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ACOUSTIC EMISSION TESTING PROGRAM:
PROGRESS REPORT ON TENSILE TESTING THROUGH OCTOBER 1970

D. K. Schuyler 1II
T. H. Feiertag

ABSTRACT

Developmeat of an acoustic emission testing program was initiated to broaden the

nondestructive testing capability of the Laboratory.

Acoustic emission is created in

materials as tliey undergo stress relief mechanisms and may be detected by high gain

clectronic amplification equipment.

materials while monitoring with acoustic emission equipment was undertaken.

A program of conducting tensile tests on various

This fur-

nished backgrouad information which would be useful for predicting and evaluating acous-~
tic emission beaavior of structures more complicated than tensile samples,

1. INTRODUCTIOM

The develojment of an acousti¢ emis-
sion testing prcgram was initiated to
broaden the capibility of the noudestruc-
tive testing grqup of the Laboratory.
Basically, acouétic emission has been de-
fined as the st:ress waves given off by
s0lid materials as the result of stress
relaxation.!*” Mechanisms such as dis-
location formation, pile-up, breakaway,
crack formation and propagatic:, twinning,
and grain boundary slip have all been sug-

gested as sources of acoustic emission.}!:

i,2,4

Events that may be monitored vy
emission from these mechanisms may there-
fore include microyielding, aging, re-
covery ., fatigue, creep, and diffusionless
phase changes.-*%-6:"

The acoustic emission from a material
1S detected by a piezoelectric transducer
attached to the sample. The transducer is
excited by the emission, resonates at its
own frequencies but does not reproduce the

irequency content of the emissicn.

Emission frequencies range from the

audible up to the MHz range. The upper
limit of fr-quencies is not known. The
frequency « :ctrum from an emissicon source
deperds upon the speed at which events oc~
cur, their duration, resonancas of the sys-
tem, and attenuation due to intermediate
materials located between the transducer
and the sample (coupling materials such as
The high fre-
guency components of the spectrum are most

grease, resin, or metal).!

affected by attenuation and therefore will
be damped out first. With this attenuated
frequency spectrum, and with the further

alteration of the signal by the transducer
itself, low emphasis is placed on the moni-

toring of the signal according to frequency.

What is of concern then is the ampli-
tude of the emission; some emissions occur-
ring as a multitude of low-amplitude
(energy) pulses and others as less frequent,
high-amplitude pulses. The output of the
amplifying system comprises both emission
signals and background noise from the test
and detection equipment. Hopefully, the
detection electronics may then be developed
to filter unwanted background noise and

record only meaningful emission from the



sample. The effort has therefore been October 1970, and are listed in Table 1.

placed on looking at the number of pulses TABLE I
with energies ~bove arbitrary levels versus LIST OF MATERIALS TESTED
a second variable such as time, load, Material Manufacturer
Strain, or temperature. Tne emission may —
Aluminum, Type 1100* Unknown
then be plotted as either a rate occurrence Aluminum, Type 2024° Kniser Aluminum
(counts/second) or a summation of counts, Aluminum, Type 6061%° Katger Aluminum
Copper, ETP'! Unknown
Berylco-25'? Xawecki Berylco Industries
. N . Iront? Armco Steel Corporation
Various programs within the Laboratory SAE 1019 Carbon Steellt Unknown
have shown acoustic emission arising during 304L Stainless Steel !'© United States Steel
; 347 Stainle ;s Steell® Republic Steel Corporation
pressure vessel pl‘OOf and failure tests ’ Almar-3621¢ Alleghery Ludlum Steel Corporation
cracking of graphi te-carbide composite HP-9-4-20%7 Republic Steel Corporation
Vascomax-250%® vanadium-Alloys Steel Company
materials from thermal stress tests N crack- Nickel-20ut° International Nickel Compnny
s . - luconel-7187° International Nickel Company
ing and stress relief phenomenon irom weld- Titanium (Ti-50A)%} Titanium Metals Corporation of America
ing tests, martensitic phase changes from
thermal cycling tests on Au-Cd alloys (beta- Their nominal chemical compositions are
field compositions), and during tensile listed in Appendix A (obtained from the
testing of several metals, references indicated in Table 1). Both the
Armco iron and 1100 aluminum were analyzed
This report presents data on several at this Laboratory and included in the
materials (in various conditions of heot analyses listed in Appendix A. The metals,
treatment) that were tensile tested while received in various mill shapes and heat-
being monitored by acoustic emission equip- treat conditions, were machined to tensile
ment. Acoustic emission was usually dis- test samples of the general shape shown in
played both in a count-rate mode ard in a Fig. 1. Various reduced section lengths
total-counts summation and presented with and cross sections were machined with the
the load-elongation curve of the sample. width of the reduced section kept below 0.4
The low amplitude emission comprised most in. since the pinholes were uniformly 0.5
of the signal generated and constitutes in. in diam. The reduced section was lo-
most of the count-rate curve, The high- cated nearer one end to allow positioning
amplitude "“burst" emission was apparently of the transducer.
not a great part of he emission of most GRIP SECTION OF SAWPLE

PRESTRESSED IN COMPREISION

samples and is best obsevved on the total-

counts curve,

The intent of this report is to pre-
sent the acoustic emission data for a wide
variety of materials for background infor-
mation, It is not the intent to analyze
the acoustic emission behavior with respect
to the properties of the materials or to
make a correlation to possible nhysical

events occurring in the materials.

I1. MATERIALS AND EXPERIMENTAL PROCEDURES Fig. 1 - Typical Tensile Sample Showing Pin

A, Materials Grip Design Accordirng to ASTM Std
- . E8-69. ASTM Std Dimensions Modi~
Several metals have been tensile tested fied in Various Dimensions to Suit

over the period December 1968 through Material Strength and Test Situation.



After machining, the tensile samples
were given various heat treatments in air,
argon, or vacuum. The summary of heat
treatments for all samples is given in
Appendix B. After heat treating, the pin-
holes on most of the samples were pre-
stressed by inserting a 0.5-in, dowel pin
and compressing the load-bearing portion of
the samples (Fig. 1) with a load in excess
of the expected test load.

