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FOREWORD

This report was prepared by the Department of Metallurgical
Engineering, The Ohio State University, Columbus, Ohio. ‘the
principal investigator for this project was Dr, Mars Fontana,
under Contract F33(615)-69-C-1258. This contract was initiated
under Project No. 7312, "Metal Surface Deterioration and Protec-
tion," Task No. 731202, "Metal Surface Deterioration,” during
the period October, 1969 through October, 1970, This
work was administered by the Advanced Metallurgical Studies Branch
of the Metals and Ceramics Division, Air Force Materials Labors-
tory, Wright-Pattcrson Air Force Base, Ohio, under the direction
of Dr, C., T. Lynch and Dr. H. B, Xirkpatrick.

This mamuscript was released by the author in Jamusry, 1971,
for publication.

This technical report has been reviewed and is approved.

» ’

C., T, LYNC

Chiasf, Advanced Metallurgical Studies
Branch

Metels and Ceramics Division

Air Force Materials Laboratory
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ABSTRACT

Activation energies of 6-7 kcal for stress corrosion cracking
were determined for unalloyed titanium and titanium alloys Ti-f-4
and Ti-8-1-1, and AIII in CHqoOH + HT1 + H>0 and CH;OH + Bro solu-
tions, suggesting that either chloride ion attack or titanium hydride
formation describe the cracking mechanism, Chemical metbods, to .
reduce the water content of methanol to low levels and tc accurately
determine these levels, have been developed to examine the effect
of small water concentrations on the stress corrosion cracking be-
havior of titanium in methanol enviromments. The effects of grain
size and state of stress (including uniaxial tensiom, biaxial tens:io:
combined bending-torsion, and notched bars) on crack initiation,
crack propegation, and crack mode are being evaluated for titantux
alloys in methanol enviromments. Studies on the effect of grain
size of Ti-6-4 on stress corrosion cracking in CHgOH + Ho0 + MaCl
solution show that increased resistance with decreasing grain size
is due primarily to increased crack initiation time,

Work on the fundamental aspects of stress corrosion cracking of
high-strength steels includes studies of effects of structure on
crack velocity, hydrogen interactions with the steel, acoustical
emission, dissolution of iron carbides, and growth kinetics of passive
filws, Crack velocity in a 250 maraging steel was changed substanti-
ally at the same strength level by aitering the structure. Variations
in crack velocity are related to microstructures determined by the
electron microscope, Studies on hydrogen absorption show that the
kinetics of hydrogen entry depended critical’y on the potential as
it relates to the chemical identity of arseaic-containing species,
Analysis of permeation transients for Fe-Cu alloys shows clear indi-
cations of variations in hydrogen trapping related to aging-related
coherency strains, Growth kinetics of passive films at pH 4 and €
are reported and optical constants are found to exhibit wider varia-
tions at these pH's than at pH 8. The dissolution of the film was
shown to increase with decreasing pid.

Work on the delayed failure of high-strength steels shows that
ductility is significantly affected by specimen size, hydrogen charg-
ing conditions, and extent of prior deformation, Failure times de-
creage with increase in charging times.
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SECTION I
IFTRODUCTION

This Technical Report covers the period October 1969 - October
1970. The program is aimed at developing fundemental informatiorn
concerning tie nature and control of stress corrosion cracking with
primary emphk.sis on titanium alloys and high strength steels,

Pursuant to the coupling aspects of this program, five lectures
ard eeminsrs were held at AFML by our staff. A post-doctoral fellow
continued his research at AFML.
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SECTION II
TITANTUM AND TITANIUM-BASE ALLOYS (F. H. Beck)

The objective of this program is to obtain a better understanding
of the factors resporsible for stress-corrosion cracking in titanium-
base alloys. Invesiigations described below are designed to characterize
various titanium-enviromment stress~cracking systems. The effects of
microstructure and state of stress on crack initiation ard propagation
are important parts of these studies.

A. STRESS-CORROSION CRACKING OF UNALLOYED
TITANIM IN METHANOL SOLUTIONS (C. M. Chen)

1. Aims and Significance of Work

Stress-corrosion cracking studies of titanium alloys Ti-8-1-1
and Ti-6-4 in methanolic solutions have been presented in previous pro-
gress reports. This report is concerned with stress corrosion studies
of unalloyed titanium (RMI-70) in CHL0H + 0.17% HCl + X% H20 solutions,
Results show that when the water content of the solution is greater than
1.6% there is no stress corrosion susceptibility, and below this value
intergranular failure occurs in about 1.5 hours (Fig. 1). The crack-
ing mechanism is discussed in relation to the activation energy and the
effect of gra.a size on susceptibility. An activation energy of about
5.7 kcal may be due to the diffusion of the chloride ion in the methanol
solution. The linear relation between failure time and D™% (where D is
the grain size) suggests that dislocation pile-ups, resulting from
external loading, cause stress concentrations at the grain boundaries
and thereby play an important role in the intergrarular cracking suscep-
tibility.

2. Experimental Procedure and Results

The legs of unnotched U-bend specimens (0.6 mm x 7 mm x 77 mm)
were placed in short lengths of 25.4 mm glass tubing which served as
stressing jigs. These assemblies were plac=d in the test solution and
the temperature was controlled to within +0.1°C with a thermoelectric
temperature regulator. The specimens were oriented with the long axis
perpendicular to the rolling direction. Grain size was adjusted by
repeated straining (0.3% or 1%) and amnealing for various times at 815°C
in evacuated vycor capsules. Solutions of CHZOH + HC1l + H,0 were pre-
pared from Baker absolute methanol, Applied Chemical reagent grade HC1,
and double distilled water. The specimens were mechanically polished
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rolling direction; specimen stressed to yield).
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through 600-grit emery and then rinsed in acetope and methanol prior to
stress-corrosion testing. ‘The compositior of the umlloyed titanimm is

stated below.
Composition of Umalloyed Titanium
Zlemert % Element
c 0.02
R 0.011
Fe c.31
0 0.30%
H 103
a. Effect of Water Content at Constant

HC1 Concentration of CH.OH Solution
on Stress Corrosion Susceptibility

Failure time vs. water content is shown in Fig. 1. iben
the water content is less than 1.3% the failure time is short--approxi-
mately 3.5 hours. When the water content is greater than 1.8%, the
specimens did not fail in two months. The critical water content is
about 1.6%. Cracking is intergramlar as illusirated in Fig. 2.

b. Apparent Activation Energy of
Stress Cracking
As is shown in Fig. 3, the activation energy was deter-
mined in the temperature range from 0° to S0°C. When the texperature
was increased, the failure time was decreased and there was a linear
relationship between the reciprocal temperature and the logarithmic
failure time. The activation energy is about 5.7 kecal. This value is

almost the same as those determined for Ti-6-I and Ti-8-1-1 alloys shown

in Fig. b

c. Effect of Grain Size on Failure Time

1)

]
L}

AP T

Specimens were stress corrosion tested in CH,0H = 0.28%

H-0 + 0.17% HC1 solution at 40O°C. Figure 5 shows thzt as the grain size
of the specimen was increased, the failure time was decreased. There is a
linear relationship between the failure time and D% where D is the grain

diameter.

3. Discussion

The effect of water content in methanol solution on the
stress-corrosion cracking of Ti-6-U was discussed in detail in Technical

:
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Report APML-TO-2. When the water content is below i.6%, the passivator,
H.0, is insufficient to passivate defects in the oxide film for speci-
mens stressed in the solution. These defects are believed to he in the
axide and in the cracking paths located in the grain boundaries. The
octivation energy for stress-cracking is about 6- 7 kcal for unalloyed
titarium and titanium alloys Ti-6-k or Ti-8-1-1. The stress corrosion
mechaniem is discussed as due to either titandum hydride formation or to
chioride ion attack. Diffusion of hydrogen in g-titanium is much easier
<“han in o-titanium, and the diffusion coefficients in these phases cbey
the following equations: *

v b hediidag f

Dy = 1.95 - 107° exp(- éﬂ‘%ﬁ)azlsec (1)
D =18 - 102 exp(- En%ﬁ)az/m (2)

Although Ti-8-1-1 and Ti-6-I alloys are a-alloys, it is possible to
have g-phase plus irtergranular g-phase by appropriate heat treatments.
However, the unalloyed titanium shows only a-phase, and the measured
activation energy is only one-half of that of the diffusion of hydrogen
in the a-phase. On the other hand, the activation energy of diffusion
for the chloride ion in aqueous solittion is 4.2 kcal. Therefore, it is
not unreasonable to assume that the activation erergy for stress crack-
ing is due to the diffusion of chloride ions to the crack apex in the
methanol soclution in the case of the un=lloyed titanium.

Av——

In Petch's! relation, the fracture stress is proportional to
D%, According to Eshelby, Frank, and Nabarro,Z when the disiocation
source is located at the center of the grain, the mmber of dislocations
that can be accommodated in the grain is,

(A IR PRI o ?
cab il ol e by

_ kntgD
= (3)

n

where D is the grain diameter, and Tg is the average resolved shear
stress which is assumed to be equal to the applied stress 14 minus the

average internal stress 1; to overcome the resistance to dislocation
motion; i.e., 1 = 13 - 71j. The stress concentration due *o n dis-
lpcation pile-ups is n times the average resolved shear stress; i.e.,

Lkt 2 o i n i

¢ £ > o - Ly ¥ A8 R
LA od YR ) T A i e AR RN e ) N AR CGER G S A DA TSN N 5 g Y R tSaraat &
g
i tes PEALA A X
5 " 5 X . ‘ L) PO
* iy Y o & R RSSO h 4 e K LA \ W b B ’ i

knt3D

n's's = 1 .

(k)

*From R. J. Wasilewski and G. L. Kehl, "Diffusion of Hydrogen in
Titanium,” Metallurgia X1, 50, 301 (November, 1954).
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Yielding is assumed to occur <hen a critical shear stress, 1o, which is
independent of the grain size, is produced at the head of the pile-up.
If the shear stresses &re converted to uniaxial tensile stresses such
that :3 = 0a/2, 14 = 0;/2, and 1, = 0,/2, then, the critical shear stress

is gliven by

vtk(O'a'O’):_: *D
i - oe (5)
8Gb
Therefore,
R e (6)

In addition tc this shear stress, nig, there is & field of
normal stress at the head of the dislocation pile-up according to Stroh's®
analysis of the stress distribution. Stroh showed that the tensile
stress normal to the line OP in Figure 6a is given by

= .13:(%)% 15 sin 6 cos% (7

The meximm value of ¢ occurs at cos ¢ = 1/3 or 6 = 70.5°; i,e.,

w2 ) ®

Theref.re, when the grain size becomes laryger, the normal stress concen~
tration at the grain boundaries becomes larger and is proportional to
D%*. B~bertson and Tetelman' have shown that there are linear relations
between failure time and D™% in the system of dbrass in mercury and brass
in Mi; enviromment. In the unalloyed titaniuwm the failure is intergranu-
lar and the linear relation between the failure time and D% suggests
that the normal stress concentration caused by the dislocation pile-ups
at the grain boundaries is related to the intergranular susceptibility
as schematically shown in Fig. 6b.

B. STRESS CORROSION CRACKING OF Q (UNALLOYED),
a + 3 (Ti-6-4 and Ti-8-1-1) AND p-III
(Ti-11.5Mo-62r-4.5Sn) ALLOYS IN METHANOL
SOLUTIONS

1. Aims and Significance of Work

Stress corrosion cracking of unalloyed Ti, Ti-8-1-1, and
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Ti-6-4 ({.e,, <z and a + B alloys) have been investigated in methanol +
HC1 + Y20 solutions. This report is concerned with stress corrosion

tadies of 8-IIY {B-phase alloy) in methanol + HC1l + H>0 solutions and
unalloyed T%, Ti-6-4, Ti-8-1-1, and g-IIT alloys in methanol + Bro
solutious,

Ir methanol + 0,17% HC1 + X H20 solutions the water content
necessary to prevent cracking of g-III was determined to be greater
than 1,5% and the activation energy for cracking in the same envircn-
ment was about 5.5 keal; this activation energy is essentially the same
3 that obtained for unalloyed titanium and the a + f alloys. This
suggests that the diffusion of chloride ion in the methanol solution
plzys an important role in the cracking process,

Tests on unalloyed Ti, Ti-6-k, Ti-8-1-1, and p-IIT alloys in
methanol + Bro solutions show that very small amounts of bromine will
cause stress corrosion cracking; e.g., with only 5 x 107%% Br,, Ti-8-1-1
failed in 2-3 mimites, heat-treated p-III failed in 5-7 mimutes, and
Ti-6-4 failed in 20-50 minutes, When the Br, content was less than
5 x 10°°, all the alloys failed except as-received Ti-8-1-1 1 R,D, and
the heat-treated p-IIT allcys.

Metallographic observations showed that when unstressed speci-
mens of unalloyed Ti and B-III alloys are dipped in methanol + Brp
solution, bromine attacks the grain boundaries, and after extended
times these materials become somewhat porous and brittle., X-1ay analy-
sig for the unalloyed titanium after long exposure times showed a
pattern for titanium only.

s

2. Experimental Procedure and Resultis

The legs of unnotched U-bend specimens (77 mm long x 7 mm
wide) for unalloyed T¢ (0,64 mm thickness), Ti-8-1-1 (0.25 mm), Ti-6-4
(C.25 me) were placeu in short lengths of 25.4-mm glass tubing which
served as stressing jigs; similar type specimens of $-III alloy (0.13
mn x 6 mn x 40 mm) were stressed in short lengths of 17-mm glass tubing.
All specimens were oriented with the long axis perpendicular to the
rolling direction, pH-III specimens were heated at 1700°F for two hours
followed by a water quench to assure an all B microstructure.

All specimens were mechanically polished through 600-grit
emery, rinsed ir acetone, and dipped in methanol prior to stress-
corrosion testing, Specimens for metallographic observation were rough
polished with 6 um diamond compound followed by 0.05 um alumina, and
etched with Kroll's solution.

Test solutions of CH3OH + HCl + HoO were prepared from Baker's
absolute methanol, Allied Chemical reagent grade HCl and double dis-
tillec water, Solutions of CHaOH + Br> were prepared from Baker's abso-
lute methanol and purified btromine,
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a. Effect of Water Content at Copstant
HC1 Concentretion of CH3OH Solution

on Stress Corrosion Susceptibility

Failure time vs, water content is shown in Fig. 7 for
the as-received material of Ti-8-1-1 alloy. The critical water content
is about 0.6% H-0; specimens failed in 10-1000 minutes below this water
content and in 1000-10,000 minutes or more when the water content was
increased above 0.6%. Failure time vs. water content is shown in Fig. 8
for as-received material of B-III alloy. The failure time increased
from about 20 mirmtes to about 100 mimutes when the water content was
increased from 0.28% to 1.3%; however, the failure time was greatly in-
creased when the water content was greater than 1,5%,

b. Apparent Activation Energy of Stress
Cracking of g-III Alloy

Figure 9 shows the activation energy for B-III alloy de-
termined in the temperature range from 0° to 50°C. When the tempera-
ture was increased, the failure time decreased; the activation energy
is about 5.5 kcal, This value is almost the same as those determined
for unalloyed Ti (5.7 kcal), Ti-8-1-1 {7.1 kcal), and Ti-6-4 (6.3 kecal).

¢c. Stress Corrosion Cracking in CH,0H + Bro
solutions

The effect of bromine concentration in CH30H on SCC is
shown in Fig, 10a for Ti-8-1-1, ir Fig, 10b for B-III, in Fig. 1Oc for
Ti-6-4, and in Fig, 10d for unalloyed Ti. In all cases these are for
ag-received materials (either with or without mechanical polishing
through 600-grit emery paper). Failure times are plotted against the
logaritimic concentration of Brp., In Ti-8-1-1 alloy the curve shows a
minimum at about 0.5% Bro. When the concentration of Br. was decreased
the fallure time increased and there appears to be a linear relation-
ship between the failure time and logarithmic concentration of Brs., The
specimens without mechanical polishing are more susceptible than those
with mechanical polishing; the B-III alloy shows the same tendency.
Upon decreasing the Bro concentration, the failure time decreasea at
first and then increased linearly with the logarithmic concentration.
When the concentration was reduced below 5 x 10~%% Brz, the specimen
did not fail in 4k hours. Specimens without polishing are more sus-
ceptiole than those with polishing, The failure time of Ti-6-4 was
not greatly affected by Brz concentration sbove about 0,05%; reducing
the concentration below 0,05% increased the failure time linearly with
logarithmic concentration., When the concentration was below 5 x 10"%%
Bro, the specimen did not fail in L4 hours. Unalloyed titanium speci-
mens without polishing showed the same tendency as Ti-6-4, Specimens
with polishing showed minima similar to the Ti-8-1-1 and B-III alloys.
When the concentration was below 5.10~%% Bro , the specimens did not
fail in 100 hours,
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The curve for heat-treated 2-IIT zlloy is shown in
Fig. 10e. This curve shows the same terndency as for the Ti-6-h ailoy.
When the concentration was below 5 x 10™°% Bro, the specimen did not
f2il in &% hours.

d. Metzllograpkic Observations

1) When unstressed specimens of unall titanius were
dipped in a soiution of methanol + 1% Bro, bromine attacked the grain
boundaries; witk increzced exposure time some of the grains were dis-
solved out and the material bzcame porous and very brittle, Figure 11
shows the pcrous material after 68 hours exposure in the solution.

