydrogen (9). The hydride
(TiH1.7_2.0) has a face-centered cubic lattice (8) with the hydrogen
atoms occupying the tetrahedral interstitial positions (10). It appears
that the octahedral vacancies are too large for the hydrogen atoms and
in the larger space the hydrogen atoms may have increased vibration
energy which results in instability (8). Jaffee (11) found that titan-
ium hydride with higher hydrogen contents larger than 66 atomic percent
has a tetragonal and not a cubic lattice, This has been explained as
distortion by hydrogen atoms in the interstitial positions with the re-
sult of a gradual transition from a cubic structure at low hydrogen
content to a tetragonal structure at higher hydrogen compositions,

The hydride precipitates are usually formed along the slip
planes (12), predominantly along {1010} and {10I1}. The orientation

relationships between the a-titanium and hydride are:



(1010)Q_Ti||(101)Y, [12io]a_Ti||[011]Y; (1011)G_Ti||(101)y, [1210]y o, |
[lOO]Y‘ where yis the hydride phase.

The diffusion of hydrogen in @ and B-titanium has been investi=-
gated by Papazoglon (13) and Wallewski (14). Their results showed that
the diffusion coefficient of hydrogen in CG=-titanium is larger than

that in B-titanium according to the following relations:

+

D, = 1.95 x 1073 exp (-6’640 - 500) cm2/sec (1)
RT

D = 1.8 x 107 exp 1380 = 650 e/ sge (2)

where D is diffusion coefficient, R is gas constant and T is temperature

in Kelvin scale,

Hydrogen Embrittlement of Titanium Alloys

As mentioned in the introduction hydrogen is a very harmful im=
purity in titanium alloys and may cause brittleness and cracking if
present as titanium hydride precipitates (7, 8, 15). The solubility
of hydrogen in titanium decreases sharply with decreasing temperature
being only 40 ppm or less at room temperature (15)., The majority of
the hydride platelets formed at low hydrogen concentrations have a
specific habit plane and most of the platelets are precipitated within
the grains rather than at grain boundaries (16). The hydride phase in
hydrogen-containing a/B alloys occurs in highly localized areas.,
Williams (15) has shown that hydrides form preferentially at the /8
interface and highly localized hydride precipitation is occasionally

observed in the stressed regions and on the planes perpendicular to
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the principal applied tensile stress (16, 17). If the stress is high
enough, cracking may occur along the hydride phase,

It is probable that the presence of the hydride acts in two
ways; through its ability to act as a stress-raiser and its inherent
brittleness which results in the introduction of microcracks (15).
Mauney and Starke (18) have suggested that since the Ti-hydrides form
on the {1010} and {1011} planes, slip is impeded on these planes.
This results in dislocation pile-ups of the <1123 type on {1122}
planes if six percent or greater aluminum impedes slip on the basal
plane. The most likely cleavage plane predicted by this mechanism was
a plane that made an angle of 70,5 degrees with the pile-up's slip
planes, i.e. {1017} or {1018} planes.

The great sensitivity of titanium alloys to hydrogen embrittle-
ment occurs in the presence of notches and at low temperatures (8).

The hydrogen embrittlement of (g + R) alloys is observed only at very
low deformation rates (8). The g-phase does not become brittle even

at high hydrogen concentrations and acts as a crack arrestor in (o + B)
alloys (20, 22, 23)., However, for the 3~phase to act as crack arrestor
in an g-matrix, it must be lamellar and randomly distributed.