B. Testing Procedures

Essentially three facets of the testing
were involved - tansile testing, acoustic
emission detection, and the merging of those
two pieces of information for evaluation.
The entire test setup is shown in Fig. 2
and illustrates the compact nature of the
aroustic emission equipment (this was not
the actual equipment used for the tests
covered in this raport). The following sec-
tions will be devoted to describing the ten-
the acoustic emission

sile-test procedures,

Fig. 2 - Test Setup Showing Tensile Test
Machine and the Acoustic Emission
Detection Equipment in Foreground.

electronic equipment setups, and the method
used to assemble the two sets of data into
a reasonable presentation. Some information
concerning test equipment settings is listed

in Appendix C.

1. Tensile Testing Procedures

An Instron Corporation floor model TT-C
instrument (10,000 1b capacity) was used to
perform tensile tests., Several cr>sshead
speeds were used, 0.02, 0.05 and 0,5 in./
min with the 0.05 in./min speed the most
common. The constant-speed chart drive
mode was used for all tests (2 in./min),
therefore no extensometer was used for
strain measurement., This produced tensile
test curves of load vs total elongation.
The elongation was distributed over the as-
machined reduced section which varied from
1 to 2 in, (shoulder to shoulder) and 0.6
to 1.6 in. in the gage section. The elon-
gation shown on the charts is 0.025 in./in,
of chart for the 0.05 in./min crosshead
speed. The strain would be based on this
elcngation and the gage length listed in
Appendix C for each sample. As can be seen,
the samples were strained at a constant rate
of elongation, none of the tests being per-
formed at a constant load rate.

The sample was placed in the Instron
(Fig. 3) by using a dowel pin and attaching
the transducer to the large section with a
rubber band (grease was used as a coupling
medium). No pre-load was given any sample
other than that which developed during
attachment to the Instron (this was found
to range from 0 to 30 lb in either tension

or compression).

2. Acoustic Emission Electronics

Several combinations of detection
equipment were used during testing opera-
tions, but for the data presented in tais
report, only two setups were used. Instru-
ment group number 1 is shown in Fig. 4 and
was used for the tests performed on the

Almar-362, HP-9-4-20, Vascomax-250 and



Inconel-718 alloys., Instrument group
number 2 is illustrated in Fig. S5 and was
used for all of the other alloy tests. As
can be seen from these block diagrams
(Figs. 4 and 5), the major differeace in
the setups was that different bandpass
filters were used. However, the overall
system performances were essentially the
same since the gain for each was adjusted
by advanci.g it until the ratemeter would
just count the highest peaks of the elec-~
tronic noise at the output of the post-

amplifier.

For both systems the total gain from
the preamp input to the linear ratemeter
was about 95 db and to the digital rate-
meter 85 db. Tne difference in gaiun was
achieved by using different threshold s-~t-
tings on the threshold discriminators, The

transducer used had a sharp resonance peak
at 156 kHz and its response at this peak
was approximately ~80 db referenced to 1 V
per microbar. Since the linear ratemeter
tkreshold was 150 mV, which is -16.5 db
referenced to 1 V, the pressure pulse at
the transducer that would give a pulse to
the ratemeter would be on the order of

1 microbar., Since the ftransducer is reso-
nant at 156 kHz, there is a ringdown of
about ten cycles Zor each pressure pulse
into the transducer, Because a stronger

pulse will give more ringdown pulses above

Fig. 3 - Tensile Sample as Loaded in the o
Test Machine and Showing the the threshold than a weaker pulse, it is

Attachment of the Transducer. impossible to give any relation between

either the count rate or the total counts
and the number of events occurring in the
test sample.

Threshold Linear | [Count Rate
Discriminator Ratemeter Recorder
i ortec 114 Ortec Varian
NR-10 G-40
Trans- Pre-amp Band Pass Post-amp . .
ducer Filter
Dunegan Ortec rohnhite Ortec 410
Research 109 PC 310-AB Multimode Threshold Digital Total Count
S-140A l L_Discriminator Ratemeter Recorder
Ortec 114 Ortec Varian
434 G-40

Fig. 4 - Acoustic Emission Equipment, Group Number One.



Trans- Pre-amp Band Pass Post-amp
ducer Filter

Dunegan Ortec LASL #1 [ | Ortec 410
S5-140A 109 PC Multimode

Threshold Linear
Discriminator[—]Ratemeter
Ortec 2-Pen
Ortec 114 NR-10 Strip Ctart
Recorder
- Hewlett-
Threshold Digital pgfgg;d
Discriminator Ratemeter
Ortec 114 Ortec
434

Fig. 5 - Acoustic Emission Equipment, Group Number Two,

The bandwidth of the group 1 electron-
ics was f, - f = 200 kHz - 83 kHz = 127 kHz.
The LASL-designed filter used for the group
2 electronics gave a much sharper bandpass
intended to eliminate ambient noise. The
system bandpass with this filter was
f, - £ =173 kHz - 146 kHz = 27 kHz.

No consistent determination of back-
ground noise levels, either with or without
the transducer mounted to the tensile sample,
was made but from time to time it was ob-
served in the vicinity of 150 mV RMS at the
ORTEC 410 output.

3. Presentation of Data

Tracing of the tensile test and acous-
tic emission curves was performed at the
same chart speeds to allow coordination of
tihe data. The three separate cha_'ts, the
load-elongation curve (really a load-time
display), the acoustic emission count rate
vs time, and the total counts vs time curves
were placed adjacent to each other with
identical origins. 1In the Appendix D illus-
trations, (sce Fig. Di(a)) the load-elon-
gation curve is on vie bottom, the count-
rate curve above it, and, where applicable,
the total-count curve on the top.

II1I1. RESULTS AND DISCUSSION

Dis-ussion of the test results will
be divided into two sections; 1) results
observed as a function of test conditions,
including sample preparation and equipment
and, 2) those results that show the influ-
ence of heat treatment on specific

materials.