Thiz porous material was ground to powder for x-ray zmalysis to iden-
tify the corrosion preducts., However, it showed a2 patterm for titznium
only.

2) When tke unstressed specimens of heat-treated S-III
alloy were expesed to a solution of methanol + 0,05% Bro, broamine
attacked the grain boundaries and the material became very brittle.
Fignre 12 shows the grair boundary ccrrosion of B-III exposed in the
solution for 164 hours. Wwhen external stress wes applied, transgram-
lar and intergramlar SCC occurred as shown in Fig. 13. %hen the ex-
ternal stress was very high the cracking was almost entirely trans-
granmular and appeared to follow some characteristic crystal plane., The
cracks cr-!::ssed the slip lines (formed by plastic deformatiion) as shown
in Fig, 14,

3) The heat-treated S8-III specimen in methanol + 0,1
HC1 + 0,28% H-0 failed by both transgramilar and intergramilar crack-
ing. As shown in Fig. 15 the transgramular cracking follows some
characteristic crystallographic direction.

L) The long axis of the Ti-8-1-1 specimen was cut
parailel, at 45°, or perperdicular to the rolling directicn, and the
stress was applied parallel to the long axis of the specimen, As
shown in Fig. 16 cracking follows, more or less, the rolling direction.

3. Discussion

In CH50H + 0,17% HC1 + 0.29% H20 solution, the activation
enery of the cracking process for unalloyed Ti, Ti-6-4, Ti-8-1-1, and
B-III alloys is about 6-7 kecal regardless of the phases present. If
stress corrosion susceptibility of these alloys is due to titanium
hydride formation by supersaturation of hydrogen in the material, the
activation energy for the cracking process should be determined by the
hydrogen diffusion process, Therefore, the activation energy should be
different: 6.6 ¥cal in O-phase and 12.4 keal in B-phase according to
Egs. (1) and (2) for the diffusion coefficients. This mey suggest that
the diffusion of the chloride ions in the solution plays the iniportant
rcle in the stress cracking process,
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In methanol + Bro solution there is no doubt about the reaction
of bromine with titanium and its alioys to form TiBr, which is very solu-
ble in the methanol solution., Trkerefore, it is reasonable to assume that
the process in the intergramilar stress corrosion cracking is due to
bromine attack as follows:

Ti + 2Br> —»TiBr,

dissolved in methanol (9)

This reaction occurs a2t the grain boundary ir the absence of an external
stress. However, fast transgranular cracking of stressed specimens could
result from bromine attack, titanium hydride formation, or stress sorp-
tion processes. This will be investigated in future studies.

4, Future Work

It is improbable that a universal model can be used to inter-
pret all stress corrosion phenomena for titanium and its alloys, In
aqueous and methanol solutions there are many controversies concerning
titanium hydride formation and chloride ion attack. Furthermore, it is
worth noting that stress corrosion susceptibility exists in pure carbon
tetrachloride and mercury; in other words, without hydrogen or chloride
ions, Therefore, the causes for the susceptibility may be different in
the various envirommental systems. Further research is designed to
examine these variables, as follows:

a, Susceptibility due to titanium hydride formation
will be intensified in @ and O + B alloys by
charging hydrogen, either by absorbirg from
hydrogen gas or by cathodic polarization. Titan-
ium hydride is expected to be formed at the slip
planes in @ alloys and at O-B grain boundaries in
a + B alloys.,

b. Susceptibility due to chloride ion or anodic dis-
solution will be examined in P alloys; titanium
hydride formation will be more difficult for speci-
mens treated at the corrosion potential or at anodic
polarization potentials. Also, the solubility of
hydrogen in P-phase is very large.

c. OStress relaxation experiments direct observation of

the cracking provess by microscopy, and investigations
of susceptibility in a gaseous environment are planned.

29




C. EFFECT OF GRAIN SIZE ON STRESS CCRROSION i
CRACKING OF Ti-6-4 ALLOY IN METHANOL-H-0 :
NaCl SOLUTIOK (I, J. Loomba)

i
1. Aim and Significance of the Work i.

;%' Most of the work reported in the literature on stress corro- g‘
< sion cracking of titanium and its alloys has been devoted to examining i
5-' the crack propagation path and the effect of different experimental

- variables on failure time, Section II-A reports the effect of grain -
size on failure time for unalloyed titanium in CHsCH + 0,17% HC1 + 0.28% %

H-0 solution,

The aim of this investigation was to determine the effect of 3
grain size on crack initiation and crack propagation times, crack initi- :
ation and propagation paths, and the effect of stress on crack initia-
tion and propagation times.

2. Experimental Procedure .-
a, Materials i

The experimental work was carried out on 0.025-inch !
thick Ti-6-4 alloy sheet obtained from Reactive Metals, Inc, The L.
composition of the alloy and physical properties of the as-received
material are given in Table I, Strips were sheared from the alloy [
sheet with rolling direction parallel to the length of the strip,
These strips were rolled to 10% reduction along their longitudinal
direction. The rolled specimens were then annealed at 918 + 10°C for .
different lengths of time to obtain different grain sizes. To cdeter- i
mine the effect of stress on crack initiation and failure time, speci- )
mens were sheared similarly from the sheet and annealed at 600°C for
six hours., The physical properties of these heat-treated specimens
are given in Table II, The dimensions of the specimens in all cases e
were 0,020 inch thick x 0,25 inch wide x 1.468 inches long, with the
long axis in rolling direction.

Heat treatment was done in a vacuum electric furnace at
a pressure of 10°°® mmHg or better, Tensile testing was done on an
Instron testing machine, Three specimens (0,022" x 0.,25" x 1,5" gauge
length) were tested for each heat treatment., Table II contains the
average value of yield strength and Young's modulus.

— Foramt
gt e b T Al AL b St

After heat treatment all the specimens were polished on
600-grit silicon carbide paper., Specimens for metallographic work were
final polished on 6-ym diamond polishing compound followed by 0,05 um
gamme alumina powder, Etching was done with the solution of following
compositions: HF, 2%; HNOs, 6%; H20, 92%.
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Table I, Composition and Physical Properties of Ti-6A1-4V Alloy
Camposition
Element i Weight

c 0.03

N 0,912

Fe 0.13

Al 6. )4

v 4.3

0 0.108

H 50 ppm

Physical Properties

Ultimate tensile strength
Yield stress (0.2% offset)(transverse)

134.8/139.1 ksi
127.0/132,9 ksi

Above composition and properties were provided by the supplier,

Table II.

Physical Properties of 10% Rolled and Annealed at 918°C

Yield stress (0.2% offset)
(transverse) (average) 127.5 ksi

Young's modulus (average) 6.335 x 10° psi

Physical Properties of Specimens Annealed at 600°C

Yield stress (0.2% offset)
(transverse) (average) 130.0 ksi

Young's modulus (average) 8.0 x 10° psi
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The test solution used throughout the investigation was
methanol + 0.3% water saturated with NaCl, Sodium chloride and methanol
were reagent grade (water content of methanol varied from 0.02% to 0.04%).

y Double distilled water, containing less than 1 ppm of impurities ex-

pressed in terms of HaCl, was used. Freshly prepared soluticn was used
in each experiment,

2
i
-
3
4
7

b. Experimental Apparatus

Three-point loaded, unnotched bend specimens were used.
A Ti-6A1-LV alloy wire was used to connect the specimen to an Anotrol
potential controller. A Luggin probe placed near the sample surface
was connected to the calomel reference electrode through KCl solution,
A platimm electrode was used as the ccunter electrode. An optical
microscope was used to observe crack initiation and propagation at 100X,

The objective lens was coated with silicon to protect it from the
methanol solution,

The deflection of the specimen is related to the stress
by the following formula:

2
d=..S_E. ,
6Et

where
d = the maximum deflection in inches,

S = the maximum stress in psi,

= the length between supports of specimen holder
in inches,

E = the Young's modulus of the material in psi, and
t = the thickness of the specimen in inches.,

The deflection was measured with a deflectometer to
0.0001-inch accuracy. After the specimen was stressed to the desired
extent, the specimen and holder was placed in the test cell, The
counter electrode was placed near the specimen and the glass dish was
covered with a plexiglass sheet containing holes for receiving the
microscope objective and Luggin probe (the cover was used to keep mois-
ture pickup by methanol from the atmosphere to a minimum), The glass
dish and Luggin probe were then filled with 600 ml of freshly prepared
methanol + C.3% water and NaCl (saturated) solution. A potential of
O mV (SHE) was applied in all cases, The time was recorded from the
time the potential was applied. Cracks were observed to initiate from
pits. The initiation of the crack was recorded as that time when any
of the pits transformed to a crack, Failure time was taken as that
time when the material had failed completely.
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3. Results
Examples of grain 3izes obtained by strain annealing zre shown
in Pigs. 17-23, Tabvle IITY shows the grain size variation with change
in annealing time.,

a. Stress-Corrosion Cracking

In 211 stress corrosion test, when the potential was
applied, corrosion started at once as localized corrosion in the form
of pits elorngated in a direction normal to the tensile axis (at
100X). Figure 24 shows some of these elongated pits. Cracks started
inside the elongated pits in 211 the tests performed in this investi-
gation. The crack appears as a dark black line against ihe dull tlack
background of the pit. Almost every pit gave rise to a crack, as shown
in Fig. 25. Almost every elongated pit shown in Fig. 24 contains a
crack, In all cases the crack started from the middle of the specimen
and not from the edges. These cracks were observed to propagate in a
direction perpendicular to the appiied stress. The cracks would then
proceed to grow until encovntering another crack, as shown in Fig. 26,
Crack propagation rate was slow in the beginning but increased as the
size of the crack increasei. The crack size shown in Fig, 25 was ob-
tained 18 minutes after initiation (Fig. 24). It took only eight minutes
for the crack in Fig. 25 to zrow across the width of the specim=n.

b, Effect of Stress

Figures 27 and 28 show the relation of stress to initia-
tion time, propagation time, failure time, and rate of crack propagation.
As apparent from Fig, 27 the initiation time, propagation time, and
failure time decreased with increasing stress level, As the stress
level was increased from 50% of the yield stress (0,2% offset) to 110%
of the yield stress the propagation time decreased from 139 minutes to
J9 minutes, Table IV shows the applied stress, initiation time, pro-
pagation time, and failure time for these experiments.

c. Effect of Grain Size
g

Pit density and crack density increased with increasing
grain size at a constant stress level. It was also observed that the
pit had to grow larger in omall grain size specimens to give rise to a
crack as compared to larger grain size specimens,

Figure 29 shows that crack initiation (pitting) occurs
ot the ¢-B grain boundary. Cracks propagating from the pits are both
transgramilar and intergranular in nature, Figures 30-33 show the
crack paths in different grain size specimens. The crack path is mixed
(i.e., both intergranuler and transgranular) in all the cases,
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Fig. 17 - Grain Size of 10% Rolled and 1 Hour Annealed
Specimen at 918°C; Average Grain Diameter
0,004l Inch (1000x)

Fig. 18 - Grain Size of 10% Rolled and 2 Hour Annealed
Specimen at 918°C; Average Grain Diameter
0.0057 Inch (lOOOX)
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Pig, 19 - Grain Size of 1{% Rolled and 4 Hour Anuealed
specimen at 918°C; Average Grain Diameter
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= Specimen at 918°C; Average Grair Diameter
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Specimen at 918°C; Average Grain Diameter
0.0110 Inch (1000X)
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Fig. 23 - Grain Size of 10% Rolled and 6l Hour Annealed
Specimen at 918°C; Average Grain Diameter
0.,0130 Inch (1000x)
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Applied, (100%)
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Table IYXI. Average Grain Diameter of Ti-6-U4 Subsequent
to 10% Cold Reduction (rolling) and Anneal-
ing for Various Times at 918°C

Annealing Time Average Grain Diameter
(hr) (inch)

1 0,00kk4
2 0.0057
" 0,0064
8 0,0072
16 0.0095
3 0,0110
6k 0,0130

The grain diameter was calculated by counting the mumber of
grains in a L-inch® area of the vhotographs taken at 1C00X.
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Fig, 25 - Crack Propagation from the Pit; Shape of the
Crack 18 Minutes after the Initiation (100X)

Fig. 26 - Linking of Propagating Cracks; Shape of the Crack
18 Minutes after the Initiation (100%)
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28 - The Effect of Applied Stress on Crack Propagation Rate,
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Fig., 29 - Pitting Occurs at the Grain Boundary
(600X%)

Fig, 30 - Mixed Mode of Failure in 10% Rolled and
2 Hour Annealed Specimen at 918°C (1000X)
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Ffig. 31 - Mixed Mode of Failure in 10% Rolled and 8 Hour
Annealed Specimen at 918°C
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Figures 3%-35 show the relation between D-* (D is grain
diameter} to crack ipitiztion time and failure time, respectively. The
crack initiation time and faijure time give straight lines when plotted
against D-*, The initiation time of the smalles: grain size specimen is
about 300% longer than that of the lsvsest graiu size specimen investi-
gated, Also, the propsgation time of the smallest grain size specimen
(failurc time less initiation time, Fig. 36) is about 21% longer taen
thair of the largest grain, Thus, the decrease in failure time with in-

- creasing grain cize is mainly attributed to the crack initiation time,

k., Discussion

Strezs corrosion failure of Ti-6A1-4V in methanol + NaCl +
aater sclution iz zade wp o two parts; i.e., (a) initiation time and
(b} propagaticn time,

&. initiation Time

The resistance of titanium alloys to stress corrosion
cracking is attributed o a stable passive film. Meny investigatcrs
believe that crack initiation occurs wher this passive oxide film is
penetrated by the halide ions.?~2 Film destruction may also be assisted
by an applied stress. In this study, anodic dissclution occurred at
local areas at 0-8 grzin boundaries resulting in pits, as 3bhown in
Figs. 25 and 26. Localized atiack at the grain bouniary is reasonable

‘since anodic dissolution is faverable at high-energy sites.

According to Petch’ more dislocation pileups will occur
at the surface in a large-grain size material than in g fiver-grain
8ize material at the same stress level., Trese dislocation pileups
create high energy sites for incubatitn of stress corrosion cracks.
This has been founi to be true in the case of egiress corrosion crack-
ing of Ti-6-4 alloy. Pigure 34 shows thiat as the grain size increases
the incubation time decreases in accordeice with the Fetch equation.
An increage in applied stress also decreases the initistion tine, es
shown in Fig. 27, by creating high energy sites. Barnwell, Mrers and
Saxer? also think that this dislocation pileup model acccunts for lower
crack initiation times in Type 302 steel.

Some zuthors!©»!* believe that crack initiation in o-Ti
alloys in methanol + hydrochloric acid solutions occurs by some form of
hydrogen embrittlement. The free corrosion potentials in methanol +
iodine and methanol + bromine solutions =zre positive with respect to
standard hydrogen electrode.®12,1% Thus, in methanol + bromine solu-
tions the reduction of bromine to bromide iz a more likely, cathodic
reaction!® than the evolution of hydrogen, Similar arguments may apply

in the casze of methanol + iodine sclutions.*3 In the case of Ti-5 wi% Al-
2.5 wt% Sn alloy in methanol + 0,6 wt$h HCL + 1.0 wt$ water, the free corro-
sion potential is -10 mV(SHE) and the application of small cathodic currents
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skould favor the evolutios of hydrogen and result in a decrease in
initiation time if hydroger embrittlement is responsible for the crack
initiation, On tke other hand, if anodic dissolution is responsible

for crack initiation, the appiication of small anodic currents would

be expected 10 reduce times-to-failure. Suck behavior which is similar
to that observed in metharol + iodine solutions’® indicates that the
crack initiation inwclves anodic discsolution, This evidence supports
the theory that crack imitiation in Ti-6A1-4V in methanol + NaCl + water
solution is most probzbly due to anodic dissolutior.

The pits formed by the anodic dissolution of Ti-GAl-LV
alloy, showm in Fig, 2k, act as notches, which serve as stress raisers.
Also, increased stress results from dislocation pileups &t the head of
the notch., A stress raiser has bteen shown £0 be necessary for trans-
granmlar stress corrosior crackirg.’?s'° The presence of a notch,
attendant dislocation pileups, and chloride ions all seem to have a
part in the crack initiatioa process.

The decrease in stress corrosion failure time of Ti-6Al-
LV in methanol + R2Cl + water solution is mainly due to a decrease in
initiation time with increasing grain size. The greater proportion of
the failure time is accounted for by the initiation time as the grain
size of the alloy decreases., Similar results were obtained by Green
and Myers® for Type 302 austenitic stainless steel e.zosed to doiling
42 wif magnesium chloride sclution,

b. Crack Propagaticn

The crack propagation of Ti-6A1-4V in methanol + NaCl +
water solution is of a mixed mode (i.e., intergramuiar and transgrarular),
as shown in Figs 30-33. Other investigators!’ hawve also found that
Ti-6A1-4V fails in both intergramular and transgramlar munners. The
intergramilar part of the crack is believed to result from the anodic
dissolutiosn., This is supported by the obserwvation of intergramular
cracking along with cleavage failure of Ti-5A1-2.5Sn in methanol + HCL
+ water solution.® Powell and Scully® also observed that increasing
the potential in the anodic direction increases intergramilar stress
corrosion cracking of the alloy and at very high positive potentials
the alloy fails eatirely by tbhe intergrabular mode.