The previous two paragraphs indicate that the function of excess
hydrogen in titanium is probably the formation of hydride precipitates.
Hydride precipitates are observed when hydrogen is adsorbed and absorbed
by titanium alloys in acidic pickling baths (24), in chemical polish=
ing and electropolishing solutions (25), in hydrogen gas baths (15),
etc, However, no hydride precipitates have ever been directly identified

in titanium alloys after stress corrosion tests in NaCl solutions,



An Electrochemical Mechanism of Stress Corrosion Cracking

Logan (2), Dix (26), Pickering (27), and others postulated that
alloys which undergo stress corrosion cracking in a specific environ-
ment have protective films. When stressed, the film ruptures locally,
exposing fresh surface which is highly anodic. Stress corrosion crack-
ing is therefore suggested to be electrochemical dissolution. They
also suggested that the anodic dissolution is concentrated at the crack
tip because the metal at that point is continuously yielding., The yield-
ing prevents the formation of the passive film, and anodic dissolution
is continuous. Hines (57) indicated that the yielding also reduces
the activation polarization which favors anodic dissolution at the crack
tip. Uhlig (58) suggested that the anodic dissolution and the decrease
of the surface energy at the crack tip due to adsorbed species is also
important in the stress corrosion cracking process. The mechano-
chemical model, proposed by Hoar (59), is based on mechanical tearing
of the metal and anodic dissolution, i.e. that deforming film-free
metal (at the crack tip) is anodic relative to non-deforming material
(at the crack walls). There is abundant evidence that electrochemical
processes play a major part in stress corrosion cracking of metals in

aqueous solutions,

Deformation Modes

There are three possible slip planes in g-titanium (31, 33),
(0001), {1010} and {1011}, all of which slip in <1120> directions. The
twinning planes are {liDZ}, and {llik} where k is 1, 2, 3 and 4,

The detection of slip with a non=basal slip vector, probably of



the type %—{1153}, has been made in both Ti and Ti-Al alloys (34), and
has been observed to decrease with increasing aluminum content, The dis=
locations often appear to be paired, which may be a result of % <1123 >
dissociation to <0001> and % <1120> partial dislocations (25). Pickering
(27) suggested that the presence of an ordered structure caused dis-
location pile-ups and pairing., Most of the dislocations he observed
were in pairs with a screw orientation. In the Ti-Al alloys, it has
been found that {IOEO} slip planes tend to predominate at low strain,
but at higher strain slip on {IOil} and to a lesser extent on (0001)

in 3§ <11£O> direction predominates (25, 26, 35). Interstitial atoms

in the octahedral sites increases the probability of {1010} slip (35,

36). Alloying with aluminum appears to cause inhibition of twinning,

leaving slip the predominant form of deformation (35).

Aluminum Content and the Susceptibility to Stress Corrosion Cracking of

Ti-Alloys

The Ti:8-1-1 alloy has been shown to be one of the most sus-
ceptible of all the titanium alloys to stress corrosion cracking. This
is believed due to the formation of ordered Ti3A1 precipitates., The
precipitates of T13A1 in Ti-Al alloys with aluminum contents above six
percent by weight were confirmed by Crossley (41) and Blackburn (42),
The ordered precipitates were found to cause a rearrangement of the
dislocation distribution from cellular to co-planar arrays and to in-
hibit deformation by cross slip (39)., Thus aluminum addition restricts
the movement of dislocations in the {1010}-planes (25), decreases the

twinning probability (35) and inhibits deformation by cross slip. This



results in more dislocation pile=-ups which has been postulated as in=-

creasing stress corrosion susceptibility,
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CHAPTER II

EXPERIMENTAL PROCEDURE

Specimen Preparation

The Ti:8~1~1 alloy used in this study was prepared by Titanium
Metals Corporation of America. The specimens were in the mill annealed
condition, degreased with benzene and acetone dried, Several differ-
ent surface conditions of the unstressed specimens were used, ranging
from a rough polished surface to a one micron polished finish, Unless
otherwise stated, the specimens were in a machined surface finish. A
dead weight tensile machine with a 1:20 arm ratio was used for the
static tensile tests and the Standard Cantilever=-Beam Machine with a

36-inch moment arm was used for the bending tests,

Polarization Curve Measurement

Stress corrosion cracking can be controlled by cathodic and
anodic polarization., The former controls the discharge of hydrogen
ions, which may then diffuse into the metal, The latter controls the
anodic dissolution of titanium and the formation of compounds which may
assist stress corrosion cracking., The anodic polarization of titanium
and its alloys has been investigated in sulfuric acid (44, 45) and
hydrochloric acid (46) at different concentrations, temperatures and
alloy compositions, However, there is little or no data about anodic
and cathodic polarization in sodium chloride solutions. The polariza=-

tion test cell was basically the same as that described earlier by
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Myers (47). The anodic and cathodic polarization of the unstressed
specimens was measured for different surface conditions and pH values.
The anodic polarization curves of unnotched and notched specimens under
tensile and bending stresses were also measured.