A, Influence of Test Conditions
The size effect of the reduced section

of a sample is shown in Fig. Dl* where
D1(b) and Dl(d} have cross sectional areas
(and volumcs) about 2.5 times those of
Dl(a) and Dl(c). Comparing Fig. D1(a) with
D1(b) (both are as-received material) it
appears that the count-rate curve shows
only a moderate increase with size, On

the other hand, the total-counts curve
shows an increase (counts compared at 1.5%
past yield) although not in direct propor-
tion to the size difference. Comparing
Fig. Dl(c) with D1(d) (both are annealed

at 1085°C and air cooled) the same seems

to hold true, i.e., the count rate is not
affected much but the total counts are
(counts compared at 3.0% strain past yield).

Cther ipvestigators %2 have indicated
the necessity for pre-stressing the grip
ends of samples, the pin-grip type being
very easy to pre-stress. Figure D2 illus-
trates the effect of not pre-stressing the
sample ends (Fig. D2(b)) on the acoustic
emission. It may be observed that a gen-
eral increase in count-rate background
results throughout the entire test, as

well as a twofold increase in total counts.

The effect of a mis-positioned trans-
ducer is shown in Fig. D3. When the trans-
ducer was tighily attached to the sample,
the emission appears as in Fig. D3(a).
¥hen it is poorly seated, allowing too

*Figures listed in this section are con-
tained in Appendix D at the erd of the
report.

. — —dh. b o



much coupling material (grease in this case)
between the sample and transducer, a much
reduced emission is observed as shown in
Fig. D3(b).

The effect of an increase in strain
rate by a factor of 10 may be seen in Fig.
D4 which shows "overaged" 347 SS tctal
counts affected a negligible amount and

On the
referring to Fig. D5, Type 1100

count rate affected only slightly.
other hand,
aluminum (solution annealed and water
quenched) shows a gross effect on both the
total counts and count rate. An increase

of 10 in strain rate is matched very closely
by the increase in total counts, It there-
fore appears that strain rate may or may nct
significantly irnfluence the acoustic emis-
sion, based upon the material and its ther-

mal and mechanical conditions.

Samples with gross defects, such as
D6 and D7), exhibit
an expected decrease in count rate in the

machined notches (Figs.

strain region past the yield point due to
the reduced amount of material undergoing
strain, As a result of notching, Inconel
718 (Fig. D6) and Vascomax 250 (Fig. D7)
show count-rate peaks differing in amplitude
and position in the region prior to and near

the yield point.

The effect of cycling samples from
zero load to a tensile load exceeding the
previous load may be seen in Fig. D8 for
several ironbase alloys and in Fig. D9 for
several non-ferrous alloys. The well known
irreversibility of the acoustic emission
("Kaiser Effect,"!) is well illustrated in
both figures in that the previous load has
to be egualed or exceeded for emission to
resune. Several of these materials also
exhibit the 'unload emission' phenomenon
(arrows, Figs. D1(d), D8, and D9) observed
by others®. Since several of the materials
exhibit this effect, it is felt that
more-~-sensitive equipment conditions should

be used on other materials in order to

attempt to detect possible unload acoustic

emission.

B. Effect of Heat Treatmeni on Specific

Materials

1. Aluminum Alloys

Several aluminum alloys were tested in
a variety of heat-treat conditions. Types
1100, 2024, and 6061 were tested in the as-
received condition, the solution annealed
and quenched state, and the aged condition.
Figure D10 illustrates a comparison of the
three alloys in the solution annealed and
natural aged condition (Temper T4 without
intermediate cold working).

Figure D11 shows Type 1100 aluminum in
various states,
is the effect of water quenching above a
critical temperature (395°C) and the result-
ing increase in count rate (Fig. D11(b) vs
D11(c)). Figure D12 shows tha 2024 alloy
behaving with high count-rate emission for
all conditions evaluated, Figure D13 pre-
sents alloy 6051 and indicates a much lower
count rate for all conditions than either

Of particular interest

of the two previous alloys.

2. Ferrous Alloys

Several ferrous alloys were tested in
a variety of heat-treat conditions. These
alloys consist of Armco iron, SAE 1019 car-
bon steel, Types 304L and 347 stainless
steels, Almar 362, HP-9-4-20, and, Vasco-

max 250.

Armco iron is illustrated in Fig. D14
which shows only a moderate count rate and
total counts until the water-quenched con-
D14(d)). The high

increase is due to an increase in both

dition is obtained (Fig.

high- and low-energy pulses.

A low carbon steel, SAE 1019, is illus-
trated in Fig. D15 and shows very high count
rate & total count response in all the condi-
tions of heat treatment, It is interesting

to note that this material in the as-received




condition (Fig. D15(a)) shows a very low
emission, most iikely resulting from the
effects of _he manufacturers' cold rolling.
Increasing the tempering temperature from
288°C to 428°C to 594°C (Figs. Dl5(c),
D15(d), and D15(e)) progressively increases
the total counts from 32K to 55K to 72K.

A maximum in the count-rate peak is pro-
moted by the temper treatment at 429°C
(Fig. D15(d)). The austenitizing temper-
ature of 790°C shows a higher count rate

in the guenched condition (Fig. D15(b) than
it does in the air cooled condition (Fig.
D15(f)). the total counts are
just the reverse, the water quenched show-
ing 80K and the air ccoled about 160K.
Generally, the peak in count rate occurred
at slightly more strain than the 0,2% off-
set yield point. This material also shows

a pre-ewmission at very low loads.

However,

Type 304L stainless steel (Fig. D16)
shows much emission activity before yield.
The solution treated material (Fig. D16(b))
however, does show a count-rate peak
slightly after yield as well as a large
number of counts (Fig. D16(b)). If the
solution treated material is then 'taged"
(Fig. D16(c)), the total counts are much
less and the count rate after yield is

also much less.,

Type 347 (Fig. D17) stainless steel
shows much the same behavior as the 304L.
For emission activity before yield, the
"overaged" material (Fig. D17(c)) shows
very light emission., The solution treated
and air cooled material (Fig. D17(b)) shows
higher counts and count rate starting a
little after yield. This material also
exhibits the unload emission as can be

seen in Fig. D17(b) (arrow).

The Almar 362 (Fig. D18) shows much
activity before yield and a very definite
peak in the count rate at yield in aged
material (Figs. D18(c), (f) and (g)).
Welded material shows 2 slightly higher

activity level before yield in the aged
material (Fig. D18(g)) and does not show
the very definite count rate peak at the
yield point that unwelded and aged material
shows (Fig. D18(c)}.