The transgramular part of the crack observed in Ti-6Al-
Lv in this investigation is due to cleavage. This is supported by many
investigators.®»1%»18s1°9 fTransgramilar failure occurs in alloys which
show reduced propensity for cross slip.?»1%»'8,2° fThe function of
aluminum is important in this respect since it inhibits cross slip in
the titanium lattice.?! Sedriks, Green,and Slattery’ showed that the
path of cracking was influenced by the aiuminum content. The stress
corrosion cracking path in pure titanium and Ti-2.09 wt$ Al alloy was
intergranular. Ti-5.1 wt$ Al alloy gave a mixed type of fracture (i.e,,
both intergramular and transgramilar) and entirely transgranular fracture
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was obtained in the Ti-7.76 wt$ Al alloy. Beck et al.?Z cbserved that
increasing the alusimm content of titanium changes the dislocation
structure from the tangied networks of the metal to the co-planar arrays,
the Jormation of which results in reduced propensity for cross slip.

The slip steps gradually became broader and the alloys become increas-
ingly more dirficult to passivate and, therefore, to repassivate,®

This type of mechanism is suggested to be operating in stress corrosion
cracking of Ti-£A1-4V in methanol + HaCl + water solution.

After the crack has init’ated, 2 current of chloride
jons flowe into the tip zome, according to Beck.®® These chloride ions
are resporsible for stress corrosion cracking of Ti-6A1-UV ei‘her through
chemical or surface processes, According to the electrochemical mass
transport kinetic model of Beck™ only a2 mass-transport limited current
of halide ions goes to the crack tip. The magnitude of this current is
approximately equal to the current required for the formation of 2 mono-
Jlayer of chloride ions or the formation of titanium halide at the crack
tip zone. According to Pourbaix, titanium of valence 2 is thermodynamic-
ally stable at the suspected negative potential of the crack tip. The
ectivation energy of 3.5 kcal obtained by Beck®™ is consistent with mass-
transport limited current of halide ions.

Chloride ions at the crack tip zone probably reduce the
surface epergy of Ti-6A1-4V alloy and transgramilar stress corrosion
cracking (cleavage failure) occurs at lower stresses than the yield
strength of the alloy. Coleman, Weinstein and Rostoker® experimentally
found that mild steel with adsorbed hydrogen has about 500 erg/cm® of
surface energy while the a2ccepted value for iron with respect to its
vapor is about 1600 ergs/cm®. The interfacial energy of solid iron
with respect to liquid lithium is abcut 730 ergs/cm®. Solid 70/30 brass
has an interfacial energy with respect to mercury of 280 ergs/cm® and
the accepted value of surface energy of 70/30 brass with respect to its
own vapor is about 1500 ergs/ecm®. Thus, it is nou unreasonable to assume
that the surface energy of Ti-6A1-LV decreases in the presence of chlor-
ide ions,
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Increasing the stress level decreases the propagation

time as shown in Pig, 27, This is in accorAdaunce with the literature,
7422,24

TR T ]

Figure 36 demonstrates that crack propagation times in-
creases linearly with decreasing grain size; however, this effect of
grain size on crack propagation is small over the range of grain size
studied., 7This suggests that the improved resistance of fire-grained
Ti-6-I alloy t> stress corrosion cracking is due primarily to the in-
creased crack initiation time, .
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5. Conclusions

8.

b.

C,

d.

€.

An increase in stress decreases the crack initiation
and crack propagation times.,

Crack initiation time decreases as the grain size in-
creases for tests conducted at the same stress level
according to the Petch equation,

Although the crack propagation time decreases with
increasing grain size, this difference is not very
significant when compared to crack initiation time,

Crack initiation starts at the grain boundary and
ocenrs by an anodic dissolution process.

Cracks propagate by both intergramular and trans-
granular manners, Chloride ions are a significant
factor in the initiation and propagation of stress
corrosion cracks,

D, AN INVESTIGATION OF THE FACTORS AFFECTING
THE STRESS CORROSION CRACKING OF TITANIUM
AND TITANIUM ALIOYS IN METHANOL ENVIRONMENTS
(3. F, Gloz)

1. Aims and Significance

The principal air of this investigation is to characterize

the factors

affecting the stress corrosion cracking of titanium in

methanol enviromments and to develop this characterization into a

mechanism,

The development of a mechanism, in turn, would facilitate

the prediction of conditions necessary for failure as well as suggest-
ing means of preventing it.

To pursue the aim of characterizing the factors affecting
susceptibility, it is necessary to have a better understauding of the

role of the

various chemical factors invoived, The role of halide ions,

particularly chloride, is still a subject of great interest. Cracking
has been shown to occur in methanol-chloride enviromments but it has
not been firmly established whether the presence of halid ions is a
necessary condition for failure or only a sufficient one. If cracking
can be shown o occur in the absence of halide ions, then a mechanism
based on the interaction between titanium and methanol alone must be

considered.,
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2. *oisture Contamination Problems

As previously reported, a serious problem in obtaining mean-
ingful stress corrosion data in methanol solutions is contamination by
moisture, The passivating properties of water are well known and even
the presence of very small amounts can markedly affect cracking behavior.
This problem is aggravated by the fact that methanol is very hygroscopic
and readily absorbs moisture from the a‘mospkere. The seriousness of
this problem is illustrated in Fig. 37 where the water content of a
methanol solution is plotted as a function of atmospheric exposure time,
It can be seen that the water content of the solution increcased by two
orders of magnitude in about five hours. This indicates the absolute
necessity of isolating methanol test solutions from the atmosphere.

The erratic results reported by some jnvestigators® > have been attributed
to a large change in the water content of their test solutions., To avoid
the problems associated with moisture contamination, techniques were de-
veloped to dry the methanol and analyze its water content,

a, Water Determination Technique

An electrometric direct titration "dead stop” method®®
based or a Karl Fischer titration was used in the water determination,
The sensitivity of this method is approximately #0.001 wt%¥ water.

b, Methanol Drying Technique

Several methods were considered for reducing the moisture
content of the methanol to a reproducibly low leve’, Water removal by
pasting the methanoi over molecular sieves { Linde A) was tried but
found to be unsatisfactory. The apparent water content could not be
reduced below 0.05% and the resultant solution appeared to contain a
significant amount of ionic contaminatns. Since these contaminants
could interfere with the water determination, conductivity measurements
will be made to determine the /& <tent of the problem, A method initially
proposed by Iund and Bjerrum® 7 for the dehydration of ethanol was found
to give better results., This method involves the refluxing of boiling

. methanol over magnesium chips. The magnesium reacts with the methanol

to form magnesium methylate according to the reaction,
Mg + 2CHZ0H -+ Mg(CHz0)> + Ha . (10)

The magnesium methylate then reacts with any water present to form mag-
nesivm hydroxide as follows:

Mg(CHz0), + 2Ho0 -»Mg(OH)2 + 2CHS0H (11)
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Magnesium hydroxide is very insoluble and precipitates out of solution.
The resultant solution is distilled to give pure dry methanol., The
water content of the distillate has been found to be 0.007%. To main-
tain this level of purity a completely enclosed system for storing and
transferring the methanol was deemed necessary. A schematic diagram
of the drying apparatus and test cell is shown in Fig, 38, Pure, dry
nitrogen is used to pump the solution through the sytem.

W otebins, st CODIN A

TR Ao enic s . ¢
SN PR g,

£y

eras dl_}".?fh TR

AR

i
B JRE ST AR T

. N RURVRL LA

o
S l.al;\k"i.p‘tpg-"'. A OV Ry

In .onjunction with the tests of unalloyed %itanium in pure
methanol, an attempt will be msde to study the reactjon of an oxide-
free titanivm surface with methanol, Titanium forms an oxide so readily
that the maintenance of a clean surface long enough to study the reaction
is a or problem, However, recent work by Leith, Hightower, and
Har on the vapor-phase interaction between titanium and methanol
indicates that such experiments are feasible and can greatly increase ,
the understanding of the dissolution processes involved in stress corro- .

sion cracking.

The effect of the chloride ion concentration will also be con-
sidered. Specifically, it would be desirable to know the relationship
between cracking behavior and the chloride ion concentration in the
region of the crack tip. Several methods for studying this factor are
being considered, including an analytical technique to determine the
very low concentratiors that may be present in nominally halide free
solutions.
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E, EFFECT OF STATE OF STRESS ON THE SUSCEPTI-
BILITY OF TITANIUM BASE ALLOYS TO STRESS
CORROSION CRACKING (S. Mahmoud)

1. Aims and Significance of Work

l The mechanisms by which mechanical and metallurgical variables
influence the stress-corrosion cracking behavior of titanium-base alloys
" are not clearly understood at the present time. This lack of understand-
ing is due, in part, to an incomplete appreciation of the state of stress,
' ceformation behavior of the alloy, surface characteristics, stress
gradient, and the composite role of such variables upon susceptibility
to stress-corrosion cracking, This work is designed to review some of
l the principal known facts governing mechanical and metallurzical behav-
ior in the absence of stress corrosion enviromments, and th2n to deter-
mine the manner in which such behavior may be influenced by stress-
I corrosion cracking enviromments, ’
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The specific influence of the state of stress on susceptibil-
ity to stress-corrosion cracking, especially the initial stage, has not
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been w211 defined, Laboratory work is being undertuken to study chemi-
cal cracking as a function of the state of stress. The several states
of stress being studied are,

X3ty
T,

%,

(a) uniaxial tension,
(b) biaxial tension,
(¢) combined bending and torsion, and %
(d) notched bar specimens. ;

R
"4

5 The results of biaxial tension tests were reported earlier®™ and the i
« - . . - . 30 F
3 combined bending-torsion test method has been determined,®
: :

W ¢

Experiments to define the state of stress in the viecinity of
s notch (notch bend specimens) are in progress. Alloy composition and
specimen dimensions were also reported.V
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The present report is concerned with the following stndies.

VR RMER
IR

a. Definition of the crack initiation process in temms
of point of origin and path of propagation.

ks R T ALt

et s d
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b. Separation of the total fracture energy into crack
initiation and crack propagation components.

Gl

A% Wiy ik

Bt
c. Evaluation of a maximum strain criterion for crack 5
initiation. 5
: 3 d. Investigation of the sequence of events in the %
‘ plastic zone at the crack-tip. o
; B
3 i
¢ . :
; 2. Preliminary Results
S | :
Z : a, Stress Analysis S
5 4
” The t}ge‘oretical stress anaiysis is given in Ref., 22 of ‘
* : the previous report.”> Experimental stress analysis consisted of de- 3
- termining the elastic stress concentration factor, K,, which was found g
.. to be 2.06. Using a scaled-up bakelite model, the distribution of the ;
I ! bending stress is shown in Fig, 39. The strain field or the fringe
pattern is shown in Fig. kO, {
; b. Load-Deflection Curves
, )
£
3
4 veneration of a load-deflection disgram during s notched
- : bar test provides one way for determining crack init ation and crack
3 ] propagation energies. 3Such a curve further enables the twd components \
A of toughness, i.e,, strength and ductility, to be assessed., Measure-
ments of the diagram were made in air and in the methanol ¢+ 0,370 HCL + :
; i 0.63% H20 test enviromment. Figure 41 shows the experirmental set-up
S ‘ 3
. 3
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Plunger

Polyethylene Bottle

Test Solution _
Silastic Sealont

,— Specimen
10x 10 x 55mm
4" Diameter
Hardened Steel
Pins

b— Steel Test
Anvil

h Load Cell

Fig. 41 - Schematic Diagram of Test Apparetus
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vhile representative curves are shown in Fig. 52. Somevhere between
the start of loeding and the meximmm load, a crack forme at the notch
00t close to the mid-longitudinal section of the bar. 7The exact loca-
ﬁ(l’l# on the loed-deflection diagram, of the poirt of initiation has
proved difficult to determine with precisioz., 7The area under the curve
to this point represents the crack initiation energy. The total area
minus that for crack Initiatior represents ihe crack propagation energy.

The most common method of discerning between elastic and
plastic deformation has been by etch pitiing tachniques. This etch
serves to reveal areas which have been d2formed bteyonZ the yield.
Several trials, nore of wlkich proved entirely successful, were attempted
to discern plastically deformed regicns. Figure 43 shows a photogrash
of these plastic zones. FPurther work is in progress to reveal the size
of the plastic zone using micrchardness techniques. This technigue is
used for several rurpeses:

(1) To compare the size of the plastic zone measured
experimentally to that predicted theoretically.

(2) To obtain a qualitative description of the devel-
opment of the plastic zone,

(3) To determine the volume of the deformed metal in
the fractured bars. This quantity wiil be obtained
for both halves of the fractured bars on their sur-
face and mid-thickness sectiomns.

¢. Critical Strain Measuremerts

It was found that the plastic zone at k= tip of the
notch or a crack expands on loading until a critical strain at the
notch root is attained., At this strain, the material uwndergoes a
rheological transformation into fluid-like flow, in which it is sus-
ceptible to localization of flow along "characteristics" (slip lines
in slip line fields), which are directions of critical maximum shear
stress and also directions of pure shear. Plastic instabilities may
be mounted along these directions., Weak instabilities lead to stable
slow crack propagation; strong instabilities lead to unstable fast
propagation (brittle fracture),” * Measurements were made for some of
the specimens to estimate the strain at the root of the notch. These
measurements consisted of measuring the contraction in the transverse
directions before and after loading. The following are typical values:

No. of Specimens Thickness before Thickness after
Testing Testing

8 (in methanol + HC1 + H,0 solution) 0.3g4" 0.377" - 0.388"

2 (in air) 0.394" 0.383" - 0.387"

More specimens will be tested to define this quantity precisely,

*J. W. Spretnak and C, A, Griffis, "Research on Notch Plasticity May
Contribute to the Understanding of Stress Corrosion Cracking,"
Corrosion, 25:5, 193 (May, 1969).
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Fig. U2 - Ioad-Deflection Diagram for Ti-6-4 in Air and in CHOH +

HC1 + Hp0 Solution (Cross-head speed = 0.05 cm/min)
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d. Angle of Bend

Bend angle messurements are in progress. A correlation
between the hend angle aal wire conventional strain will be made by the
following methods:

(1) Determinations from the load-deflection
curves

(2) Photographically by measuring the radius
of curvature

(3) Measurements from scaled-up model.

e. Fractographic Studies

Limited fractographic amalysis was performed. Scamning
electron fractographs were made from specimens tested in air and in the
CEa0H-HC1-H,0 enviromments. No evidence was found for "hard particle’-
induced dimple f:irmation.
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SECTION III

STRESS CORROSION CRACKING OF STEELS (R. W. Staehle)
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The aim of this progrsm is to identify and quantify processes which
are fundamental to the initiation and propagation of stress corrosion
cracks. The individual efforte described herein are considered to be
key factors from which an effective cuantitative basis for stress corro-
sion cracking can ve developed.,

The ultimate aim of the work is to provide a quantitative basis
for designing high strength alloys and heat treatments which are re-
sistant to catastrophic stress corrosion cracking.

B, EFFECTS OF METALLURGICAL STRUCTURE (M, T, Wang)
i. Aims and Significance

The objective of this study is to investigate the effects of
metallurgical structure on the stress corrosion cracking of high-strength
steels., The point of view here is that SCC crack propagation is a struec-
ture-sensitive as well as an environment-sensitive process,

: The general approach here is to keep the continuum variable
s constant (strength level) and vary the microstructure (through heat
; | treatment), alloy chemistry, state of stress, and enviromment, The two
: alloys to be used here are AISI L340 steel and 18% Ni 250 maraging
steel, These provide two basically different structures and alloy
I chemistries,

2. Background

The propagation of stress corrosion cracks is usually consid-
ered macroscopically to be a result of a slow growth of subcritical
cracks by the combined action of stress and environments, Environment-
ally, hydrogen absorption plays an important role in the SCC of high-
strength steels in -aqueous enviromments., This concept is strongly
supported by evidence of the local acidification at crack tip by hydroly-
sis, Brown and his cc-workers®!»32 successfully developed experimental
techniques for measuring acidification at crack tip and found that dur-
ing SCC of AISI L4340 high-strength steel the pH at the crack tip is low
regardless of the external enviromment., In the present investigation,
3.5% NaCl aqueous solution is being used as a controlled envirorment
with a basic assumption that hydrogen absorption controls the SCC of
high-strength steel.
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3. Fracture Mechanics Sonsideration

In these experimenty, holding constent the state of stress and
stress intensity at the crack tip (Ki) or its equivalent crack extension
force (J1) reduces the uncertainties. The SIC experiments were conducted
by using tapered double-cantilever specimers whick permit a constant stress
intensity for constant load. The justification for this approach lies in
the fracture mecharics analysis which is reviewed below.

Froz au energy consideration, it was first proposed by It-wi.u:is
that energy baisnce of the fracture process in a system car be expressed
as

-]
Bl&
¢l
%iﬁs
£ I&

(12)

a = crack length

P = appiied load

E = strain energy

X = kinetic energy

W = work done by fracture and plastic flow, and
£ = length between grips.

Two assumptions have been aade in this analysis., First, the
rate of kinetic energy change as a function of crack length is assumed
to be zero. The slow growth of cracks in the SCC experiméent satisfiee -
this requirement because of the trivial kinetic energy produced from
the slow crack velocity and the negligible mass removed from the crack
tip. Second, the plastic flow capacity of the steel investigated is
required to be small, such that the length between grip (£) can remain
constant and that the plastic zone size at the crack tip is small enough
to meet the boundary condition in fracture mechanics analysis, To meet
this requirement, the strength levels of the steels investigated were
heat treated to a minimum of 200 ksi to produce a limited flow capacity.
Evidences of limited flow capacity of the steels investigated are shown
in the load extension curve of the 18% Ni maraging steel of Fig. L,
where the steels were heat treated to a minimm strength of 200 ksi
through different aging treatments, Table V summarizes the mechanical
properties of the 18% Ni maraging steel.