The polarization curves were made using a '"Beckman Electroscan
30" potentiostat with a saturated calomel electrode as a reference
electrode and a platinum electrode as an auxiliary electrode. All ex-
periments were performed in a 3.5 percent NaCl solution. A specimen
shown in Figure 4 as another reference electrode is used only for a
experiment to detect the surface effects. The specimen design for the
unstressed tests is shown in Figure 5, the tensile specimens in Figures
6 and 7, and the bend test samples in Figures 8 and 9. All specimens

were coated with Silastic RTV 70 so that only 1 cm2 area was exposed.

Quantitative Determination of Repassivation Power in

Aqueous Solution

Scully (51) suggested that the repassivation of Ti-alloys was de-
layed by the chloride ions at the emergent slip steps so that the hydro-
gen ions discharged at this point diffuse into the metal. This experi-
ment was designed to determine the repassivation power of Ti:8-1-1
alloy in the various solutions. The specimen (Figure 5) is scratched
by a sharpened, non-conductive glass bar and then the electrode potential
change versus a saturated calomel electrode is measured. Referring to
the diagram shown in Figure 10, the repassivation power (R.P.) is deter-

mined by the following formula:



1"

T rreen

Figure 4, A Specimen as a Reference Electrode.

-

1" D

1.4 cm

Ccm

1.4 cm

A Specimen Design for Unstressed Experiment. The Shadowed
Area is Covered by Lucite with Copper as an Electrical

Connection,

Figure 5.

12



Figure 7.

3:’%”
Ln %H l}ill 1n %H
wle wla e s
T il i I
r:::rrr_~__d\~— s
H lll D :
: 5 :
T

Figure 6. Specimen for Tension Tests.

3%.11

15"

in n

(3

— T

w
[

-]

[L
|

13

Special Specimen for Tension Tests to Detect Surface Effects.



14

511

(N

oolw

Figure 8. Specimen for Bending Tests.

60”

2
7 ~ F e
\/ I - 2
8 E— ]

- -

Figure 9. Notched Specimen for Bending Tests.




15

10 |

8 L

6-

s

g 4 L
£
(9] A
- L
=
-

2

0 1 ] 1 1 | L I 1 1 ] ]

0.4 0.2 0.0 -0,2 -0.4
Potential (volt) vs. SCE

Figure 10, Typical diagram for the Calculation of the Repassivation

Power for a Specimen Scratched by a Non-Conductive Material,



16

_ change of potential
time for repassivation

AE * deviation
time

+
= é§—§~§ volt/min (3)

where AE is the potential difference before and after scratching, X is
the potential deviation dependent on solution and t is the time for the

potential curve to reach a stable condition after scratching.

Surface Factor Investigation

Logan (2), Dix (26), Pickering (27) and others agree that the
applied stress is helpful in rupturing the surface film, thereby ex-
posing fresh metal at the tip of the crack and allowing the reactions to
continue, The fresh surface is anodic with respect to the film-covered
surface. Two specimens were used to study this phenomenon, one was
polished through 3/0 emery paper and immediately immersed into the solu-
tion (fresh surface) acting as an anode. The other was polished and
exposed to air for one week (film-covered surface) acting as a cathode.
The current between the two electrodes was measured. Thg potential
difference between these two specimens was also measured. Using
several specimens polished and exposed to air for different times, the
polarization characteristics for different surface conditions were ob-
tained, The resulting current and potential curves are dependent on

the length of time for passive film formation and growth.
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Crack Initiation and Propagation Investigation

The progress of cracking was studied by removing unbroken speci-
mens from the test machine at various times during the test. The sur-
face of the specimen was examined for cracking and in some tests the
specimen was then broken in air and the fracture surface examined by
Scanning Electron Microscopy. Most specimens were removed after the
potential had shifted to a more active value which was generally above
the yield point.