Alloy HP-9-4-20 (Fig. D19) shows much
activity before yield and a very definite
count-rate peak at or slightly before yield
for the aged condition (Figs. D19(c¢) and (e)).
The solution annealed condition (Fig. D19(b))
shows more activity in the count rate prior
to yield but does not show much of a peak
in the curve at the yield point.

vascomax 250 (Fig. D20) also Shows a
great deal of activity before yield with the
annealed material (Figs. D20(a), (b) and (e))
showing more than aged material (Figs, D20
(c), (d) and (f)). The aged condition pro-
motes a large peak in the count-rate emis-
sion at the ultimate load while annealed
material does not show much of a peak (Fig.
D20(b)) and sometimes a dropping off of the
count rate (Fig. D20(e)).

3. Other Alloys

Several other alloys were tested in a
variety of heat-treat conditions and they
include copper (ETP), a beryllium-copper
alloy (Berylco-25), nickel, Inconel 718
and titanium (Ti-504).

Copper (Fig. D21) generally did not
show much emission for the strain rates
used., Count-rate emission was mdast active
before the yield point with most of it
dropping off as soon as yield was reached.
The court rate did seem to show 2 small in-
crease with increasing heat treatment

temperature,

The Berylco-25 (Fig. D22) also did
not show much activity at any heat treat-
ment but what there was occurred before the
yield point. Strong activity was, however,
observed just before failure (Figs. D22(c)
and D22(d)).



Nickel (Fig. D23) was very interesting
in that it showed repeated high count-rate
peaks after yielding in material which was
water quenched from heat-treatment temper-
atures of 427°, 534°, and 760°C (Figs. D23
(b), (c) and (d). The 534°C temperature
(Fig. [23(c)) showed the higher rate pulses
(20 to 22K vs 5 to 12K for the other two).
This material did not appear to exhibit
unload emission, at least for the sensi~
tivity of the equipment used. The peak in
count rate occurred slightly before yieid,
ranging from 40 to 80% of the yield load
for the three heat-treat conditions.

Alloy Inconel 718 (Fig. D24) shows a
count-rate peak at the yield point for
both annealed (Fig. D24(a)) and aged (Fig.
D24(b)) conditions. This alloy did show
unload emission as well as some activity

before yield.

Titanium (Fig. D25) did not shuw much
activity in the as-received (Fig. D25(a))
and 539°C (Fig. D25(b)) heat-treat con-
ditions. The heat treatments at 704°C
(Fig. D25(c)) and 960°C (Fig. D25(d) and
(e)) promoted extremely high count-rate
activity, showing rates in excess of 100K
counts/sec. The total count activity was
low until the samples were heat treated
at the 960°C temperature where they reached
the 300 to 700K region, the air-cooled
sample (Fig. D25(d)) having a higher count
than the water quenched (Fig. D25(e)).

IV. CONCLUSIONS

Varying patterns of acoustic emission
observed during the tensile testing of
several metal alloys have indicated that
preliminary testing of specimens is re-
guired to provide information for acoustic
emission testing of actual engineering
structures., Data contained in this report
will, hopefully, serve as basic information
which may be used to guide acoustic emission
testing of such structures. It is also
apparent that acoustic emission may be used

as a basic research tool to provide valuable
information about materials in stress

situations.

Evaluations of the data indicate that
the count-rate emission was very important
when correlated to the load-elongation
curve. Generally, all of the materials
thus far tested exhibited peaks in acoustic
emission count rate if the strain rate was
sufficiently high. These peaks occurred
at various positions with respect to the
load-elongation curve obtained during the
tensile test, Most of the heat-treat con-
ditions showed peaks before macro-yield,
many were at yield, and a few were subse-~
juent to yield. Only two were located
near the ultimate load position (Figs. D11
(b) and D15(f)). It was found that pre-
liminary testing of materials and conditions
to determine the characteristics of the
count-rate peak would be necessary in order
to predict properties of structures on the

basis of yield strength.

The count-rate emission shows a basic
pattern that includes a primary peak usually
near yield, a decrease in rate after the
primary peak to a near background rate
somewhere near failure. The emission may
tail off rather scon after the peak or it
may continue at a reasonably high level,
decreasing on a very gradual basis, espe-~
cially if the material is quite ductile.
Modifications of this basic curve may
appear as: a) sharp singular pulses of
emission (apparent within the limits of
the response of the equipment) as shown in
Figs, D23(b) and (c) near yield, b) bursts
of emission which involved several stacked
medium amplitude pulses (Figs. Dl1l(b), D23
(b), (c), and (d)) after yield, c) secondary
humps immediately following yield (Fig. D15)
or as, d) secondary humps beyond the macro-
yield (Figs. D11(b) and D15(f)).

These emission features are felt to

arise from either : a) different sources



(such as dislocation breakaway from e.ther
particles or other dislocations) or, b) the
same source responding to different condi-
tions of the material (such as dislocation
breakaway from a small number of pinning
sites vs a large number of pinning sites).

Many acoustic emission sources are possible,

as mentioned in the introduction, and these
may each be contributing to the total emis-
sion for a sample but only one or two
sources predominate for particular physical
and mechanical states of the material., For
these reasons, acoustic emission should
serve as a valuable research tool to look
at physical events within a sample during
the test.
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APPENDIX A
NOMINAL CHENICAL COMPOSITIONS