From linear elasticity, the strain energy release rate (dE/da),
known as crack extension force (-Z/I) can be expressed as

dE oL pe M
_=)HI..2p2 ~ (13)
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P = applied load per unit thickness,
M = spring constant per unit thickness, and
a = crack length.

The tapered double-cantilever specimen configuration, as shown
in Fig. 45, is so designed®’ to provide a constancy of the term 3(1/M)/da
such that a constant crack extension force (6&) can be achieved under a
given load over a certain crack length., The crack extension force also
depends on the material properties under a given specimen geometrical
condition. The crack extension force (47) can be related to the stress
intensity factor at the crack tip (K1) as

K = Eff , for plane stress condition (14)
and
. B e
K;© = T2 ° for plane strain condition (15)
where

E = Young's modulus for the material, and
v = Poisson's ratio.

The stress intensity factor at crack tip can be approximately
related to the material property to account for the local plastic yield-
ing as

Ky = o'y,s,(aﬂr‘v)% ’ (16)

where

ry = plastic zone size,

K1 = stress intensity factor at crack tip, and

Iy,5.= 0.2% oifset yield strength.

»

From Eqs, (1l4), (15), and (16) it can be seen that the crack extension
force | I) is also a function of yield strength of the material, Thus,
the study of the metallurgical structural effects on the SCC of high-
strength steels becomes significant only if the steels investigated have
identical strengths, Table V lists the strength and mechanrical proper-
ties of 18% Ni (250) maraging steel used in this investigation.

The crack velocity (da/dt) can be obtained by differentiating
Eq. (13) with respect to time (t). Under the conditions of constant

load (P) and crack extension force (dI), the crack propagation rate can
be obtained as follows:

da _C dd
it Pdt (17)
4 69
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where
C= 1 = constant for a specific material
3(1/v) '
oa
t = time, _
d = deflection at crack tip.

To the first approximation, the deflection at the load
points of the specimesn is considered to be proportional to the displace-
ment at crack tip. Tnis provides a good experimental technique to solve
the dilemma in measuring the actual crack tip displacement. The utili-
zation of Eq. (17) to obtain the crack propagation rate have been suc-
cessfully carried out by Van Der Sluys> and others.

4, Crack Propagation Measurements

Crack propagation rates were measured from the tapered double-
cantilever beam specimen at different heat treating conditions of the
two steels by using Eq. (17) in term of deflection rate of the specimen
under a constant load. The specimens were precracked chemically with
concentrated hydrochloric acid, and then baked at 176°C for one hour to
prevent any hydrogen uptake during the chemical cracking process.
Constant loads were applied through a modified SATEC Mode D creep tester,
and deflections ¢ the specimen at the load points were measured from a
Daytronic Model DS 100 linear variable differential transducer (LVDT).-
The' 3.5% NaCl aqueous solution was adjusted to pH 6 and deaerated by
bubbling prepurified nitrogen gas in a reservoir for 24 hours. An over-
all view of the experimental arrangement is shown in Fig, 46 and a
close-up view of experimental cell and the location of LVDT is shown in
Fig. 47. The deflections of the LVDT were calibrated by a mechanical
displacement from a Starrett micrometer with an accuracy of 0,000l inch.
The calibration curve for the LVDT deflect. 'n with respect to mechanical
displacement is shown in Fig, 48, The error in linearity of the LVDT
deflection is about 0.25% within the range of calibration. Deflections
were recorded by an Esterline Angus strip chart recorder at speeds from
0.5 inch/hr up to 1 inch/min at different load conditions, The deflec-
tion measured at each data point is in the range 0,002-0,005 inch which
requires from 30 minutes to 24 hours for each determination. The crack
propagation rates in terms of deflection rates at the load points were
obtained from the recorded chart using least square analysis.

To the present time, crack propagation rates as a function of
applied load have been measured on 184 Ni maraging steel with three aging
treatments as shown in Fig. 49, The measurements of crack propagation
rates as a function of applied load for AISI U340 steel with tempered
martensite and tempered bainite structures are being undertaken and cal-
culation of data will be carried out in the near future.
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Fig. 46 - Apparatus for the Crack Propagation Test
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The resuitant data of crack propagation rate as a function of
applied loads on the 184 Ni maraging steel, shown in Fig. l&9, clearly
demonstrates that the metallurgical structure alters the crack propaga-
tion rates., It is noteworthy, from Table V, that the ductility parameters
for the two similar strength conditions do not differ significantly. The
comparison of crack propagation rates on the aged specimens at 438°C
(820°F) and 554°C (1030°F) are fruitful because of their identical
strength. The crack propagation rates for aged specimens at 510°C (1950°F)
are not comparable to the other two specimens because of the difference in
strength levels, However, it is of practical importance to document the
crack propagation rates of this aging condition for reference because
aging at 510°C (950°F) for three hours is a standard commercial heat
treatment for 185 Ni (250) maraging steel. Correlation of crack proraga-
tion rates to the metallurgical structures will be made when the analysis
of metallurgical structures is completed.

Because of the high fracture toughness of 18% Ni maraging
steel and the limited 120,000 1b loading capacity of the SATEC Model D
creep tester, no crack propagation rates can be obtained at high stress
intensity levels for the specimen of 554°C (1030°F) aged condition, To
overcome this experimental difficulty, a reduced-size, tapered, double-
cantilever specimen is designed for future investigation (see Fig. 50).

5. Metallurgical Structure Consideration

The high-strength steels used in this investigation exhibit
two basically different structures ard alloy chemistries, Two commer-
cial heats of consumable electrode vacuum melt 18% Ni (RMS 250) maraging
steel and AIST 4340 steel were purchased from Republic Steel Corporation
in the form of hot-rolled 0.5-inch thick plates with a final mill-annealed
condition, The certified chemical enalysis of the two steels is tabulated
in Table VI,

Maraging steel derives its high fracture toughness and strength
by martensite transformation through slow cooling, and precipitation
hardening through aging; whereas, the typical low alloy AISI 4340 steel
yields an optimum combination of toughness and strength through quench-
temper or austempering with tempered martensite and bainite structures,
respectively., The susceptibility of SCC for these two steels in terms of
time-to-failure has been observed by Steigerwald and Benjamin®® to have
two orders of magnitude difference at the same strength level or 236 ksi,
From a microstructural viewpoint, the only structure of the two steels
in common is grain size., Indeed, SCC has been, from time to time, re-
vorted to have intergranular fracture and grain size dependent in nature,
The objective of this investigation is to determine the characteristic
responses to SCC of the two high-strength steels, each with different
structures, Various heat treatments are used in the steels to obtain
identical strength and grain size with significant difference in micro-
structures.
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'boundary segregatlon %o response for thermal embrittlement in maraging
-8 teel.

)diffErent heaf treatments and identical :-rengths, It appears that

) cipitation phases, and reversion austenite. Reversion austenite in y

;anq toughness bynrevers1on -gustenite in 18% Ni maraging steel may give
rrise to’ benef1c1a1 effects on the resistance to crack propagations of
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The heat treatments for 18 Wi maraging steel are ausnenitized

at 899’0 for one hour and air-cooled, plus reaustenitized at 816°C for

one’ ‘hour and air-cooled prior to aging at different temperatures for -
three Hours. The hardness angd- strengths of aging response on 18% ?i )
maraging steel are shown in Fig., 51 and Table V. The use of double -
austenitized temperatures at 898°c (1650°F) and 815°C (1550°F) aims at
minimlzlng the an1sotroolc mechanical properties and sliminating the
significant difference in grain size during the subsequent aging treat-

ment at different temperatures. Moreover, the choice of temperatures

in the double austenitizing treatment is intentional to avoid the grain

et st i S e T 0 Shtornn i,

TARTTUL PE TS N IRON

'
e,

Reécent nunllcatlon on SCC of (&% Ni (300) maraging steel by
Stawros and Paxton” 7 show. .intergranular fractures for the steel with six

those heat treatments used in their invesligations may have prodaced
thermal embrlttlement whlch,enhanﬂed SCC. Thermal embrittlements im
maraglng steel has béen réported to produce intergramular fracture.

>

‘
Sz Attt b Al L S aued

_ For practical purposes the grain sizes, which are duplex ‘fine
grains from all different aging treatments, are approximately in the:
rauge of ASTM Nb. 9 \0‘11” The microstructurel constituents in th1s
stcel with varlous aging treatments are malnly cubic maruenslte, pre-

maraging ‘steel is a tynlcal structure resultlng from the hysteres1s
“the .~trqnsfbrmatlon i1 the 1ron-n1cke1 system and from the partition-
oying elemnts upon. preczpltatlon. The enhancement of ductility

SCC.

Two major structures have been produced in AISI 4340 steel
through the following heat-treatment schedules:

A, Tempered martensite struclture wilh guench-temper treatment
Normalized at 899°C (1650°F), LO min A.C, + sustenitized

at 843°C (1550°F), 30 min, then oil gquenched + tempered
at 426°C (800°F) 1 hour A.C.

B, Temper bainite structure with austempering treatment,

Normalized at 899°C (1650°F), 40 min A,.C. + austenitized
at 843°C (1550°F), 30 min + rapid guenched at 315°C

(600 * 10°F), 2 hours A.C. + tempered at 400°C (750°F),
1 hour A.C.

S G,

These treatments give the same strength of the steel for tem-
pered martensite and bainite with Rockwell hardness between Ll-46 R ;
these treatments produce the same srain size and carvide distribution
and morphology in the structures being studied. It is worthwhile to
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Hordness (Rc)

Rockwell

8

45 |

18 % Ni Mcraging (R'MS»255) Steel (Steel A)
Republic Steel Corp. ~eat NO. 3951440
Austenitized ot 899°C{i650°F)-iIiw-AC.

+ Reoustenitized at- 8I6°C (!550°F )-iv - AC.

+ Aged at Indicated temperature for 3 tws-A.C.

O Tensile sirength
O Rockwell hardness

30 A——l i 1 | i
700 | 800l 900l IOO(I) IlOlo 12'00°F

400 450 500 550 600 650°C

Aging Temperoture

Fig. 51 - Hardness and Tensile Strength as a Function of Aging
Temperature of 18% Ni Maraging (RMS 250) Steel
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lcntion that tempering at 1&00' C in AISI 43%0 steel is in the third stage
of te:periu in which retained austenites are completeiry decomposed and

epoilon cu-bides are ccnpletelz, transformed to cementite in an early stage ’
of spheroidization, ;

6. Electron Metallographic Examination

Microstructures of the sgteel specimens were examined by elec-
tron transmission using thin foils,

B op b &

a8, Exam nation of Maraging Steel

Upon eir cooling from the austenitizing temperature, a
low-cli'bo,n cubic martensite matrix with high dislocation densities :s’
ticipated in the 18¢ M maraging steels. The hign dislocation density
1n the cubic martensite matrix is attributed to the metastable austenite-
alpha prime (y-a') transformations., Aging at 438°C (820°F) for three
hours producés annihilatfon and intersection of dislocations to form dis-
location cell ltructures. Figure 52 shows the dislocation cell structures
in the cubic martensite matrix, Whether the dislocation cell structure is
equivalent or relsted to the martensite iaths remains to be verified, It
is important to mention thav précipitations of second phases (intermetallic
compounds) have already formed at %38°C :820°F) aging; however, the tiny
coherént precipitates are too smll to be observed at this magnification
with thin-foil techniques as shown in Fig. 52. As the aging temperature
jncrenes to. 510°C (950’?) for three hours, the dislocation density
- drutica.uy decreases and a small amount of reversion austenite formed
at the subd: bmnda.ries can be observed, ‘as shown in Fig. 53. Extensive
emination of thin foils at higher magnification suggests that rever-
sion austenites in 18% Ni maraging steel form by nucleation and growth
at the sub-boundaries. The terminology of martensite laths used here
is to distinguish the incoherent un-twinned cubic martensite from the
twin plates of medium carbon martensite in AISI 4340 steel. The low-
s.rbon cubic mertensite in maraging steel is believed to be incohersnt
at the lath interfaces. The amount of reversion austenite increases as
aging temperature increases. Figure 54 shows the increasing smount of
reversion austenite aged at 554°C (1030°F). Positive identification of

reversion austenite in maraging steel will be carried out in the next
period of work.
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b. Examination of AISI 4340 Steel

o)

The purpose of this investigation is to compare the crack
propagation characteristic of martensite and bainite structures, Figures
55 and 56 reveal the morphologies of tempered martensite and bainite,
respectively, The third-stage tempering process is intentionslly used
here not only to avoid the tempered martensite embrittlement [1 €., 204°C
(400°F), 371°C (T700°F) tempermg] and the reversible temper embrittlement
(1.e,, 482°C-593°C tempering), but also to attempt to obtain a similar
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Fig. 52 - Microstructure- of 18% Ni Maraging Steel
Heat treatwenc: 899°C {1650°F)-1 hr. A.C. +
815°Cc (1550°F)-1 hr. A.C. +
438°c (820°F)-3 hr. A.C.
Tensile strength: 235.80 ksi
Yield strength: 233.16 ksi
Rockwell hardness, R,: 52.2
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Maraging Steel
F)-1 hr, A.C, +
F)"l hro AoCo +

A.C.

¢ (1650°

]

510°C (950°F}-3 hr.,

Tensile strength: 235,80 ksi

816°C (1550°
Yield strength: 233,16 ksi

899
83

.
.

R T

Rockwell hardness, Ro: 52.2

Heat treatment

Fig. 53 - Microstructures of 184 Ni
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at 425°C (800°F) for one

hour A.C,.

Heat trestment: 0il quenched + tempering
85

Morphology of Tempered Martensite in

55 -
ATIST 4340 Steel

Fig.

s et

W eh e g4 SR 27T

e R - YU T » > RSk

] _ "
Loy ps l _ —— o] | e | it Sonomies £ e [ Siniinind Fro—Y R ——

Raverany owemmare § oo gy P :

...:m..hf,y:; . n&fb P S D ot R S eLex N . .

i ipak b AeaaE . ik SO A i ; N
oodwa), PRI e AN Bapsiesy i..?.mf.i.. SR L S R M G e 5 LA Mo Sl 0 A SRS vt A s Dy OIS gt o2 b g

PEELRA Y Gy @ T | RS L ST AT R S S A ey

bk s s s guay o




B e o SO AU NN

-

P N

-

PRAE R e Ikt s g

TR
1 .
bo it oo}
APIVAL A Yo

e R A U S o Tt Soe i T ARt

SRR A b

e R KdF e,

P S (AR S (P SR SUU B et |

b B s acadion 13

B1ns oo> 223 thAL LY bnenay

BRI b SRR S p O s Wi et o

o o

[ ea—" ¥ -

t

ing a
c.

400°C (750°F) for one hour A.
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Heat treatment

Fig., 56 - Morphology of Tempered Bainite
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morpholcgy and distribution of carbides in both tempered martensite and
Sainite. ¥o retained austenites were observed in either structure; this
is in sgreement with a review of literature showing that retained austen-
ite is completely decomposed in the third stage of tempering. The car-
bides in both stcuctures exhibit a similar sorphology of the early stage
of spheroidization. The amount of carbides appears to be more dense in
tempered bainite than in tempered martenmsite. Mo further sdjustments of
the tempering temperatures have beer made because of the identical strength
requirement from a fracture mechanics cousiderz:ion. The morphology and
distribution of carbides are zshown ir Fig., 57. Intergranular fracture
bas been hypothesized to be related to the grain boundary precipitation
of second phases; i.e., carbides. An extensive search of grain boundaries
in the thin foils of both structur<s shows very clean grair boundaries
without any carbide precipitatisn, as shown in Fig. 58.

To reveal the significant difference between tempered
martensite and tempered bainite, selected area diffraction analyses have
been performed at the interfaces of the martensite plates and bainite
laths. Figure 59 shows a selected area diffraction microzravh from the
interface of s pair of tempered martensite plates. Preliainmary analysis
indicates that the tempered martensite plates are essentizlly conerent
microtwing. To confirm this analysis, selected area diffraction in
association vith dsrk field techniques have been used to delineate the
slight misorientation between the microtwins, as shown in Fig. 60. Simi-
lar exsmination techniques are undertaken to examine the interface between

mnumumﬁesimﬁmtdiﬂmmesbemmesetmtypes
of substructures,

7. Results and Discussion

Results of crack propegation in the 18% Mi maraging steel of

“identical strength with 438°C (820°F) and 554°C (1030°F) aging condition

shows a close but as yet not rationmal relationship to microstructures.

The presence of reversion austenite at the cell or martensite laths inter-
face may block the propagation of cracks, and hence, reduce crack veloc-
ity. The appearance of reversion austenite in the 510°C (950°F) aged
specimen can be rationalized in such a manner that slow crack propagation
velocity in this aged condition is attributed partly tc the higher atrength
level and comparing the 510°C (950°F) with the 554°C {1030°F) aged con-
dition, it appears that a small amount of reversion austenite at the inter-
faces of bouadaries shows significant retardation of the crack propaga-
tion; however, increasing the amount of reversion austenite does not cause
further reduction in crack propagation velocity.