To determine whether the crack propagation was continuous or
discontinuous based on potential changes, the specimen was loaded above
the yield point with only a small potential shift in the active direction.
This condition was maintained until fracture occurred. The potential

and current versus time curves were then examined for any discontinuity.
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CHAPTER III

RESULTS

Current and Potential Measurement of the Stressed Specimens

Potentiostatic measurements were made on several unnotched samples
in NaCl solutions under various loading conditions. The results of these
studies are shown in Figures 11 and 12 as curves of potential and cur-
rent versus tensile stress. It is noted that the potential shifts to
a more active direction without repassivation when the stress exceeded
149,000 psi. Bending tests of unnotched specimens, on the other hand,
were much less sensitive to applied stress, as can be seen from Figure
13. However, a sharp change of potential and current appeared during
incremental loading of notched specimens during bending test (see
Figure 14).

A faster chart speed was used to magnify the potential change
within a short time interval around "A" in Figures 11, 12 and 13 as
shown in Figures 15 and 16. The curves in these figures can be divided
into four regions which can be correlated with the cracking process.

This will be analyzed in the discussion.

The average rate of crack propagation was estimated to be about
0.042 cm/sec for smooth bend specimens. The rate was dependent on the
dimensions of specimens and the level of stresses applied. The crack-
ing rate was approximated by measuring the length of the crack and

dividing it by the period of time of crack propagation.
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Quantitative Determination of the Repassivation Power in

Aqueous Solutions

The repassivation power of Ti:B8-1-1 alloy in different solutions
is listed in Table 1. These results imply that the delay of repassiva-

tion of Ti:8-1-1 alloy in NaNO, solutions is greater than that in NaCl

3

solutions. However, Ti:8-1-1 alloy is not susceptible to stress corro-

sion cracking in NaNO, solutions (52).

3

Polarization Behavior

The discharge of hydrogen ions may be controlled by cathodic
polarization, while the anodic polarization seems to control the anodic
dissolution and the formation of the oxide. The reactions at both
electrodes may be clarified by the behavior of anodic and cathodic polar-
ization. The applied potential was repeated several times in a given
range of the polarization curve; for example, from 0.6 to 1.6 volt (SCE)
shown in Figure 20. During this test the surface of the specimen became
a light yellow and turned darker with increasing potential. This may be
due to the formation of titanium oxide which can occur in this range.
Pitting was observed under the microscope (Figure 21) for potentials
above 1.6 volt.

The cathodic polarization curve is shown in Figure 22. The small
current measured during the potential change from 0.0 to -0.5 volt may
be due to the residual current and a small amount of hydrogen ions being
discharged at the surface. A lot of hydrogen ions will be discharged
from -0.5 to -0.8 volt. WNo increase in current was observed in the -0.8

to ~1.1 volt range. This may be due to the concentration polarization,
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the activation polarization for the oxygen adsorption and for the forma-
tion of hydrogen molecules.

There is little or no data available in the literature about the
reaction potential of titanium and chloride ions, but free energy data
are available (48). The reaction potential can be calculated from the
formula, A G = -nEF, where G is the Gibbs free energy, E is the electrode
potential, F is Faraday's constant and n is the metal valence. The free
energy change of these reactions was calculated at 25°C considering ions
at unit activity. This is a very approximate calculation but the general
trends of these data, shown in Table 2 is useful in developing an under-
standing of the reaction. The electrode potential calculated from the
free energy change is listed in Table 3. The results of this calcula-
tion indicated that the reactions between titanium, aluminum and chloride
ions are spontaneous, i.e. the formation of titanium and aluminum chlo-

ride in NaCl solution during stress corrosion cracking is possible.