ELEMENT, WEIGHT PERCENT

ALLOY Te Tr N T 5T Nn S P Kb+ Ta WO T3 TO AT
Armco Iron 99,75 1280 ppm metal impurities; 1180 non-metallic impurities
Armco Iron* 0.003 0.001 0.028 0,002 0.03 0,01 0.004 <0.01 <0,001 0.003 <0.001
SAE 1019 Bal. 0.15 0.70 0.05 0.04
v 20 T.00 nmax. max,
304L Bal. 18.0 8.0 0.03 1.0 2.0 0.03 0.045
Stainless 200 TZ.0 max. max. max. max, MAX.
347 Bal. 17.0 9.0 0.08 1.0 2.0 0.03 0.045 10X
Stainless 9.0 I3 0 - max. max. max, max, max, Carbon
Vascomax Bal. 18.5 0.03 0,1 0.1 0.01 0,01 3.25 0.2 8.5 0.1
250%=* max, max, maAX, maXx, max,
Almar 362 Bal, 14.0 6.0 0.05 0.3 0.5 0.03 0.03 0.7
I5.0 7.0 max. max, max, max. BAaXx, .
HP-9-4-20 Bal, 0.8 .5 0.2 0.1 0.35 1.0 4.5
max. mAX.
Nickel*»*x 0.40 Bal. 0.15 0.35 0.35 0.01
(Inco 200)
lnconel’ 11.0 17.0 50.0 0.08 0.35 0.35 0.015 0.015 4.75 2,80 0.65 1.0 0.3
718+ **= Z3.0 . " mAX. mAX., mAX. @EmAX. MAX, . 330 T.I5 max. 0.9
Titanium 0.2 0.1 99.0
(Ti-504A) - max, max,
kRN

EEEEE

10

* Armco iron analysed at this laboratory.
(all in welght percent).

Nickel 200 also contains up to 0.25 Copper.
Inconel 718 also may contain up to 0.006 Boron and 0.3 Copper.

R

1L 1]

ASTM B265, grade 2 Titanium,

Vascomax 250 also contains 0,003 Boron, 0.02 Zirconium and 0.05 Calcium.

Also shows 0,043 02. 0.004 "2' 0.004 qz and 0,03 Cu

Ti-50A also may contain a maxiwum of 0.25 Oxygen, 0.05 Nitrogen and 0.015 Hydrogen for



ANPTLUIX R (connt)
NOMINAL CHENICAL COMPOSITIONS

ELEMENT, WEIGHT PERCENT

ALLOY Al Cu _Ng Mn Si Cr Be Co Fe Pb OTHERS
.00 0,2 0.05 1.0 Fe + Si max.
1100 Aluninun  98.00 0.2 nax, 0.10 Zn and 0.05
for others with
a total maximum
of 0,15
1100 Aluminum* 0.2 0.01 0,05 0.2 0.001 ND ND 0.4 <0.01. 0.012 02. <0.0005
C; 0,05%2n.
2024 Aluminus Bal. 3.8 1.2 0.3 0.50 0.10 0.50 0.25 maximum Zn
[ 5] 1.8 .9 maAX. maxX, max. and 0,05 max. for
others with 0.18
total maximum
1, .15 0.8 0.15 0.4 0.15 0.7 0.25 max. 2n,
6061 Aluminun  Bal. T TZ ma. TB T max. 0.18 max. T and
0.05 max, others
with a total max.
of 0,18
9.28 0.003 Up to 0.102 Ag
Copper, ETP 9 max., counted as Cu.
0.003 8 max.,
0.01 - 0,07 Oxy=-
gon, max,
-25 1. 1.8 0.2 0.2 0.6 max. of Co
BGerylco Ba 770 min. T3 +NL+TFe
*« Type 1100 Aluminum analysed at this laboratory
APPENDIX B
TENSILE SAMPLE CODE AND HEAT TREATMENTS
Baterisl Matewisl
Sasple Cede Condition amd Reat Treatesst Ssaple Cede Condition and Beat Treatssst
Alwmiswm, 1108 IML Radnlene
At=11aFal ARy (AR}, 7 B-3841-1 A% (et Nelled, Ansealed acd Piciied)
-3 404°C, 77 min., Water Quesch (3G} ¢ Meom Temperature 1083°C, 30 min,, AC
(RT) Age, 16 aes. -3 1085°C, 30 min.; Ae * L5°C, 118 Mre., AC
3 395°C, J win., ¥ + AT Age, 16 mee. - 1083°C, 30 mis., AC o S15°C, 118 Are,, AC, o
-4 38T'C, #0 min., WG ¢+ AT AQe, 16 mee. 729°C, 2190 wre., AC
Alminmm, BOB4 347 Staislese
1«4-1 AR, T3 Tempes 834721 AR _(Net un«, Asnesied s3d Plskled)
cu'c. Y7 mfe., ¥Q, =AYy Nave gese u Beteetsy 3 uu'c, 30 ain., AC
Teuperature, lc!ruonn. at 0"C, 16 mee, 1084°C, 30 -l-.. aC + 8215°C, 118 are., Delayed
= ] 34 17 =i, ¥, » 193°¢C, 18.3 m Afr Cosled (AC) ¥ ¢+ 730°C, 347 m
- aM°C, 17 misl, £Q, © AT Age, 16 wes.’ - 1;;::5. a?’-u o AC $815°C, 118 Mra., AC o
Almioen - AR, Not Rolled, Anuln‘ ssd Picklsd
ey T Teaper - 1083°C, 30 38
-3 uo’c. 60 min., olew ¥Q, + Ref, uu-nu at €°C 10 sse. -7 1084°C, 30 ata,, Ac - lll’c. 118 are., Delayed
3 S30°C, 66 min., wlow ¥y, + 160°C, 18 Are., AC v o IYC, WI
- 330°C, 68 min., elow ¥q, + AT u [N - 1084°C, 30 min, &C + B15°C, 11D Are., Delayes U@
Capper, ETP Alsar 343
Cu-l, -3, 4 AR (Bard Braws) asa) AR (Colé Werded snd Aseealed st B43°C), 38°C,
Cu-18 485C, 13 ais,, AC ..,
Ce-l, 3, =11 ns'c. 13 ais,, &C 3 nrc. 60 ain., 9Q + 488°C, B wre,, AC
Ce-8, -5, =13  121°C, 13 ats., AC 3
Ca-7, & €. 13 ats., AC
) -1 (nrc, 60 mls., AC + 435°C, 0 Mre., iC) o
seryice~23 833°C, 60 min.,
AR \alf Ward -2 nrc. 2 min., ¥Q « 438°C, 8 ars., &C
. S0S%C. 20 mim., ¢ TOU'C, 40 mis. W -3
-, ~3 lu‘c 20 ste., « T98°C, ¢80 -h.. g, * 3T7°C, 60 atn.
- an'c. s ata., & "§ ni' ‘fl;‘::?.": Toléed)
Arsce Irea - I“'C. 1 -u.. 9 ¢+ 472°C, 3 Wre,, M
Pe-t-l, 2 Yy -3 688°C, 16 ate., W
a3, 704°C, 30 ata., &C - a
-3 704°C, 30 min,, W
- 495°C, 37 ata., &C »a-4-30 o
AR 1019 Steel .‘3 3 "7'-2' :::‘3 :0" € 00 nis.. %
-u:; = r(:ua o-l- Belled (CR)) 3
j g::g:ao:' .'-goau‘g:u:g::w ") Aké::rc.nomnm.urc.sm)m
-8 T98°C, 30 min,, WG + S84°C, 60 mis., AC -2 AR, Velded
- T90°C, 30 @s., AC -3 AR, Vo
- AR, Velded
- AR, Velded asd 477°C, 60 nis,, ¥§