Prelininary selected area diffraction analysis on tempered
martensite indicates that the marte:site plates appears to be composed
of a group of microtwins, This sugeests that tempered martensite in
AISI 4340 steel may have a higher crack propagation rate as a result of
hydrogen trapping at the coherent microtwin interfaces.
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Fig, 57 - Morphology of Spheroidized Carbide in Tempered
Bainite of AISI 4340 Steel
Heat treatment: Austempering at 315°C (600 * 10°F)
for 2 hours A.C. + tempering at
4oo°c (750°F) for 1 hour A.C.
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Grain Boundaries in AISI 4340 Steel of Tempered
Bainite Structures Showing No Grain Boundary

Precipitation of Carbides
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~ Precipitation of Carbides
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§. Future Work

Contimation of crack propagation and advanced microstructural N
examination and analysis on the 18% Ki maraging and AISI L340 steels Lo
vith different heat-treated corditions will be carried out. Extensive -
selected area diffraction anslysis between tempered martensite and bain-
ite interfaces will Se performed to determine the significant differ-~
ences in coherency on these interfaces, -

C. IRTERACTIOR 07 HYDROGER WITH STEELS
(R. B. McCright)

1. Objectives and Background &

The purpose of this work is to investigate the hydrogen inter-
action with the metal, i.e., the entry kinetics of the hydrogen, its
subsequent movement in the metal, and its evolution from the metal.
Previous work has considered the effect of adding cathodic promoters on
the entry kinetics, the effect of palladizing the exit side of the mem-
brane, and calculation cf the apparent diffusivity from analysis of the
hydrogen permeation transients. All of these experiments were done on
a mild steel (AISI-1010j. j

b

The work reported herein considers sare additional experiments
with the cathodic promoters on AISI-1010 steel, and permeation through +
pure iron and Fe, 1% Cu foils in which the size, and presumably, the .

coherency, of the second phase particles can be controlled by appropriate
heat treatments.

e Wl W o mere n

JEORASS A LR S AT AU

2. Experimental Results and Discussion - Promoter Effects

a. Galvanostatic and Fotentiostatic Control .

The establishment of defined boundary conditions for the .- :
iron or steel foil is of paramount importance for the mathematical Lo
models needed to solve the diffusion equation. Most of the work report- -
ed in the literature has described a galvanostatically controlled system F
where the control of the input hydrogen is by a constant current; this I N
control can also be had by applying a constant potential to the entry {3
side. i

b. Effect of Arsenite as a Cathodic Promoter

Sodium arsenite greatly increases the hydrogen permeabil-
ity. At potentials at which hydrogen is deposited, arsenite is reduced,
according to Fig. 61, which is the equilibrium pH-potential diagram.

The specific equilibria for the concentrations of arsenite and pH's of
soluticns used in this investigation are shown. The rest potentiais
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Fig. 61 - Equilibrium Potential-pH Diagram for the System

Arsenic-Water at 25°C
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for sulftric acid and =cetate solutions containing arsenite additions

(exyressed 2= :g Asfmz) are showm in Pig. 62. The concentration depend- L
2nce of these varies aporoximately according to the Nernst equation i.
far ths srserdtefarsenic equilibtriue,
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Permration transiarts of 1010 steel galvanostaticslly
cha:zed with hydroger fron the acetate buffer cortaining arsenite are
showr in Fig.63 . he trarsients for the differert charging currents .-
show an increase of permestion current with tie increase in charging i
] current density and slso illustrate the different behaviors, reflect- L
> ing Hydrogen imteractiom with the metal structure. The initia’® trae-
siert ofter shous a long time to com~ to steady state, while subsequent
> ones 2t relatively low current densities show the "normsl™ behavior, &

sharp rise {0 a constent permeation curremt. Upon increasing the charg-
R ing current dernsity there can be a slight decline of the permeation
curresat after the system appeared to reach steady state. Fimlly, at
high cherging c~zrreat densities, the permestion current resches a mexi-
e aid declines rather sharply, the "sharpoess™ usually increasing with
the charging current densities.

In the next set of experiments described, the hydrogen
was chargzed into it sieel potentiostatically or galvanosiatically and
the steady state permestion current measured. These results are pliotted
: in Fics. 6k-57. The graphs ibow points where the anomalous bebavior
descrived in Fig., 63 occurred, One notes from these that in sulfuric
acid {(Figs. 6k and 65): i
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2 1. Arsenite additions are more effective in in- =
7 cr=asing the perseation current as the potential i
becomes more aciive or the charging current be-
comes larger.

2. 7The onsezt of the anomaious bebavior--sharp mexi- sa
mm in the rermeation current transient--occurs

at more active potentials or higher charging
currents when arsenite is present.
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These same conclusions hold for the specimens charged
with hydrogen from the acetate bufrer (Figs. 66 and 67). In additionm,
sow: of the specivens were pre-deposited with 2 thin coating of arsenic
(about 50 uCb). These curves have the same general shape as those in
3 whid:thechrgimsolzxﬁoncominedmeaite,butﬂwm@i‘hﬂecf
the permeation is not 2s great. Generslly, the pre-deposit arsenic
z specimen behave similer to specimens charged fra more concentrated
arsenite-containing solutions (> 30 pg As/mt).
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‘. In galvawostatic charging the expected relationshiip

- betveen ip and ic is ipa ic® if the recosbimatior step is the rate
E contrclling one. The exponent of proportiomality is 9.6 - 0.9 for

E: these experiments. Similarly, there is an exponential relaticnship

E between the permeation current =z-* the cathodic potential, which seems
to hold at the less active potentials.
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Fig. 64 - Steady State Hydrogen Permeation of 1010 Steel as a
Function of the Cathodic Potential (Sulfuric Acid
Solutions)
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Another way of plctting these data is to show the rela-
tionship between the permeation efficiency and either the applied poten-
tial or charging current density., The permeation efficiency is the ratio
of the permeation current density {at steady state, or at the maximm if
anomalous behavior obtains) to the charging current density. This gives
the percent of hydrogen entering the metal and diffusing through it,
assuming that all o the cathodic current is utilized for hydrogen ion
reduction.

Figures 68 and 69 illustrate the relaiionship between per-
meation efficiency and the applied potential. At potentials slightly
cathodic with respect to the rest potential, say, less than -600 mV (SCE)
in the absolute sense for the 0,1N HoSO; and less than -750 mV (SCE) for
the acetate buffer, the permeation efficiency of the pure acid is either
higher or about the same value as the acid containing arsenite., However,
the permeation efficiency of the former decreases rather drastically
above these values while that of the latter increases, The case where
arsenic wus pre-deposited shows behavior like that of the pure acid case
except that the permeation efficiency is higher for the arsenic pre-
deposit at all potentials, In some of the early work®® in which the
arsenite additions to the acid enhanced the permeation, but not until
some critical potential was exceeded, it was concluded that the formation
of the promoter hydride (here, arsine, AsH;) was a necessary condition
for the increase in permeation current. The critical potentials in this
citgd work corresponded to an arsine fugacity (partial pressure)of about
10™° atmospheres., In the present wcrk the equilibrium potential for the
arsenic (arsine, Ppgy, = 10~' is shown. This potential is more active
than the permeation efficiency maxima which would correspond to much
lower arsine fugacity (de/d lcg PAsH, = -19 nV/decade), Of course, this
vanishingly small amount of arsine may be significant, although it appears
that the species enhancing the permeability is arsenic.

Permeation efficiency vs. cathodic charging current den-
sity is plotted in Fig. 70 for the galvanostatic controlled case with
charging from acetate solution. There does not appear to be a maximum
but the smallest charging current attainable with the experimental appara-
tus was 60 uA/cm® which corresponds to a potential more active than the
potential at which the maximum occurred for the corresponding potentio-
static charging and the value of i, when ip reached steady state is the
one used for the calculation of permeation efficiency, In Fig. 71, the
potentiostatic control gives higher efficiencies than galvanostatic
control.,

c. Discussion of Arsenic Effects

The metals with the greatest tendency to form, solid solu-
tions with hydrogen are those with the largest number of "d" electrcns,
While these metals have a rather large exothermic heat of hydrogen ad-
sorption (25-40 kecal/mole), the solubility of hydrogen increases with
the decrease in bond energy of the metal-hydrogen bond for the transition
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metals. This probably indicates the need for a more unsaturated bonding
arrangement to promote hydrogen entry. An adatom-like elemental arsenic
deposited on the surface alorng with adsorbed hydrogen can p omote the
entry of the latter in either or both of two ways; i.e., by supplying
additional electrons to the metal or by decreasing the heat of hydrogen
adsorption by lateral interaction between co-deposited arsenic and
hydrogen, At the same time these interactions of the hydrogen with the
metal and the arsenic slow down the kinetics of hydrogen atom recombina-
tion,

Cathodic promoters have electrons that can be given to or
shared with the substrate, thus raising the "d" electron density of the
metal,.- Examples of promoters are S2-, p°~, CN-, C1~, Se®, As®, and As®-,
to list a few. Some of these are adsorbed on the surface (C1 , CN~,
H2oS), some are deposited electrochemically (Se from H-SeO>, As from
HAsO-). Elemental arsenic has five valence electrons which could be
shared with the substrate if it is plated. Arsenic in the form-of arsine
would have a pair of unshared electrons that would be shared with the
substrate if it were strongly adsorbed., The electron density of the iron

- atoms is thereby increased by the presence of these compounds or elements

and, thus, the iron should form a more unsaturated bond with the hydrogen.
Because of the open BCC structure of the iron, it requires little energy
for movement of a strongly adsorbed hydrogen into the metal lattice. There-
fore, a high concentration of hydrogen adatoms is tantamount to a high
permeation rate. -

Therefore, the maxima in the permeation efficiency vs.
potential plots (Figs. 69, 70, and 71) occur in the arsenic stable region
because arsenic is a better supplier of electrons to the "d" shell of the
iron than is arsine., As the potential becomes more active, arsine is
formed from the arsenic (although there is experimental evidence that
this reaction is not efficient) 7 and permeation efficiency falls,
Another contributing factor, and perhaps a more important cne, is that
the permeation reaction depends on the concentration (surface coverage)
of hydrogen adatoms, @, while the competing recombination reaction of
the hydrogen adatoms depends on 92, Increasing the cathodic current or
moving the cathodic potential in the active direction will increase 6,
s0 that at these more severe charging conditions, the permeotion effi-
ciency would be expected to fall off even if arsenic were stable over
this entire potential range.

d. Polarization Work

Some additional polarization curves were run on the 1010
steel in the enviromments selected for the permeation studies, Figure 72
ghows the results for 0.1N H, SO, and Fig., 73 for the acetate buffer with
various amounts of sodium arsenite added (always expressed as ug As/mz).
At all potentials in the sulfuric acid solution and at potentials less
active than about -1050 mV(SCE) in the acetate, the presence of the
arsenite is to reduce the overall cathodic kineties. The curves for
the arsenite containing solutions have a shape that is characteristic
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of wo reduction reactions, each predominating in a different votential
region. In other words, these curves are like those used for iclare-
grapkic analysis. The first wave (the one at the less active potential)
corresponds to arsenite reduction to elemental arsenic, and the second
wave to hydrogen icn reduction on the srscmited steel surface. A pos~
sible and probable additional reaction to the second wave is the further
reduction of arsenic to arsine or another hydride, this occurring at

the most active potentials.

The relationship between the arsenite concentration and
the apparent limiting current density that obtains in the potential
region where arsenite-to-arsenic reduction predominates is not the one
observed for concentration polarization; that is, the limiting current
density is proportional to the concentration (activity) of the species
in question. In this investigation the higher the arsenite concentra-
tion, the lower the apparent limiting current density and the more
sharply defined it is.

Arsenic, as it is initislly deposited, has an amorphous,
vitreous structure with a high resistivity that partially insulates the
metal underneath; the resistivity of this deposit was estimated at 10°
Q-cm, By continued electrolysis this arsenic deposit takes on a crys-
talline charcter. Electron diffraction patterns (extraction replicas)
confirmed the presence of amorphous and crystalline As,

The hydrogen evolution reaction on the now arsenated sur-
face is suppressed and the slope (de/d log i) is lower than that for
hydrogen evolution in acid alone. Comparison with Figs. 68 and 69 show
that the permection efficiency maximum occurs at more active potentials
as the arsenite concentration increases, The hydrogen reaction is
suppressed until the arsenite-fo-arsenic reaction occurs, which is the
case of the wcetate solution (Fig. 69) containing 9 ug As/mf in the
region -700 to -90C mV (SCE). Once the potential is achieved at which
hydrogen-ion reduction predominates, the kinetics of the hydrogen re-
action are changed by comparison with the acid-only case, The smaller
slope (Fig, 73) in the Tafel region of hydrogen ion reduction in arsenite-
containing solutions is characteristic of a system where the recombination
is the overall rate controlling stev. At room temperature and assuming a
symmetry coefficient of 0.5, the slope of the hydrogen ion reduction
polarization curve is 30 mV/decade if the recomobination step controls
and 120 mV/decade if the discharge step controls. These slopes are for
activation kinetics only. In this investigation it was not possible to
eliminate concentration and resistance polarization effects because a
static electrode with solution agitation was used and the pH of the
acetate solutions was high {(4.5). The suppression of the hydrogen re-
action to more active potentials is explained by noting that the ex-
chang» current deasity for the reaction on an iron surface is of the
order 1077 A/cm® while on an arsenic surface it is of the order 10712
A/cm® in very acid solutions.®®
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A further example of the suppression of the over-all
kinetics in arsenite-acetate solutions is shown in Fig. T4, The steel
semple was held at -900 mV (SCE) in acetate solution and the current
density decreased with time. When sodium arsenite was added at t = 100
2ec., there was a sharp increase in the current followed by an even
sharper decrease in the current. The current maximum jis the super
positioning of the arsenic reaction on the bydrogen reaction. However,
the very limited amount of arsenite in the soiution causes the onset
of concentration polarization, and the arsenic deposits themselves on
the surface impede the hydrogen reaction; thus there is the sharp
decrease in the current. The result shown in Fig, 74 is the same as
going from Curve A to Curve F in Fig. 73 at -900 mV (SCE).

The oxygen content of the solutions was determined by

the Winkler method (thiosu’2ate titration, determination of end point
with iodine). This was fownd to be 0.43 ppm O,.

e. Significance of Polarization and Permeation Work

The significance of this argument is that potentiostatic
and galvanostatic control of the hydrogen reaction can lead to quite
different conclusions. Many investiguntors®8s 49 41542 pgye charged
their specimens galvanostatically and have measured either the hydrogen
permeability by the permeation current technique, determined the hydro-
gen content analytically, or have measured some physical proverty while
charging, as the expansion of the sample due to hydrogen absorption.

All of these methods have shown the hydrogen uptake in the metal increas-
ing with arsenite concentration in the charging solution until some crit-
ical concentration is reached, beyond which the hydrogen uptake is con-
stant despite an increasing arsenite concentration. This critical con-
centration is of the order 1-5 pg As/mg.

By potentiostatic control of the charging reaction the
permeation can be increased or discreased by arsenite additions. Re-
ferring again to Fig. 66 at -700 mV (SCE) the permeation is decreased

by adding arsenite (compare curve 1 with curves 2 and 3). At -800 mV (SCE)

the permeation can be decreased by adding arsenite at a concentration
of 9 ug As/mg. At -850 mV (SCE) the permeation is increased by adding
arsenite at a concentration of 0.9 ug As/mz, but is decreased by adding
the arsenite at a concentration of 9 pg As/mg ete. The plot of permea-
tion efficiency vs. potential, shown in Fig., 69 illustrates this point
even more effectively.

f. Trapping Effects

Hydrogen moving through interstitial sites in the lattice
has a high diffusivity even at room temperature because the activation
energy for this movement is epout 2 keal/mole. Defects in the lattice
decrease the hydrogen diffusivity, whereas these defects are usually
regarded as high diffusivity paths for substitutional species. These
defects are called "traps." Comparison of high- and low-temperature
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diffusion data show that the mode of transport is through the lattice at
high temperatures (above about 200°C) but that the hydrogen tends to
associate itself with defects at lower temperatures, The activation
energy for the movement through the defects is 6-9 kcal/mole. Because
of the high fugacity of electrolytically discharged atomic hydrogen, all
accommodeting lattice sitas are filled and excess hydrogen lodges in the
vicinity of defects (vacancies, stacking faults, dislocations, inter-
3ges). The extrapolated lattice diffusion coefficient for a-Fe at room
temperas MRl the magnitude 107° em”/s; this value has been corro-
borated by room COMPUH apternal friction measurements and by elec-
trolytic-charging permeation mouWOWMMNaades certain circumstances. The
diffusivicy which is often calculated from YOOB erature permeation
studies is, therefore, an "apparent diffusivity" when NGz s00ing
in a defected region., The "apparent diffusivity” is always less UNEI®
the "true diffusivity” associated only with movement through the perfect
lattice.