The reaction does depend, however, on the surface condition of the metal
and the pH value. The low pH value at the crack tip (53), which is
about 1.7, favors chloride formation. These reactions may occur at the
active site of the crack tip and may assist the cracking since TiCl

4

is liquid; TiCly and AICl, are soluble in water (49, 50).

3

pH Value, Surface Finish and Stress Corrosion Cracking

The stress corrosion cracking of titanium alloys can be correlated
with the pH value and surface conditions. The relationships between
them are shown in Figures 23 and 24 which indicate that the lower the

pH value of the solution or the rougher the surface of specimen, the
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lower the load needed for fracture,

The polarization behavior of Ti:8=1-1 alloy for different pH
values of solution and surface conditions is shown in Figures 25 to 29,
These curves indicate that the lower the pH value of the solution or
the rougher the surface of specimens, the higher the anodic and the
cathodic current densities, and the easier the discharge of hydrogen
ions, Therefore, titanium alloys were more susceptible to stress
corrosion cracking under these conditions. These Figures also indicate
that the less exposure time in air, the higher the anodic current

density is.

Effect of Scratching the Surface on Potential and Current Change

This experiment was conducted to determine the effect of dis-
continuities of the surface film on the measured potential in a NaCl
solution. When the oxide film was broken by scratching, the potential
and the current shifted sharply in the active direction but scon re-
passivated as shown in Figure 30, This figure also indicates that the
pH value of the NaCl solution affects the electrode potential of the
fresh surface (-0.88 and -1.02 volt (SCE) in NaCl solution with pH =
3.5 and 11.5 respectively). Figure 31 shows that the current between
the film-covered surface and the fresh surface is about 2 mA/cm2 (curve
1), and the potential difference between these two surfaces is about

1.0 volt,

Anodic Polarization Curves of the Stressed Specimens Prior to and After

Crack Formation

The effects of stress on anodic polarization curves are shown



22

in Figure 32, The active region appears on these curves when the speci-
mens were stressed above the yield point in NaCl solutions. The anodic

polarization curves during cracking are shown in Figure 33, No passive
region appears in these curves and the corrosion current increases con-

tinuously with increasing potential,
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Table 1.

Repassivation Power

Solution 3,5%

R.P. volt/min

HC1

NH&CI

MgCl2
KC1
NaCl
KI
NaNO4
HNO4
MgSOA

K,50,

0.16
0.17
0.18
0.16
0.15
0.25
0.12
0.28
0.22

0.16
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Table 2. Free Energy Data

Formula State Free Energy (Kcal/mole)
Ti solid

Gl aqueous

T1012 solid

TiClB solid

Ticl, liquid

AlCl3 solid

Table 3. Reaction Potential

Reaction Formula

Free Energy
Change (Keal)

Potential
(volt vs SHE)

Ti + 2C1°
Ti + 3C1
Ti + 4C1°

Al + 3c1”

[

TiCl, + 2e
TiClg + 3e
TiCcl, + be
AlCl3 + 3e

-33.3
=53.95
-35.8

-58.2

0.73
0.78
0.39

0.85
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Figure 19.

(B)

Microstructure of a Specimen which was bent in NaCl Solu-
tion of pH = 3.5 until the Measured Potential Reaching a
Point X as shown in Figure 15 was Observed. The unbroken
Specimen was Removed from the Solution and then Metallo=-
graphically Examined, (A) 170 X Magnification, (B) 500 X
Magnification, Etchant: 1 part of HF, 1 part of HN03

and 2 parts of Glycerine.
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Figure 21.

Pitting was Observed on the Surface of an Unstressed
Specimen as Potential Changed from 1.6 to 2.0 volt

(SCE) in the Anodic Polarization Curve. Pitting Initiates
at the Grain Boundaries. 300X Magnification. Etchant:

1 part of HF, 1 part of HNO, and 2 parts of Glycerine.
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of this Figure.