11




Material
Sample Code

Yascomax 250
VA-1
2
-3
-l

=5
-6
-7

VH=-1
-2

-5

-6
-7

WVA-1
-2
-3
-l
-5
-6

VAT-1
-2

v-250-A1
-A2
=-A4

v-250-H2
-HS

Nickel 200
Ni-2-1
-2

-3
-4

Inconel 718
1-18-3

-5

-6

-7

APPENDIX 3 (cont'd)

Condition and Heat Treatment

AR (Annealed)

AR

814°C, 1 hr., WQ
AR

AR (C R + 816°C Anneal) + 335°C, 60 min., WQ
835°C, 60 min,, ¥Q + 511°C, 3 hrs., AC
AR

AR (Aged)
AR
AR (816°C, 60 min., WQ + 510°C, 3 hrs., AC) + 835°C,

60 min,, WQ
835°C, 60 min,, WQ + 511°C, 3 hrs., AC

B

(Aged and Then Welded)

5E ESEREER

(Aged)

Annealed Soft
Annealed 3Soft, Notched
Annealed Soft

Aged
Aged, Notched

AR (CR, Pickled and Annealed)
427°C, 30 min,, WQ
534°C, 30 min,, WQ
760°C, 30 min., WQ

980°C, 30 min., WQ, Notched

980°C, 30 min., WQ

980°C, 30 min., WQ + 721°C, 19 hrs,, AC
980°C, 30 min., WQ. Ends not pre-stressed.

Titanium ASTM Grade 2

T1-50-1
2& -3
-4, -7, -8
-5
-5

AR (Probably 704°C, 2 hrs., AC)

539°C, 30 min., AC

704°C, 30 min., AC

959°C. 32 min., AC

#59°C, 32 min., AC + 960°C, 30 min., WQ



APPENDIX C
TESTING INFORMATION

REDUCED GAGE ACOUSTIC EMISSION
MATERIAL SECTION SECTION TENSILE TEST EQUIPMENT SETTINGS
Total Counts Ccunt Rate
Load Thres-  Half  Thies- un
Length Area Vol. Range Elong. hold scale hold Rate
Sample Number (in) (in?) (in) {1bs) (%) (mV) (counts) (mV) {c/s)
ALUMINUM, 1100
Al-11-F-1 1.60 0.0986 0.1579 5K 31 550 10K 150 100Xx
Al-11-F-2 " 0.0982 0,1570 " 36 " " " "
Al-11-F-3 " 0.0995 0.1592 2K 29 " " » "
Al-11-F-4 " 0.0985 Q.1577 5K 36 " " " "
ALUMINUN, 2024
Al-24-3-1 1.60 0.1024 0.1640 10K 16 550 10K 150 100K
-2 " 0.1023 0.1639 " 16 " " " "
-3 » 0.1027 0.1641 " ] v " " \
-4 ” 0.1024 0.1640 " 15 " " " "
ALUMINUN, 6061
Al-61-6-1 1.60 0.1020 0.1632 SK 13 850 10x 180 100K
- " 0.1014 0.1622 10K 20 " " " "
-3 " 0.1021 0.1634 " 13 " . " ”
-4 " 0.1022 0.1636 " 18 " " " \
ETP COPPER
Cu-1 L.65 0.0377 0.0621 5K a7 $50 10X H0 100X
-2 ) .60 0,0373 0. 0596 " 25 " " " "
-3 b 0.0385 0.0614 2K 26 " " " \
-4 " 0.0370 0.05691 5K 26 " " " U
-5 " 0.0495 0.0791 " 27 " " " i
-6 " 0.0491 0.0784 " t1) " " " ”
-7 " 0.0496 0.0791 " 29 " " " "
-8 " 0.0494 0.0789 " 27 " " " "
-9 “ 0.0993 0.1588 " 30 w " “ “
-10 h 0.0987 0.1580 " 32 " " " e
-11 A 0.0986 0.1579 " (1) » " " iU
-12 " 0,0984 00,1574 " 32 " b \J "
BERYLCO-23
Cu-lse~1 1.30 0.0399 0.0633 10K 15 550 10K 150 100X
-2 1.35 0,0400 0. 0660 " 56 " " . "
-3 1.50 0.0398 0.0636 " 56 w " " “
-4 " 0.0402 0.0643 Not tested, broke during pre-stressing.
-5 ' 0.0392 0.0527 10K 1.0 550 10K 130 100x
-6 ' 0.0391 0.08235 " 3.5 " " " "

(1) Sample not tested to failure
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APPENDIX C
TESTING INFORMATION