There are at least two kinds of trap.?® The first kind
does not retain the hydrogen permanently but slows down its passage.
The second kind causes molecularization of the atomic hydrogen and this
hydrogen is extremely slow at room temperatures. The activation energy
of th? first kind of trapped hydrogen is perhaps approximately 16 kcal/
mole,**

In Fig. 63 the initial transient shows a lower apparent
diffusivity than subsequent ones. (The time to reach steady state is
inversely proportional to the diffusivity.) This is an example of the
first kind of trapping effects. At several charging conditions in which
the permeation carrent reaches a maximum and then drops off shargly with
time is regarded as the second, or permanent, type of trapping.4

3. Experiments with Iron and Iron-Cepper Alloys

A recent paper’? has shown that interfaces are the most import-
ant sites for trapping hydrogen. This trapped hydrogen need not be held
permanently in the metal; it is more likely that the hydrogen atom is
slowed down in its passage through the defects, The apparent diffusivity
calculated from permeation transients is of the order 107 cmz/s for
single pass zone-refined iron (80 ppm total impurities) and 10°% cn®/s
for 1010 steel, Both materials had the same grsin size (annealed at
650°C for two hours before the permeation test) so that the only major
difference was the carbide precipitation (pearlite colonies) in the
steel, This second phase is, therefore, resrcasible for the lower 4if-
fusivity. The iron-copper system was selected for study??»*® because
the system is precipitation hardenable and the particles can be grown
by aging. At room temperature the terminal solubilities of copper in
iron and iron in copper are very small, The iron and copper atoms are
of comparable size but the metals are of different crystal strucvurss.
Because ¢f this mismatch the precipitates tend to be incoherent with the
matrix.
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For this investigation the Fe-1% Cu alloy was solution treated
at 840°C for 93 hours for homogenization. This temperature is above the
solvus line but below the @ +7 transformation temperature., The alloy
samples encapsulated in argon-filled quartz cylinders to minimize oxida-
tion were quenched in water, then aged at 500 and 700°C to precipitate
the copper phase, Hardness measurements for these ccnditions were made
and are shown in Fig, 75. Sample thickness was 10 mils,

The specimens were hydrogen charged from acetale buffer solu-
tions (pH 4.5) containing arsenite (0.9 ug As/m¢). The permeation
transier’s of some of the specimens charged at -900 mV(SCE) and -1000 mV,
(SCE) are shown in Figs. 76 and 77, respectively., These results are
summarized in Table VII, along with some others.

These data show that the tendency for trapping occurs as the

aging time increases and as the charging conditions become more severe
ymore active charging potential). In addition, the type of trapping

- RERRLarY tc permanent (tendency toward anomalcus behavior)
as the aging time TI .. e arging potentlal The apperent
diffusivity decreases generally with the JEITR A D Table VII.
In all cases, some degree of trapping is presumed because sinZlcowses
zone refined iron charged under the conditions of -800 mV(SCE% ylelded
an apparent diffusivity of 3 x 107€ cmg/s, well below the 10~ 2/s
value for lattice diffusion, Permeation measurements alone are not
sufficient evidence that hydrogen entry is responsible for susceptibil-
ity to embrittlement, Either solubility or diffusivity must be deter-
mined in addition to the permeability. Although the susceptibility to
hydrogen cracking in a Ni-Cr-Mo high-strength steel increases with the
yield strength, the steady-state hydrogen permeability is nearly the
same regardless of the heat treatment. The time required to come to
steady state increases as the yield strength increases. Since the dif-
fusivity is inversely proportional to the lag time, it decreases with
increasing yield strength. Since the deviation of the apparent diffu-
sivity from the true lattice diffusivity is a measur: of the extent of
trapping, it is the degree of trapping that is the critical diagnosis,

The most significant change occurs upon initial aging of the
solution treated metal. For mecderate charging conditions (-800 and -900
mV) the solution-treated metal has high permeability and diffusivity.
The diffusivity decreases generally with aging time, At more severe
charging conditions the permeation response generally shows a sharp
maximum followed by a decrease, The diffusivity cannot be determined
for this type of behavior since there is no steady state region, The
rise and fall is believed to be caused by recombinstion of trapped
hydrogen atoms on internal surfaces., These specimens showed blistered
and plastically deformed aress,

Although there is scatter of the diffusivity and solubility
data, the solubility of hydrogen in the metal in the aged ccondition is
larger than in the solution-treated condition. It would appear that the
interface around the copper precipitates and the precipitates themselves
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PERMEATION CURRENT DENSITY (uA/cm?)
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Fig. 77 - Hydrogen Permeation Rise Transients for Fe-1%4 Cu Alloy Specimens

Agec at 500°C for Various Times. Conditions: Charging Potential,
-1000 mV SCE; Charging Solution, Acetate Buffer plus Arsenite

(0.9 ug As/ml); Specimen Thickness, 10 mils, Palladized at Exit
Surface; Exit Solution, 0.1N NaOH
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dissolve considerable hydrogen, Metallographic examination {trazswmission
electron microscopy) showed that copper precipitates were visiblc after
one hour agirg at 500°C and that there wvas same growth and ciustering

of these precipitates at longer times and higher temperatures. As with
the perzeation data, the most noticeable change occurred between the
solution-treated conditior and the first aged condition.

D. AMALYSIS OF ACCUSTIC EMISSION
(K. Graff an3 B. Dettloff)*

1. Aizxs and Significance of ¥Work

Cracks which propegete in high strength steels exit elastic
waves which car be detected by acoustizz) techniques. 7The energy emitted
is Telated to the releasse of elastic enerzy when the crack advances in
each increment. Work by varicus investigstors to dste has measured only
Zke frequency of these emissions. The resulis therefrom have beer most
i1lwmiasting but these measurements are not dsfinitive with respect to
the processes wkich produce the emissicns. Since the further analysis
of these acoustical amissione aprears to off:r substantial proxise of
farther illumminating the camplexities of crack advance, this present
effcrt has b=zen orgarized %c define the nmature of the acousticel emission
process. Both the theory and zethods of emission are being considered.

Various investigztors have establisked the relaticnship
between acoustic phentmenz generated iv these gpecimens and the defor-
mation of the specimen for a mwzber of materials. These acoustic emis-~

sions can be generally Givided into low energy and high energy emissions.

low energy emissions are geperzlly comnected with plastic strains and
their signal levels at the point of generation have been estimated at
about 1000 oV, High ercorsy e=issions seem to emamate from cracks during
their formation in the bulk of the specinen or in coatings ovn various
surfaces of the specimen, and their gignal level has been estimated at
about 1 erg. Toese estimates seem rather vague since they do not take
into concideration the various modes of acoustic energy transmission.
Moreover, when comparisons were made €0 signal levels produced yy a
transmitting acoustic transducer it was probably reglected that the
traprsducer acted like a piston an? emitted in a concentrated beam while
the actual acoustic source approaches a point source and radiates in
all directions.

Hore recent work in this field is concerned with relating
these acoucstic emissions with the various actual occurrences. One such
attempt is made in trying to follow the progress of a crack in high

*The Ohio State University Department of Engineering Mechanics. This

work is a joint effort of the Departments of Metallurgical Engineer-
ing and Engineering Mechanics,
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strength steel @uaring ccrrosion cracking. It is desired to extract
Trcm the acoustic signal such information as the incremental step size
of the advancing crack axd the surface energy of the new surface.

It appears {nat all workers iz this field so far have been
concerned witk showing a certain relatiorship between the advancing
crack and 2 court generated by the acoustic signal regardless of rel-
flections of the acoustic signal in the test specizen or cther rever-
berations. Thus, it seemr that any quantiiaztive data oblained for this
type of experiment may te grossly imaccurate.

Some investigators working with iow emergy acoustic esissions
have worked with signal levels close to the z2bsolute signal-roise
threshold where it was receszzry {¢ rescrt to sach techniques as using
resozant transducers. Unfortumately, other researchers working with
the high energy emissions seem To have azcepted ibe sape techmiques.
This iz not necessary ip view of signal levels severai orders of megni-
tude stronger. To cbtain a one-to-one correspordence between events in
the test specinen and counts exzectronicelly =ensed it is imperativ: tbat
maltipath signels cr reverberations are eliminated, either meckanically,
tkrough proper placement of the receiving transducer and dawpening, or
eiectrenically, sucr: 2s through the use of’ correlation techriques. It
eay also be possible to determine the frequency spectrum or the actual
wave shape of the origimal sigml with proper choice of traasducers
ancd the application cf wide band techniques.

The Toliowing secltion describes initial work to gain insight
into the physics of relatively week 2coustic signals, in particalar, to
find the transducer best suited for the signal considered, t» determine
the effects of test specimen geometry on the transmission of the sigmal
so that placirg of the trarsducer can be optizized, and to build devices
capable of simmlating the actual acoustic source in size and emitted
sigmal for calibration.

2. Experiments and Results

a. Signal Source Simulation

A1l work to date has been concerned with the evaluation
of transducer response to highly transient signals. Therefore a rea-
sonably reliable source of scoustic pulses of reiatively low energy was
needed. Periodicity of this scurce seemed highly desirable to faciii~
tate the display on the oscilloscope of the transducer output. Efforts
were directed toward building devices capable of generating shorter and
shorter pulses of low magnitude in a predictable manner. To. gain a
perspective in terms of more temable quantities it should be visualized
that 1 erg is approximately the kinetic emergy in a 10 ng mass dropped
through 1 mm. But since only 15% of the kinetic energy in a steel ball
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during elastic impact on a2 steel surface is converted to acoustic energy,
the above steel ball would deiiver 0.15 ~rg. On the other hand, a 1/16-
inch steel ball {16.% mg) impacting elasticaliy a steel surface delivers
a pulse about 4 us long and of approximately Geussian shape. Smaller
balls generate shorter pulses.

Initizily these tapping devices were btuilt on a solenoid
principle, see Fig. 73, but residual magoetise and the steel test speci-
men made operation izpcssible vher balls were made smaller., Therefore,
a different tapper was built with the ocutput of a loud speaker fumneled
through a pipette driving the miniature balls by the oscillation of the
air, see Fig, 79. Boih types were powered by the output from an andio-
amplifier driven by an oscillator., The smallest and shoriest signal
generated in this mamner employed a steel ball approximately 15 mil in
diameter. This ball weighed about 1/k mg and generated a pulse duration
of about 1 ps,

AMPLIFIER OSCILLATOR

MAGNETIC COIL

MINIATURZ ELECTROMAGNET

PLASTIC TUBULAR GUIDE

STEEL BALL

W— ACOUSTIC TRANSMISSION MEDIUM

Fig. 73 - Schematic of Miniature Electromagnetic Tapper
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b. Transducers

During the whole investigation signals of undetermined
origins appeared on the screen of the oscilloscope. To eliminmate the
possibility of transducer-generated additions to the output an attempt
was made to use transducers of higher resonance frequency and iower Q.

Initis] tests were run witk a B & K 4331 accelerometer. Its
nomiml resonance frequency is 43 kHz. The signal spectrum received

was generally well above this frequency go that the output must have
been ccnsiderably distorted.

Disk-type piezoelectric transiicers were obtained, 47 mil
and 10.5 mil thick, with corresponding thickness resonance of 1.8 MHz
and 8 MHz, respectively. The material iz probably barium titanate with
silver electrodes on both faces. Initially, these disk-shaped trans-
ducers were used in their original configuration, but attachment of
leads became a problem, overhang because of size and/or for lead attach-
ment could have caused flexural excitation of the disks, and dampening
to lower their Q seemed desirable, Therefore, two transducers were con-
structed, one of each thickness. The ground was brought to the back face
by plating the ceramic disk srcund its edge and the whole back potted
in silicone rubber for dampening, see Fig, 80, The final nominal dimen-
sions of the active transducer are 1/2" x 0,047" and 1/4" x 0,010".
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Fig. 80 - Construction Details of Transducers

Initial tests were run on a steel bar 1" diameter x 72",
Figure 8) shows the dispersion of the signal after one length of the
bar. This signal originated on the far end of th~ bar by impact of a
1/16" diameter steel ball falling from 2 height of 1 mn. The trans-
ducer was a B & K 4331 accelerometer whose output is amplified by a
B & K charge amplifier, then a Keithley 103 amplifier, before display
on the scope. This is actually a time exposure of some 140 traces.
Figure 82 shows the same signal as received by a 10-mil piezoelectric
disk. Most of the sign.i could be made visible only through a photo-
graphic time integration, ciherwise it would disappear in the noise.
As part of this experiment it was determined that the signal spectrum
is affected by the duration of the input pulse--a longer duration
pulse produces a lower frequency output spectrum.

A second series of tests were conducted on a steel block
3 3/4" x 5" x 8", the signal being introduced at the center of one
5" x 8" face and sent through the 3-3/4" depth to a 47-mil thick trans-
ducer. This experiment was meant to give the actual wave shape of the
signal introduced since the dilatational wave is nondispersive and the
next fastest path should have delayed the signal enought to seperate
the first and the second arrival by about 8 us. But a continuous
train of signals was obtained and the reason for this discrepancy has
not been determined as yet.

The response of the 47-mil transducer was isolated next
by introducing an electronically generated pulse using the 10~-mil trans-
ducer. It seems fairly certain that the signal represents the ringing
of the 47-mil transducer at its own resonance frequency of 1.8 MHz “he
oscillation dying out rapidly since the transducer is dampened, see
Fig. 83. The impact pulse can practically be considered a step wave.
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Fig. 81 - Signal Dispersions in z Lorg Rod
Detected by an Eccelerometer.
Sweep - 0.1 ms/cm; Vertical Sensi-
tivity - 2 V/em. liote: £
from start of trace is first echo

"~ (
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Fig. 82 - Signal Dispersion in z Long Rod
Detected by a Thin Disk Type
Transducer. Sweep: 0.1 ms/cm,
Vertical Sensitivity: 0.05 V/cm
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—

Fig. 83 - Oscillations in a Dampened L7-mil
Thick Receiver Caused by a Step
Wave. Sweep: 2.8 .s/cm; Vertical
Sensitivity: 0.1 mV/cm
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The L47-mil and the 10-mil transducers were placea "“ce
to face with a 3-mil steel sheet between them for electrical shielding.
Two frequencies were excited on the receiver on pulse and step excita-
tion regardless of which transducer was the transmitter. One of the
frequencies was an expected 1.67 MEz while the other at 15.5 MHz has
not been explained. There exists the possibility that the oscilloscope
may have gone into parasitic oscillations.

3. Discussions

No final answers bave been discovered to the questions raised
at the begimning of the investigation. The main reason is probebly
that the propagation of the acoustic signal has not been analyzed cor-
rectly.

Separating the initial undisturbed signal from the following
train of multipath signals has presented unexpected difficulties. It
appears also that some electronically generated oscillation may have
occurred originating possibly in the oscilloscope.

As a result the question of placement of the transducer has
rot been resolved. The idea of placing the transducer as close as
posgible to the source is being favored., This will reduce spectral
dispersions of the signal and will permit reception of the strongest
possible signal relative to rultipath signals.

The choice of piezoelectric transducer depends Jargely on the
signal to be received. Mo decision has beéen reached on which signal
mode will be best suited for reception or if the best choice of trans-
ducer is one with very high resonance frequency, i.e., epproaching a

film type transducer, or if a very thick transducer will give better
results.

However, one intermediate result is encouraging; it has been
experienced that acoustic signal levels of 1 erg are fairly easy to
handle. Nevertheless, every experimental setup seems to have its own
peculiar problem since operations are generally conducted at the limits
of performance for some component in the system.

E. DISSOLUTION OF IRON CARBIDE ARD SOME
OTHER TRANSITION METAL CARBIDES
(J. Payer)

1. Aims and Significance

Iron :arbide and alloy carbides are important constituents of
high-strength steels. The corrosion hehavior of an alloy can be greatly
affected by the dissolution behavior of the carbides present. The pur-
pose of this investigation is to define the reaction kinetics of carbide
dissolution. An understandi. of these dissolution processes will be
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used to determine in vhat wey and to what extent carbides take part in
the stress-corrosion cracking of high-strength steels.

Iron carbide alloys containing various amounts of cementite
(PesC) are exposed at constant potential to aqueous enviromments. The
products of carbide dissolution are quantitatively determined using gas
chromatography. The polarization behavior of some other transition-
metal carbides is also deterwined,

A, TR TR

2. Experimenta.
a. Characterization of Materials

(1) Iron-Carbon A]Joys

Ptk Sl k]

Three Fe-C alloys have been cast; i.e., a 0.8 wt$ C
(eutectoid) alloy, a 2.0 wt§ C alloy, and a 4.3 wt$ C (eutectiz) alloy.
The as-cast 0.8 wt$ C and 2,0 wt$ C alloys were solution-treated at 815°C
for 25 minutes and then held at 650°¢ for 50 hours. The 4.3 wt% C alloy
was solution-treated at 815° for 20 mimutes and then held at 650° for 20
hours. A molten salt bath was used during heat treating in order to avoid
oxidation of the specimens. Figures 84(a) and (b) are metallographs of
the 0.8 wt$ C alloy after heat treatment. In the structure the carbides
are evenly distrivuted and roughly splerical in shape. Figures 85(a) and
(b) are metallographs of the 2.0 wt$ C alloy after heat treatment. The
carbides in this structure are elongated as spherodization of the cementite
lamellae is not complete, Figures 86(a) and (b) are metallographs of the
4,3 wt$ C alloy after heat treatment, Cementite is the contimuous phase
in this alloy. .