1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Potential (volt) SCE

=0.2

-0.4

-0.6

Figure 33,

1
0.0 20 40 60 80 100 120
Current (uA)

Anodic Polarization Curves of the Bending Specimens during
Cracking in NaCl Solution of pH = 5.2,

46



47

CHAPTER 1V

DISCUSSION OF RESULTS

The Cracking Process

The potential versus time curves in Figure 15 can be divided
into four regions which may be correlated with the stress corrosion
cracking process: (1) the incubation period below point A, (2) crack
initiation at point A, (3) crack propagation between A and B, (4) rapid
fracture between B and C.

In the bending tests, no cracks were observed on the surface
of the specimen when the sample was removed from the solution before
the potential reached point A, Figure 15. This region was then de-
signated as the incubation period. However, cracks were observed when
the samples were loaded in the region between A and B, i.e. Figure 19.
Therefore, it can be deduced that cracks initiate at point A and propa-
gate until point B is reached. Here catastrophic failure occurred,

If the specimens were loaded to a point X located between A and B, and
then broken in air, the fracture surface contained two regions, one
with cleavage and the other with ductile fracture. The cleavage
occurred in solution during the crack propagation period from A to X,
and ductile fracture occurred when the specimen was broken in air after
being removed from the solution, The cleavage area on the fracture sur=
face increased with increasing time from A to X. The region between

A and B in the potential and the current versus time curves shown in
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Figures 15 and 16 is continuous. This indicated the crack propagation
was continuous.

The same phenomenon was observed in tensile tests. However,
potential and current changes were observed before point A as shown in
Figures 12 and 15. No cracks were observed under the microscope when
the specimen was removed from the solution before the potential reached
point A; and no cleavage region could be found on the fracture surface
of a sample which was not loaded above point A and then broken in air.
This supports the conclusion that cracks did not initiate below point
A, and that the current generated below point A (Figure 12) did not

change the characteristics of the fracture.

Effects of Surface Conditions on Potential and Adsorption

The shift in the potential towards the active direction can not
be explained by the change in strain energy and the thermoeleastic effect.
A quantitative calculation of the potential change from the strain energy
and thermoeleastic effect is about 0.01 mV. The experimental value ob-
tained from Figure 17 is about 0.06 volt. The potential change may be
due to the change in the surface condition. A special sample was designed
(Figure 7) which contained about the same strain energy as the regular
sample (Figure 6) when loaded. Its measured potential change was very
small in comparison with the regular specimen. This is shown in Figure
17. This is attributed to the difference in stress at the section of
measurement which affects the surface condition. Support for this inter-

pretation was obtained by scratching the surface of an unloaded specimen

in the solution. The measured potential change was found to be very sim-

ilar to that of the specimen loaded beyond the yield point (Figure 18).



Therefore, the potential changes of speci nens when stressed above the
yield point in Nad solutions is due to filmrupture. The notched
speci nens showed a sharp change in potential and current as an incre-
nental load was added (see Figure 14). This may be due to the notch
acting as a stress raiser or concentrator. Dislocations and |oca
mcroslip created around the root of the notch nmake it nuch easier to
rupture the passive oxide filmwhich results in exposure of the fresh
surface to the corroding nedia. The exposed surface is then repassi-
vat ed.

The potential difference, AE, between curve (3) and curve (4)
in Figure 31 can be considered to be due to the adsorption of ions
fromthe solution on the netal surface, making the assunption that
the growth of the oxide filmon the netal surface occurs at approxi-
nately the same velocity inair as in the solution. The adsorption
nay decrease the surface energy and/or form an adsorption |ayer which
changes the potential. This figure also indicates that the film

covered surface has |ower adsorption characteristics (curve 2) than

the fresh surface (curve 3), This inplies that the decrease of surface

energy is an inportant factor in crack propagation. Its role in crack
initiation appears to be much less if indeed it effects initiation at

all.

Anodi ¢ Di ssol ution
There is very little active region in the anodi c polarization
curves for specinmens stressed to the yield point in Nad solutions or

stressed beyond the yield point in a KySO/ solution (F gure 32).
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