REDUCED GAGE ACOUSTIC EMISSION
MATERIAL SECTION SECTION TENSILE TEST EQUIPNENT SETTINGS
Total Counts Count Rate
Load Thres- Half Thres- Count
Length Area vol. Range Elong. hold scale hold Rate
Sample Numer {(in) (in?) (in?) (1lbs) (%) (mV) (counts) (mV) (c/8)
ARMCO IRON
Fe-A-1 1.60 0.0754 0.1206 10K 15 550 10K 150 100K
~2 " 0.0747 0.1196 " 14 " " " "
-3 " 0.0755 0.,1208 " 30 " " " "
-4 " 0.0750 0.1200 2K 30 " " " "
-5 " 0.0757 0.1210 5K 21 " " " "
-6 " 0.0755 0.1208 " 23 » L " "
STEEL, 1018
Fe-19-1 1.60 0.0732 0.1171 10K 7 550 10K 150 100K
-2 1.55 0.0733 0.1135 " 7 " " " "
-3 1.60 0.0734 0.1173 " 17 v " " "
-4 " 0.0736 0.1178 " 15 " " " "
-5 " 0.0735 0.1176 " 24 " " " "
-6 " 0.0730 0.1168 " 29 " ” " "
304L STAINLESS
S-304L-1 1.65 0.0839 0.1383 10K 39 350 10x 150 100k
-2 1.60 0.0833 0,1332 v 69 " " o "
-3 " 0.0828 0.1325 " n " " " "
-4 " 0.0818 0.1308 " 66 » o " "
347 STAINLESS
§-347-1 1.60 0.0324 0.0518 10x 51 550 10X 150 100K
-3 » 0.0330 0.0527 5K 52 " " " "
-3 1.65 0.0328 0.0524 " 51 " " " "
-4 1.60 0.0329 0.0523 " 42 " " o »
-5 " 0.0812 0.1300 10K 57 " " " "
-6 " 0.0814 0.1302 " 60 " " " ”»
-7 " 0.0803 0.1284 " 43 " " " "
-8 " 0.0794 0.1269 " 54 w n " "
ALMAR 362
AA-1 1.5 0.0320 0.0480 10x 7 300 10K 150 S0
-2 " 0.0351 0.0527 " 18 " ”» " "
-3 " 0.0319 0.0478 " 6 1"t " " "
AH-1 " 0.0319 0.0478 " 7 " " " "
-2 " 0.0349 0.0523 " 18 " " " "
-3 " 0.0292 0.0438 " 8 " " " "
wWA-1 0.6 0.0416 0.0249 It 10 " 100K " ”
-2 " 0.0450 0.0270 " 11 400 v " n
-3 v 0.0452 0.0271 " 9 500 10x " -
-4 " 0.0446 0.0268 " 12 . " " "
-5 » 0.0442 0.0265 " 10 " 100K " "

-6 " 0.0443 0.0266 . 11 - - 100 o



APPENDIX C

TESTING INFORMATION

REDUCED GAGE ACOUSTIC EMISSION
MATERIAL SECTION SECTION w EQUIPMENT SETTINGS
- - - Total Counts Count Rate
Load res— 6) Yo8-  Lount
Length Area vol. Range Elong. hold scale hecld Rate
Sample Number n (in?) (in®) (1bs) (%) (mV) (counts) (mV) (c/a)
HP-9-4-20
HA-1 1.5 0.0401 0.0600 10K 13 500 100X 150 50K
-2 . 0.0429 0.0642 " 11 " . " "
-3 " 0.0400 0.0600 " 6 " 10K ” o
WH-1 0.5 0.0436 0.0218 " 9 506 " " »
-2 " 0.0413 0.0206 " 9 250 " v "
-3 . 0.0419 0.0209 " 9 500 " " "
-4 " 0.0419 0.0209 " 10 " . "
-5 " 0.0421 0.0210 " 9 " " " "
-6 " 0.0419 0.0209 » 7 " " " "
VASCONAX 250
VA-1 1.1 0.0480 0.0527 10K 18 - - 100 30x
-2 " 0,0476 0.0524 " 16 - - " "
-3 " 0.0480 0.0527 " 15 250 10K 150 "
-4 " 0.0322 0.0354 " 12 1000 999K “ »
~5 1.5 0.0344, 0.0516 " 14 500 100K " "
-£ o 0.0307 0.0460 " 7 " " " L
-7 " 0,0317 0.0475 " 10 v 10X " "
VH-1 1.1 0.0319 0.0351 " 10 - - 100 "
-2 " 0.0326 . 0.0356 " 10 250 100K 150 "
-5 1.5 0.0324 0.0486 " 7 500 " " "
-6 " 0.0344 0.0516 " 9 " 10K " v
-7 " 0.0327 0.0490 " -3 " 100K » "
VASCOMAX 250
WVA-1 0.65 G.0419 0.0275 10K 2 - - 100 50K
~2 " 0.0424 0.0278 " 4 - - " n
-3 " 0.0433 0.02%94 " 7 - - " "
-4 i 0.0444 0.0291 " 9 - - " "
-5 " 0.0424 0.0278 " 5 - - “ "
-6 v 0.0424 0.0278 " 6 -~ - " "
VHT~1 1.1 0.0319 0.0350 w 10 - - 75 100K
-2 " 0.0315 0.0346 " 11 - - 100 "
V-250-A1 1.1 0.0412 0.0448 10K - - - - 50K
-A2 » -—— ———— n - - - - "
-Ag u 0.0484 0.0526 " 10 - - - 100K
V-250-H2 1.1 0.0327 0.0358 10x - - - - 100K
~HS5 " 0.0320 0.0351 " 3.5 - - - "
NICKEL~200
Ni-2-1 1.60 0.0753 0.1203 SK 35 550 10K 150 100K
-2 ” 0.0752 0.1202 10K 40 o A " "
-3 " 0.0743 0.1188 5K 37 " " " "
-4 " 0.0749 0.1197 10x 40 " " " "
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APPENDIX C

TESTING INFORMATION

REDUCED GAGE ACOUSTIC EMISSION
MATERIAL SECTION SECTION TENSILE TEST EQUIPMENT SETTINGS
Total Counts Count Rate
Thres-  Half Three-  count
Length Area vol,. Range Elong. hold sc:le hold Rate
Sample Number {in) (in?) (in?) (1lbs) (%) (mV) (counts) {mV) (c/5)
INCONEL-718
1-18-3 - 0.0530 —— 10K 14 - - - 100K
-5 1.4 0.0598 0.0837 " 37 550 10K 150 .
-6 2.3 0.0421 0.0966 ' (1) ' " " "
-7 - —— —— v -_— - - - "
TITANIUM
Ti-50-1 1.1 0.0438 0.0482 5K 550 10K 150 100K
-2 " 0.0443 G.0487 10K " " " "
-3 " 0.0445 0.0489 5K " " " "
-4 " 0.0443 0.0487 10K " " " .
-5 0.6 0.0443 0.0266 5K " " " .
-6 " 0.0440 0.0264 " " b A "
-7 1.1 0.0221 0.0243 10K " v " "
-8 " 0.0221 0.0243 5K " " A "
APPEND:X D