. ke T e
AR T, W ¥ f

X-ray diffractometer scans of all the heat-treated
alloys showed strong lines for both a-Fe and FesC. No peaks for y-Fe,
Fe>C, or graphite were observed.

i

The chromium carbide (Cr.5Cg) sample was prepared by
i induction melting, using conventional practices.* X-ray diffraction
f | analyses indicate it is stoichiometric and no other carbides, nor ele-
C mental Cr, are present.

ol e s Bt O LT
»

Single crystal samples of TiC and VC were prepared
5 from sintered powder rods of 80-90% density by the floating zone tech-
& . ee nique.** The samples were subsequently annealed at 1800°C for 5 hours
e T #CTrpaCg provided by Dr. C. S. Tedmon of the General Electric Company
e Research & Development Center; Schenectady, N. Y.
; *#TiC and VC supplied by Dr. G. E. Hollox of Brown, Doveri and Company;
F - Baden, Switzerland.
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and fucnace cooles. Chemica]l amslyses indicates that the crystals con-
teined spproximately 0.0 w/o ezch of caypen and mitroger, ard traces
(< 0.1%) of metallic impurities suck as Cr and Fe. The steichiometxy of
the vapalinm carbide is VCp g-. The approximate size of eech sample ig
6mex2mxx2m.

.. DBescripticn of G5 Ckramatogragpbic Techmicue to
Analyze Gzseous Products of Cxruvide Bissolution

(1) Theory of Cpexation

Figare 87 is 2 schematic dizgram of 2 gze chromato-
graph. 4 gas sanple to be aralyzed ic imserted into the carrier gas
strean. Separation of the sznple intc its constituents occurs as they
progress at differert rates 2long the colmm. If the temperature,
carrier gas flow rate, and colunn substrate are correctiy selected,
each constituent occupies a space cortaining only carrier gas. Therefore
the effluent frax the coluan corsists cf a seguence of vzpor pociete,
each pocket consisting of a2 differext constituent. The effluent passes
through the sensing filaments of the dector, while the reference gas
passes througk the reizremce filaments

Detectors may bte of several types; i.e., thermal
conductivity, flame ionization, or electron capture. The operatiom of
2 thermal conductivity detector will be discussed here. The detector
dbridge circuits costmnl the signal to the recorder. This signal is
proportional to the difference in thermal conductivity of the gas=s in
the sensing and reference chambers. The output is adjusted to give
zerc outpat vher pure carrier gas is preseant in both compartments. The
sensing and reference filaments form the four legs of the detector
dridge. The presence of vapor, other thzan the carrier ges, in the
sensing chamber alters the sensinz filament electriecal resistance,
thus ambaiancing the bridge and producing a difference ip potential at
the output terminals. For any cconcentration of vapor, the umbalance
wvoltage is constant. The resulting chromatogram is interpreted quanti-
tatively vy comparing it with chrcmatograms of known samples. The con-
stituents are identified by their characteristic retention times, while
the axount present is determined by comparing the given area under a
peak on the unkrowr to the a2rea for a known quantity. A typical
chromatogram is shown in Fig. 82, where the potential difference between
the sensing and reference filaments of the detector is plotted versus
time after sample injection,

(2) Analysis of Carbon-Containing Species
This investigation requires analysis of the follow-

ing constituents which maey be products of carbide dissolution: H,, O,

CcO0, €05, CHy, plus several higher hydrocarbons, The gases from
nydrogen through methane are analyzed by using two columns in series.
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Fig, 88 - Typical Gas Chromatogrash
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A For-A-Pek Q colmn is attached to the sensing side of the dectector
and a 5 A Yolecular Sieve column is attached between the sensing and
reference sides of the detector. After sample injection all the gmsees
except carbon diocxide are eluted thrcugh the Por-A-Pak and show up as

a single composite peak on the recorier. The CO, is held up and appears
as the next peak. Meamwhile, the other gases, suck as 0,, C0, CH,, are
being separated in tke Molecular Sieve colmmn. As tkhey are el:ted into
the dztector they are semsed by the reference filaments and subsequently
exhausted. The column lengths and operating parsmeters are chosen sc that
no peaks overlap, The carrier gas flows through the injector, into the
Por-A-Pak column, then into the sensing side of the detector, through the
molecular sieve, into the reference side of the detector, and finally,
into the atmosphere, Figure 89 is a schematic of this column arrangement
and a typical chromatogram from it.

The hydrocarbons higher than methane are amalyzed
using a 3% Squalane-97% Burell medium-activity silica gel column. This
column will separate the following constituents: ethane, ethylene,
n-propane, actelylene, n-butane, propylene, iscpentane, n-pentane, and
bubm’lo ’

Detector
Por-A-Pgk Q 5A Molecular Sieve

00— —1000000
—+

Por-A-Pak <—— | — Molecular Sieve

i |

Recorder Response

Time —=

Fig. 89 - Two-Column Arrangement
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c. Electrocnericae: Procedure

In order %o better umderstani the gererzl behevior of the
sample materials, golarizaticn curves are obtained by standard potenti?—
dynamic tochniques. Sawples are exposed over a2 range of pH (pE 2-—p& 0)
and t{o enviromments containing either chloride or sulfate. A1l tests zre
run at 25°C, The sciutions are deasrated before the test and stirred
throughout the test,

Saxples ar . exposed at constant potentials for various
times., Subsequent tc exposure tre gz2s over the agueous colutior is
anatyzed for carbor products using gzs chromztograrhy.

3. Discussice

It has been reported earlicr (AFML-TR-70-2), that the dissolu-
tion behavior of iron-iron carbide structures is a function of potentiai,
pH, and anion. Figure 90 shows the modes of attack observed when thin
foils of Pe-0.45 w/o C were exposed to various enviromments at constant
potential. It is of interest to note that in many envircoments the car-
bide is quite reactive., While this is not unexpected, in lieu of thermo-
dynamic predictions which show cemetite to hLe unstable in aqueocus en-
viroments at all values of potential and pH, it does contradict the
prevalent notion that cementite is inert and will therafore act as a
cathode in materials exposed to agueous solutions. This work is aimed
at better understanding the parameters which control carbide dissoiution.

F. KIRETICS OF GROWTH OF PASSIVE FIIMS(K. N, Goswami)
1. Objective and Background

The objective of this study is to determine the growth kinetics
of passive films on iron-base alloy surfaces. Thic work is directly rele-
vant to the state of affairs immediately following the formation of fresh
surfaces at a crack tip. The rate of formation of passive films affects
the quantity of ions going into solution and also provides a bayrizr to
the subsequent entry of hydrogen into the metal.

2. Experimental

The theory of ellipsometric measurement of kinetics of growth
of passive films and the detailed experimental arrangement is reported
in Technical Report AFML-69-16 and AFML-70-2, For the results descrited
herein, a deaerated solution of 0.5M HS0; + 0.5N Na,SO, + NaOH of pH &
and 6 were used for the anodic passivation., The solution was kept under
a stream of purified helium,
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The specimens of Fe-l0Ni, Fe-10Cr, and Fe-10Ni-10Cr were
mechanically polished with diamond abrasives (final polishing with 1 um
diamond abrasive), washed in spectrographic grade methanol, dried quickly
by absorbing the methanol with lens paper, and placed in the cell, Prior
to insertion of the specimen in the cell, the cell was flushed with puri-
fied helium gas., The oxide films formed on the specimen surfaces by
existing air were raduced potenticstatically at a constant potential of
-900 mV {SCE) in the solution of pH 10. When the surface was so reduced,
optical readings were made and then the solution was completely replaced
by a fresh solution of the required pH. After cathodic reduction and
replacing the solution, the specimen was quickly polarized at a constant
potential at which film starts to form, The film formation was carried
out in the potential region of -200 to +1200 mV (SCE)., Before anodic
polarization at a different potential, the specimen was freshly polished
end cathodically reduced. Throughout the experiment purified helium was
bubbled in the cell,

3. Results and Discussion

The optical constants and thickness of passive films formed on
Fe-10Ni, Ffe-10Cr, and Fe-10Cr-1ONi surfaces were calculated by trial
and error methods, using the McCrackin program for analysis of ellipso-
metric measurements from an electronic computer. Optical constants of
the passive films formed on surfaces of these alloys are given in
Tables VIII and IX for pH 4 and 6, respectively. These are different
for passive films on Fe-10Ni, Fe-10Cr, and Fe-10Cr-i0ONi surfaces, indi-
cating that the composition of passive films is different. Since the
optical constants wary with passivation potertial, the composition of
£ilms is also potential-dependent, The composition of films near Flade
potential and oxygen evolution potential are different than the films
formed at passive potentials,

The growth kinetics of these films are similar to the films
formed at pH 8,4.%47 The data fit equally well either the logarithmic
or inverse logarithmic rate laws. The plots of growth rates are shown
in Figs. 91-102 for pH 4 and 6, It has been found that the direct
logerithmic rate is independent of potential (approximately parallel
lines for different potentials), but the intercept varies with potential.
This type of growth rate has been intecpreted in terms of the "place-
exchange" mechanism.*® According to this mechanism film grows by the
simuitaneous exchange of positions between oxygen and metal ions for sall
layers of these two species forming the film,

The inverse logarithmic growth rate can be interpreted by
Cabrera-Mott*® theory. According to this theory the growth of film is
controlled by the escape of metal ioas from metal lattice over an acti-
vation barrier, W, The equation for the ion current, neglecting the
backward field is

i = 2a*nvge exp - [W = R;a* x] (18)
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Table VIII, The Optical Constants, n(1-ik), of Passive Films Formed
on Fe-10Ni, Fe-10Cr, and Fe-10Cr-1CNi Alloys in a
Solution of pH 4

Potential, Fe-10Ni Fe-10Cr Fe-10Cr-10Ni
mV - - -
n k n k n k
100 - -- 2.00 0.14 -- -~
200 - - - - 2,20 0.12
400 2.10 0,12 2.00 0.1k 2,20 0.12
600 2.10 0,12 2,00 0,14 2,20 0.12
m 2.10 0012 2.00 o.lll’ 2.30 Oo 1’4
1000 2.20 0,14 2,00 0,1k 2,30 0.1k
1200 2.20 0.1k 2.00 0.1k -- -

Table IX - The Optical Constants, n(1l-ik), of Passive Films Formed
on Fe-10Ni, Fe-10Cr, and Fe-10Cr-10Ni Alloys in a Solution

of pH 6
Potential, Fe=JONi Fe-10Cr Fe=10Cr-10Ni
mv n k n k n k
0 - -- 2.30 0.08 2.20 0.10
200 - - - 2030 0008 2020 Oolo
250 2.ho 0.12 -- -~ -- --
400 2.40 0.12 2.30 0.08 2.20 0,10
600 2.40 0.12 2.30 0.08 2.20 0.10
800 2,60 0.12 3.00 0.10 2.30 0.10
1000 2.60 0.i2 3.00 0.10 - -
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where n is the number ¢ ¢ mobile ions per unit volume, v is the frequency,
qe is the charge on tne mobile ion, 7 is the overvoltage, &% is the acti-
vation jump distance, and x is the film thickness. An approximate inte-
gration of the equation gives

i, const - iant (19)
x X,
where
1 _kt
X,  gea¥*

From the expression for 1/x,, as derived from this theory, we can see

that we would expect a plot of X, vs. 1 to yield a straight line.
Figure 103 is such a plot for pH 6.

Since the dependence of x; on 1 as shown in Fig. 103, is rea-
sonably linear and because en indirect logarithmic rate law is observed,
we can consider that the mechanism of passive film growth on these elloys
is similar to that for aluminum and tantalum; namely, field-assisted
migration of cations through the film to react with oxygen or OE" at the
solution-oxide interface., The reasonableness of this concept can be seen
if we first calculate a value for the jump distance, a¥*, using the slope
from Fig, 103 and the expression for x, in Eq, (19). The values in this
pPlot are based on the assumption that the field is across the entire film,
The values of jump distance, a*, along with the height of the activation
barrier, W, for Fe-10Ni, Fe-10Cr, and Fe-10Cr-10Ni are given in Table X.
In the calculation of jump distance, a*, it was assumed that the mobile
ion has a charge of 3. These values are very reasonable,

Table X - The Value of Jump Distance, a*, for Iron-Base
Alloys, Studied in pH 6

Slope Jump Distance Activation Barrier, W
Element

- (R/v x 167) (R) (ev)

Fe-10Ni 2.63 2.3 1.30

Fe-10Cr 2.55 2.2 1.27
Fe-10Cr-10Ni 2.53 2,2 1.30

The variation of film thickness at a given time with applied
potentials is shown in Figs., 104 and 105 for pH 4 and 6, respectively.
The film thickness is almost linearly proportional to the applied poten~
tial for all materials, A comparison of film thicknesses is given in
Table XI for solutions of different pH. The variation of film thickness
at a given potential with the pH of .he solutions is shown in Fig. 106,
The film thicknesses of passive films formed on these alloys increase
linearly as the pH of the electrolyte increases.
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Fig, 104 - Film Thickness vs., Passivation Potential for Cne Hour
of Passivation in Electrolyte of pH k4
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Fig. 105 - Film Thickness vs, Passivation Potentials for One
Hour of Passivation in Electrolyte of pH 6
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Fig, 106 - Film Thickness vs. pH of Electrolyte
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Table XI - Comparison of the Thickness of Passive Fil@s Formeq on
Fe-10Ni, Fe-10Cr. and Fe-10Cr-10Ni Alloys in Solutions of
Different pH

Potential Fe-10Ni i Fe-10CT | Fe-10Cr-10Ni

mV/{SCE) Film Thickness (A) '
Au € | 84| & | 6 [84] & |6 |84

200 1h.2% J 22,5¢| 28.2 | 10.8 | 19.0 | 25.4 7.0 | 16.7 |22.3
4oo 19.2 j27.1 | 34.3 | 16.0 | 23.6 | 31.3 | 12.k |21.3 }28.2
600 2h.3 [31.7 | bo.k | 21.0 | 28.2 | 37.2 | 17.6 | 26.0 | 3k.2
800 29.4 36,3 | 6.5 | 26.2 | 32.8 | L43.1 | 22.8 | 30.4 |[ho.1

1000 3.4 | 41,0 31.2 | 37.3 28.2 | 35.0%
1200 39.4

*Extrapolated values

Future attempts will be made to study growth kinetics of passive
films on these alloys in solutions of higher pH, say 10 and 12, A com~
pPlete analysis of the effect of alloying elements, pH of “he solution,
and passivation potentials will be done,

G. STUDY OF ACOUSTIC EMISSIONS IN AISI 4335 STEEL
(G. E. Kerns)

l. Aims of Current Research

The purposes of this investigation are (1) to determine the
effects of envirommental variables and mechanical properties on the
kinetics of stress corrosion cracking in high-strength steels, (2) to
determine whether acoustic emissions from stress corrosion cracks are a
function of such envirommental or metallurgical variables, and (3) to
ascertain whether measurable parameters of the acoustic signal can give
information as to the mechanism of stress corrosion cracking in these
moterials,

2., Background of Acoustic Techniques

Prior investigationsso"53 have shown that acoustic emissions
are observed during plastic deformation or stress corrosion cracking of
many metals and alloys. These emissions are detected by piezoelectric
devices (crystals, accelerometers, ceramics), However, experimental
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results to date have given no information as to the amplitude or frequency
content of the actval signal., Effects such as reflection (and mode con-
version), material attenuation, and the piezoelectric properties of the
detector must be evaluated in order to obtain information regarding the
initial signal., Attenuation will depend on the geometry of the wave
(planar, spherical), as well as other wave oroperties. Therefore,
knowledge as to reflection phenomena and detector response must first be
obtained in order to know the properties of the acoustic signal leaving

a crack,

Two avemues of approach are available to determine these
effects: (1) to experimentally determine the response characteristics
of the piezoelectric detector and to determine what reflections have
occurred before the signal reaches the piezoelectric device, or (2) to
alter the physical dimensions of transmitting medium, as well as the
response characteristics of the transducer such that reflections and
transducer resonance are minimal.

3. Acoustic Emission Program

a., Investigation of the Response Characteristics
of Endevco 2z72 Accelerometer

(1) Test Procedure

The first investigation was that of determining how
the Endevco accelerometer used in past studies (Tech. Report AFML-70-2)
responds to stress waves of various frequencies while mechanically loaded
by coupling to steel, Using an elliptical PZT-U ceramic disc (£"x1"x0.049")
as a driving transducer, stress waves of various frequencies were trans-
mitted to the accelerometer directly, and through two thicknesses of
AIST 4335 steel, as shown in Fig, 107. Dow Corning ignition sealing com-
pound DC-4 was used as the couplant, The stress wave was generated by a
sinusoidal voltage (4.0 V peak~to-peak) applied across the driving trans-
ducer., This voltage was held constant, and the output of the accelerom-
eter (after amplification and filtering) was monitored as a function of
oscillator frequency. The sine wave was generated by a Hewlett-Packard
200 CD test oscillator. The value of 4,0 V for the voltage across the
driving ceramic was chosen because it prcduced measureable accelerometer
outputs at all frequencies up to the radial mode resonance frequency of
the driving element (164 kHz).