(See Section ITII-A)
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Fig. D2 - Etfect of Not Pre-Stressing the Sample Pinholes. (HP-9-4-20 Alloy). The Sample with Pre-Stressed
Holes iz Shown in (a) and the Sample without in (b).
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Fig. D6 - Effect of 2 Gross Defect (Machined Notch). Inconel-718 in the Solution Annealed and Quenched

Condition in the Un-Notched (2) and Notched (b) Conditions.
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Fig. D7 - Effect of a Gross Defect (Machined Notch). Vascomax-250 in the Anncaled Condition (a and b) and
in the Aged Condition (c and d) without a Notch (a and c) and with a Notch (b and d).
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d Matcriaf (2) and the Effect of Heat Treatment, (b)
) Anncaled at 395°C, WQ and Then Natural Aged, and (d)

e

.
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WQ and Then Natural Aged, (¢
WQ and Then Natural Aged,

1100 Aluminum.

Type

Fig. D11 -
Anncaled at 484°C

Annecaled at 322°C,
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2024-Al

Fig. D12 - Type 2024 Aluminum. lllustrates the Ss-Received Material (a) and the Effect of Heat Treatment,
{b) M\nalcd at 484°C, WQ and Then Ret'ngmtcd at 0°C Unuil Testing, (¢) Annealed at 484°C, WQQ and Then
Aged at 193°C, and (d) Anncaled at 484°C, WQ and Then Natural Aged.
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606!-Al

Fig. D13 - Type 6061 Aluminum. lilustrates the As—Rectwed Material {a} and the Effect of Heat Treatment,
(b) Anncaled at 530° G Slow WQ and Then Rcfngmted at 0°C Until Testing, (c) Annealed at 530°C, Slow WQ
and Then Aged at 160°C, and (d) Anncaled at $30°C, Slow WQ and Then Natural Aged.
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D14 - Armco Iron. lustrates the As-Received Material (2) and the Effect of Heat Treatment, (b) Anncaled
at 495°C and Air Cooled. (¢) Anncaled at 704 C and Water Quenched.

Fig.
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Fig. D15 - Low Carbon Steel, SAE 1019. Ilustrates the As-Reccived Material (a) 2nd the Effect of Heat Treatment,
(b) Annealed at 790 CandWQ.(c)Annealedand'l‘hchunpaedatm C,(d)AnnalcdandﬁmTunpc'cd
at 429 C.‘e)AnnealedandThchunpcredatS%C.(f)AnnaIedat 790°C and Air Cooled.
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304L-SS

Fig. D16 - Type 304L Stainless Steel. Ilustrates the As-Received Ma;cnal (a) and the Effect of Heat Trcatmcnt

(b) Annecaled at 1085°C and Air Cooled, and (c) Annealed at 1085°C, AC and Then “Overaged” at 729°C for
2190 Hours.
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Air Cooled, and (c) Anncaled at 1084°C, AC and Then “‘Overaged” at 815°C for

inlcss Steel. 1llustrates the As-Received Material (a) and the Effect of Heat Treatment,

Staj
°C and

Fig. D17 - Type 347
{(b) Annecalcd at 1085

115 Hours.
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Fig. D18 - Almar-362. Hlustrates the As-Rcccwed Material (2) and the Effect of Anncaling at 835°C and WQ
(b}, and of Anncaling Plus Aging at 4838°C (c). As-Wclded Material is Shown in (d) and Further in the Anncaled
at 888°C Condition (), the Annealed and Aged at 472°C Condition (f), and Finally in the Aged Only Condition (g).
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Fig. D19 - HP-94-20. lllustrates thc As-Received Marcrial (2) and the Effect of Anncaling at 835°C and Water

Qucenching (b), and of Aging at 472°C and Water Quenching (c). Also Shown is the Effect of vielding (d) and of
Aging the Weld at 472°C (e).
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VASCOMAX 250

L AVE X

Fig. D20 - Vascomax-250. lllustrates As-Received Material in the Annealed Condition (a), the Effect of Annealing
at 835°C and WQ (b), and the Effect of Anncaling at 835°C and Then Aging at 511°C (c). Also Shown is As-
Received Matcerial in the Aged Condition (d), the Effect of Anncaling at 835 C (e), and the Effect of Anncaling
and Then Aging at 511°C (f). The Influence of Welding is Shown in (g).
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COPPER. ETP

Fig. D21 - Electrolytic Tough Pitch Copper. Nlustrates the As-Received Matenal (2) and the Effect of Heat
'l‘rcatment (b) Annealed at 175°C and Air Cooled. (c) Annealed at 221°C and Air Cooled. and (d) Annecaled ar
288°C and Air Cooled.
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Fig. D22 - Berylco-25. Illustrates the As-Received Matenal (2) and the Effect of Heat Treatment, (b) Anncakd
at 790°C and Water Quenched, (c) Annealed at 790°C, WQ and Then Aged a- 377°C, and (d) Aged at 377°C
and Air Cooled.
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and (d) Anncaled at 760°C and

ved Material (a) and the Effect of Heat Treatment, (b) Anncaled

°C and Warer Quenched, (¢} Anncaled ar $34°C and Water Quenched,

. D23 - Nickel-200. lustrates the As-Rece
Water Quenched.

Fig
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Fig. D24 - Inconcl-718. Nustrates
and Then Aging a1 7217C (b).

INCONEL 7i8

the Influcnce of Anncaling at 980°C and Wat=r Quenching (a) and of Anncaling

CM/es:327(100)
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, (d} Annealed at 959°C and

o

(Ti-SOA). Hustrates the As-Received Material (2) and the Effect of Heat Treatmant, (b)
Anncaled at 539 C and Air Cooled, (c) Annealed at 704 C and Air Cooled

tamum
o

ooled, and (¢) Annealed at 960°C and Water Quenched.
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