(2) Results and Discussion

The accelerometer response curves and the electrical
circuit are shown in Figs, 108-110, The presence of a radial mode
resonance in the driving transducer at 164 kHz produced an explainable
response peak for the accelerometer at that frequency. The response
curves of the accelerometer show that the use of an accelerometer to
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” DIRECT COUPLING
j.—_~_ _—~Rubber backing
<+— Rubber band
/ / & \
PZT-4 element Endevco 2272 accelerometer
Epoxy backing

COUPLING THROUGH 172" DIMENSION OF STEEL SECTION™

o b3

Rubber backing
Rubber band

s e

i TGS

\Endevco 2272 accelerometer

" PZT-4
. EP?"Y element
: backing £"x1"x 232" section of AISI 4335
B steel{heat treatment:
- IS00°F/ 1hr,0.Q.—
400°F/ihr,A.C.)
" COUPLING THROUGH 1" DIMENSION OF STEEL SECTION*
N = '_ — / Rubber backing
Rubber bond
L: )
L. Endevco accelerometer
P2T -4 steel section
Epoxy element (some as above)

backing _
*
In both cases tronsducer and accelerometer
were located midway along the length
of the steel section

Fig., 107 - Methods of Coupling PZT-L4 Disc to Endevco Acéelerometer
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detect frequency components in a stress wave azbove that of its own
resonance frequency (37 kHz) is impractical, even in the case of a
simple specimen geometry and a periodic, continuous stress wave, The
response of the accelerometer appears to be a function of source-to-
detector distance, and is undoubtedly zaffected by mechanical oscilla-
tion of the specimen, In Fig. 110, for example, the response peaks at
approximately 100 kHz may be explained by standing waves in the l-inch
dimension of the steel section, Taking the velocity of a longitudinal
wave in Armco iron as 23.5 x 10% inch/s, ® and calculating the frequency
for standing waves in the l-inch dimension, it is seen that mechanical
resonance of the specimen can occur at 1i7.5 Kz, 411 of the response
peaks, Lowever, cannot be explained by simrle hzrmonic modes of vibration
of the steel secticn., Therefore, the response of 21 accelerometer is
quite complex when mechanically loaded and excited by frequencies above
3 resonance frequency.

ST TR Lons

L3
3 &
ES
%3
K
-

Transducer
(1) Test Procedure

In order to avoid transducer resonance, a Branson
Z-103-B transducer (16 MHz resonance frequency) was used to detect
acoustic emissions from stress corrosion crazcks growing in various
enviromments. The specimens were of the single cantilever beam type
used in prior studies (Tech. Reps. AFML-69-16, 70-2). The material
was AISI 4335 steel, heat-treated as follows: 1500°F/1 hr, 0.Q. +
hOO°F/1 hr, A.C., The cantilever loading assembly was the same as that
used in the prior work cited above,

A sinusoidal voltage was applied across the transducer
using a Hewlett-Packard 651 B test osciliator. The frequency was varied
to a maximum (test oscillator limit) of 10 MHz, The voltage across the
1 transducer was monitored, and no resonance occurred below 10 MHz, The
‘ transducer was mounted on the test srecimens as shown in Fig, 111, Seven

¥ tests were performed by allowing a fatigue crack to grow in gaseous and

l aqueous enviromments, while the acoustic signals were recorded photo-

) graphically. Random photographs were taken during each test. The applied
stress intensity factors and enviromments are given in Table XII, The
electrical system is shown in Fig, 111, The gas-purifying system and
A . aqueous corrosion apparatus were the same as described in Technical
; Report AFML-69-16.

-

< " . - v
l b, Experimeatation Using 2 16-1%z Branson

riaaa A e

4

" (2) Results and Discussion

» Figures 112-118 show five random photograrhs of the

A transducer output for each tvest, The resulis show considerable varia-

h tion in pulse shape for each enviromment, Also the presence of pericdic
signals (Figs. 112,113) appesr to indicate reflection phenomena with

T frequency components well below the natural! resonance freguency of the

YO
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AT

Polyethylene chamber for

Y

Pre-cracked +|-
contilever beam
specimen

Single stage

of Dytronic filter

+

N ——

/ agueous or Qaseous
environments

z

—-103-B Branson transducer

Tektronix 543
oscilloscope with

P-12 camera attachment

[

S L1 d O

Branson (200 cps-high
transducer pass mode)

Hewlett

Packard
400 t
voltmeter -
pre-amp

Fig. 111 - Test Apparatus for Experiments with
Branson Transducer
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Table XII - Test Conditions for Cantilever Beam Specimens

Initial Stress Intensity . Applied

S " %
pecinen Factor (ksi-in.%) Enviroment Potential**
CDG-78 38,0k 23.1% Hz --
CDG-T9 40.30 23.1% Ha -=
CDG-80 k2,82 23.1% Ho --
CDG-81 38.56 100% Ho -
CDG-82 431,39 1N HC1 -1,0V
CDG-83 k6,23 1IN HC1 +1,0V
CDG-84 TR 349 NaCl adj. +1.,5 V
. to pH = 13
with NaOA

¥ Total flow rate of gaseous mixtures and pure Hp was 6.5 ce/minute

*¥ Potential controlled by Magna Research potentiostat Model l+700M,
and all potentials are w.,r.t. SCE
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Fig, 112 - Photographs of Acoustic Fmissions in 23.1% Hz (Spec.
CDG-78); horizontal scale - 500 usec/cm
vertical scale - 5 mV/cm
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Fig. 113 - Photographs of Acoustic Emissions in 23.1% H» (Spec.
CDG-79); horizontal scale - 1 usec/cm
vertical scale - 10 mV/cm
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Fig. 114 - Photographs of Aco..tiec Emissions in 23.1% Ho (Spe-=.
CDG-80); horizontal scale - 50 nsec/cm
vertical scale - 10 mV/ca
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Fig, 115 - Photographs of Acoustic Emissions in Pure Hz (Spec.
CDG-81); horizontal scale - 50 psec/cm
vertical scale - 10 mV/cm

165




R toh £

LA L0 s ol vy

TR

Fig. 116 - Photographs of Acoustic Emissions in 1N HC1l at -1500 mV
WRT (SCE) (Spec. CDG-82); horizontal scale - 50 psec/cm
vertical scale - 10 mV/cm
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] Fig. 117 - Photographs of Acoustic Emissions in 1N HCl at +1200 mV
ﬂ WRT (SCE)(Spec. CDG-83); horizontal scale -~ 50 usec/cm
] vertical scale - 10 mV/em

167




5
i
5

CTIE e ey

Fig. 118 -

TS W%"‘\ —_—

. e —————— s

Fhotographs of Acoustic Emissions in 3;% NaCl (adjusted to
pH - 13,0 with NaCH) at +150C mV WRT ‘SCE) {Spec. CDG-84);
horizontal scale - 50 usec/cm

vertical scale - 10 mV/em
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transducer. On a comparative basis, there appears to be little effect
of enviromment on signal shape using this experimental technique.

c. Experimentation Using PZT-U4 Ceramic Element
and Sections of Steel on SiGges of Specimens

(1) The effect of reflections in the transmitting medium
can be determined by (a) providing an acoustic medium adjacent to the
specimen such that portions of the wave whicn would normally reflect
from free surfaces are attemuated, preventing their superposition on
the wave portion which travels directly to the detector; or (2) to pro-
vide a medium (which is acoustically matched to tne specimen material)
into which the wave may pass and undergo reflection at a much later time,

Condition (b) is easily met by coupling sections of 4335
steel to the sides of the test specimen, as shown in Fig. 119. If the
prefatigue crack length is large, and the piezoelectric detector is
placed below the crack, the source-to-detector distance can be made
quite small, As shown in Fig, 120, if the detecting element is 0,235-
inch from the crack and we assume a longitudinal wave of velocity 23.5 x
10* inch/s generated at the mid-thickness of the specimen, the time to
reach the detector is 1 us, The minimum distance for the wave to travel
if it reflected from the free surface of the specimen (with steel sections
on the sides) is 1.5 inch. The time required for this portion of the wave
to reflect and then strike the detector is at least 6 us. The shortest
time would be 5.3 pus (source is at specimen-side plate interface),
Therefore, by examining only the first 5 us of the signal, the effect
of superimposed reflections should be minimal,

Two tests were performed using the technique desecribed
sbove, The prefatigue crack was extended to within 0.25 inch of the de-
tecting element., To detect the emissions, a portion of the PZT-4 disc
{described in this report) having a maximum dimension of 0,50 inch was
used, The electronic system was the sane as that used with the Branson
trensducer. In the first test the PZT.I ceramic was backed by a rubber
stopper. In the second test 2 1/2 inch cube of FZT-4 (with the polari-
zation direction parallel to the plane of the detecting disc) was used.
The envirorment was O0,1N HC1l applied to the crack tip from a beaker,
This procedure was used so as (1) to allow access to the transducer,
and (2) to prevent uncoupling of the transducer from the specimen while
inserting the specimen into an enviromment chamber,

A seccud series of tests was performed, with two detect-
ing elements {PZT-4) and & Tektronix Type 555 dual beam oscilloscope.
Signals from the crystals weve photographed by allowing one of the
crystal output signals to trigger the oscilloscope sweep., The cracks
were propagated in a dry Ho (pure) enviromment. Both detecting crystals
were backed by PZT-4, The oscilloscope aud pre-amplifiers were adjusted
to give the same gain for both crystals,
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PZT-4 CERAMIC N
DiSC (BAGKED gy PRE=FATIGUE CRACKED

SINGLE CANTILEVER
RUBBER OR PZT-
UBBER OR PZT-4 SPECIMEN

172"x1"%x 2 1316" SECTIONS

OF AISi 4335 STEEL (SAME
MATERIAL & HEAT TREATMENT
AS SPECIMEN)

Fig., 119 - Test Apparatus for Experiments with PZT-4 Ceramic Disc
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TOP OF CANTILEVER SPECIMEN

:—

=

/

STEEL PLATES

COUPLED TO SIDE
OF SPECIMEN CRECK

FRONT

' (2)
235’
4 ¥

2 L Z

[\

PIEZOELECTRIC
~ CRYSTAL

Path (1) - Direct Wave Strikes Crystal in 1 ps

Path (2) - Reflected Portion of Wave Strikes Crystal in 5.3 ps
(or longer)

Point A - Wave Source

Fig, 120 - Cross-Sectional View of Cantilever Specimen
Showing Wave Paths to Crystal
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(2) Resuits and Discussion

Figure 121 shows five randomly photographed signals
for the case where the single PZT-L4 disc was backed by a rubber stopper.
The photographs show two resonance modes of the detecting disc to be
present. These frequencies (2.0 to 2,5 MHz and 250 kHz) are in fair
agreement with the predicted®® values for a 0.050 inch disc, 0.350 inch
diameter (1.5 MHz and 250 kHz). The disc was irregularly shaped to
avoid ti. lower frequency radial mode, Its average width was approxi-
mately 0.35C inch, however, indicating that the radial resonance mode
still occurred, The backing of the detecting disc by the PZT-L cube in
the second test gave a medium of the same acoustic impedance as the de-
tecting crystal. This removed the free surface condition for reflection
and satisfied the conditions for minimum acoustic impedance mismatch
described ty Mason,“® The results are shown by the five photographs
in Fig, 122, No apparent resonance effects were present.

Figure 123 shows five random photographs obtained
when two piezoelectric discs were used, The oscilloscope sweep was
triggered by the upper beam signal, The applied initial stress inten-
sity factor was 45.80 ksi-in.”.

By further experimentation it was found that pulses
of microsecond duration, such as those in Figs, 121, 122, and 123, cculd
be produced by electrical light switches in the laioratory. Also ultra-
high frequency signals (several megahertz), as seen in Fig, 123, were
found to be noise signals from the Hewlett-Packard voltmeter pre-emplifiers,
In many cases, however, signals such as in Fig. 121c and in Figs. 123a
and b, show crystal resonance, It is, therefore, very possible that the
acoustic signal is of microsecond duration, since it is unlikely that
power line noise (switches, etc.) could excite mechanical resonance of
the transducer. In general, the pulse shapes observed during cracking
were varied and similar to that shown in Fig., 121c. The electrical noise
signals observed were rather similar in that they were either of very
short duration, with no obvious periodicity, or of very high frequency
content (well above any natural first harmonic frequency of the crystal).

d, Conclusions
The experimental results to date have shown that:

(1) The removal of conditions for reflection in the transducer
and in the transmitting medium greatly alters the signal

produced by a piezoelectric detector when stress waves are
produced.

(2) The elimination of reflection phenomena by altering de-
tector und specimen geometry provides a simpler approach
to stress wave analysis than the attempt to determine the
distortion of the wave due to reflections.
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Fig. 121 - Photographs of Acoustic Emissions in O,1N HCl (Spec.
CDG-85); horizontal scale - 1 us/cm (photos 1-4)
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H. DELAYED FATLURE OF HIGH STRENGTH STEELS
(D. Langstaff, G. Meyrick, and J, P, Hirth)

1. Iatroduction

The in situ charging apparatus for qualitative time-to-fai ure
studies which had been designed, constructed, and tested with favorable
results at the time of the last report has been modified to optimize
test conditions. These modifications resvlted in the minimization of
stray currents in the circuit, the minimization of spurious ions in the
electrolyte, the capability to grip the wire at large loads without
specimen failure induced at the grips, the maintaining of galvanostatic
conditions in the circuit, ard the use of instrumentation having at
least *1% accuracy in the test circuitry., The selected specimen prepara-
tion method was investigated to confirm that it resulted in no deteriora-
tion of the specimen, It was then adopted as a standard procedure,

For in situ cathodic charging the test results yielded the
characteristic load vs, time or static fatigue curve associated with
hydrogen-induced, delayed failure., An apparent inverse relationship
between charging current and the square root of the time to failure was
obtained. A qualitative anodic polarization curve was run to assess the
feasibility of obtaining additional polarization curves as material
parameters,

2. Experimental

The test cell is now constructed completely of nommetallic
components to eliminate corrosion and the possibility of spurious cations
entering solution from the apparatus. Because of its chemical stability
in a wide range of enviromments, a mesh platinum anode has been obtained.
to replace the stainless steel one, A high anode to cathode area ratio
is maintained to achieve a more uniform current density over the speci-
men, Initially, a conventional galvanostatic set-up consisting of a re-
sistance several orders of magnitude greater than that of the cell re-
sistance in series with the cell was used with a filtered dc power supply.
However, o solid state constant current source relying on feedback con-
trol to maintain galvanostatic conditions has been assembled and has re-
placed the conventional control. In preliminary testing, the solid state
device (designed by Mr. Joseph Dryer) provides constant current even with
rapid changes in supply voltage and in simulated cell resistance,

During testing, subsequent to specimen preparation but without
in situ charging, using the cem-type grips at higher loads (e.g,, 90%-
95% of the maximum load), difficulties with specimen fracture in the
grips became evident, Suitable adaptors were made so that pin vises
could be substituted for the cem-type grips in the apparatus; there have
been no further problems. The pin-vise arrangement has the advantage
that the wire is subjected to a minimal torque on loading, an improve-
ment over the cam-type grips.
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3. Results

The results of the investigation of the effect of specimen
preparation with regar? to embrittlement or specimen deteriocration
{Fig. 12h) indicate that the selected r:2thod is acceptable and will be
used as a standard procedure. Additionzi evidence as to the suscepti-
bility of the 0.0202-inch diameter, 40O ksi UTS, AISI L4140 wire to de-
layed failure came to light when several specimens fractured after a
time when subjected to in situ cathodic charging while bearing no load
or only that load requlred to straighten the wire and kold it in place.
Ancther observation for the abcve material when under a constant load
of 26,1C 1b was that the squre rcot of the time to failure was inversely
proportional to the charging currenc (Fig, 125), This relation will be
checked again with better instrumentation and experimental controi.

A plot of load vs. time to failure characteristic of hydrogen-
induced delayed failure was obtained for Malin's No. 6 Music Wire (Fig.
126) as well as for the 4140 wire. Malin's Music Wire has high strength,
is easily handled, and is responsive tn the variables being considered
in this investigation; e.g., load and cathodic current density. The
music wire is being used in preliminary tests to firmly establish test
procedures before proceeding with the limited supply of Hy-Tuff and
ATISI 4140. The time-to-fail curves exhibit the normal behavior; i.e.,
decreased current density yielding displacement of the curve to longer
times,

A Iuggin probe-salt bridge assembly was constructed sc that
the cathodic haif-cell potential could be monitored witch respect to a
standard cell of calomel saturated with potassium chloride, An anodic
polarization curve of the AISI 4140 wire was determined to evaluate the
feasibility of determining polarization curves as qualitative material
parameters of the substances under investigation (Fig. 127).

4, Future Work

Polarization curves will be determined for substances under
investigation to be used as qualitative material parameters. Time-to-
failure as a function of load for the various strength levels, sizes,
and materials at hand will be determined under various charging condi-
tions.
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SECTION IV

CCORDINATION AND BRIEFPING
(Met. E., - OSU Staff)

Seminars and lectures presented by the staff at the Air Force Materizlsg
Laboratory follow:
Date Subject Staff Member

November 25, 1969  Cracking of Thin Films on Tarner Alfrey, Jr.
Rigid Substrates

Jamuary 20, 197C Muclear Magnetic Resonance D. A. Rigney-
in Liquid Metals

Pebruary 4, 1970 Advances in Steel Making G.. R.. St.. Plerre

April 13, 1970 Stress Corrosion of High R.. W.. Stashle
Strength Steels

May 5, 1G67¢C Stress Corrosion of Titamium P. H.. Beck
Alloys

During the 1970-1971 academic year a series of APML lectures gt OSU is
planned., These lectures will te presented on teclmical and administrs~
tive subjects..

The first lecture was presented by B, Cohen on 1 December 1970, This
was a two-hour lecture on the subject of failure causes and anglysis in
aircraft.

SECTICN V

MISCELTANECUS

Dr. C. M. Chen contimues his research at AFML under this program.
No degrees were granted during this paricd but at least one masters
and two Ph.D. degrees are expected during the next periocd.
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