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S U M M A R Y

The work carr ied out dur ing the three year 1973 — 1977 period on the

evaluation of positron annihilation as a non—destructive evaluation

tool for microstructure defects in some engineering materials, such

as aluminum , titan ium and their alloys and nickel base superalloys

are reported. Positron annihilation has been found to be useful as

a non—destructive evaluation tool for microstructure defects in the

engineering materials tested. However, the method used , positron

lifetime measurement is well established but relatively time—con—

suming .. Further studies on more engineering materials with various

kinds of microstructure defects using a relatively fast method , posi-

tron annihilation gamma—ray Doppler Broadening Is recommended.
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I . TUE ~NNIRILATION PRt)CESS

The theoretical considerations that determine the probabilit y of

the various modes of annihilation of slow positron—electron pairs art’ dis—

1~~’cussed in detail in texts on Quantum Electrodynamics and Reviews . Here

we shall recall some processes and formulas which are used direc tly for the

experimen tal works.

The annihila tion process will release an energy ~~~~~ si~ 
— res t

mass of elec tron , c — speed of li gh t In vacuum), the mass energy , p lus the

energy of the annihilating pair. For slowly moving pairs , conservation of

momentum demands that at least two bodies he involved; both before and a f ter

the process. The two—photon ann ih i lat i on  process is the most probable One’

for the annih i la t ion  of a “free” posi t ron—electron pair. For three-photon

annihila t ion, the additional particle reduces the annihilation probabilit y by

a f a c t o r  of the order of the f ine  s t ruc ture  constant, a 1/137. Tht~ sing le—

photon i i nn ih i l at i on  process Is less l i k e ly  because’ of the’ need of the  prest~ln-e

of a thi rd  body . Na tu ra l ly ,  annihi la t ion w i t h  a hi gher number of photons is

less likely .

At low positron energ ies , the ann ih i l a t i on  p r o bab i l i t y  fo r  two—

photon a n n i h i l a t i o n  is 2
~~

‘o ~~ e

where is the classical radius of electron and the densi ty  of electrons.

I
A pos itron can bind an electron to form a positronium Ps atom . The

I
ground s tates  of the Pa atom are the sing let S state or the para—P s and the

3
tri p let S state , or the ortho—Ps. By the conservation of angular momentum

and charge pari ty that p—Ps decays into an even neunbe- two most probable , of

photons and o—Ps into an odd number , three mos t probak.... , of photons. The

1
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annihilation lifetime (inverse of annihilation rate) of p—P s is 123 psec , and

that of 0—Ps , 140 nsec. It should be noted that both of these lifetimes,

particularly o—Ps , will be modified in a medium because of other interactions.

The ratio of three—p hoton to two—photon annihilation for slow posi-

trons in a medium is - 1/370. If positronium is formed the fraction of three

photo events will be larger. However , in metallic or ionic substances, the

increase will be very slight since positronium is generally not formed there.

In metallic or ionic crystals most of the positron—electron pairs are annihila-

ting via the two—photon annihilation mode. The relative emission directions and

the energies of the annihilation photons can provide useful information about

the initial state of the electron—positron system .

In the center of mass fram e of the annihilating pair , the two photons

are emitted in opposite di rections , each with an energy to one half the total

energy of the sy stem , the mass energy less the binding energy of the pair.

In the laboratory fram e , because of the motion of the annih ilating pai r at a

velocity v < < c , the en ergies and emission directions are changed.

The change of the emission direction 60 is approximately
P

60 =
M0c

whe re is the momentum of the pair transverse to the emission direction of

the annihilation photons . The magnitude of i5e is foun d to be in the order of

milliradians .

With a similar analysis we can obtain an expression for the energies

deviations to be

6E CPe/2

where 
~e 

is the momentum of the pair along the emission direction. For 10 eV

electrons, assuming positrons are thermalized in the interstitial region, 6E is

2 



about 1.5 Key (E = 0.511 MeV) .

In order to interpret the experimental results obtained by life—

time, angular correlation or Doppler broadening measurements in a real system,

an expression for the annihilation of positrons in an arbitrary system of

electrons and external fields is required. The theoretical treatments were

given by Chang Lee,3 Ferrell,4 Wallace2 and others . Many experimental works

were made and they are referred to the original papers and revi ew articles.5

II .  EXPERIMENTA L TECHNIQ UES
(1) Lifetime

Posit ron (annihilation) lifetime measurements usually are made by

tak ing advan tage of a few radioisotopes with a specif ic decay scheme, for ex—

ample , the commonly used Na22 , which emits a gamma—ray within a time of less

than 10 psec in association of the emission of a positron . This gamma—ray pro-

vides a mark for the time of birth of the positron and the annihilation gamma—

rays , the time of death . The gamma—rays are detected by two detectors and the

time intervals between the electrical pulses produced by them are conver ted

into amp litude of the coincident pulses . They are selected , analyzed and stored

in a multi—channel analyzer or a similar computer system . The different energies

of the two type gamma—rays serve as an identification of these pulses .

There are many ways to construct a positron lifetime measuring system .6

However , the essential parts are all similar. For high time resolution , plastic

scintillators of high light output and fast rise time coupled with high gain fast

photo multip liers are used as the detectors . The schmziatic of a typical one used

by us is shown in Figure 1 as an example.

The system shown in Figure 1 has the following features . The gamma—

ray energy defining side channel discriminators are as fast as the timing circuits.

3
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Therefore, the fas te r time—to—amp litude converter instead of the slower analogue

to digi tal  converter in the multi—channel analyzer is gated. Taking advantage of

the high gain of XP1O2O photo multipliers, no ampl ifiers are used for timing and

energy selection.

The resolution of the system is defined as the full width at half

maximum FW}IM of the curve measured for two coincident gamma—rays with the same

energy settings as used by positron lifetime measurements . Normally Co6O is used

for time resolution calibration. The resolution of a practical system varies

aroun d 300 psec depending on various conditions.

The positron source is either deposited directly on the surface of

the sample or more commonly, on the surface of a thin foil ( c 2mg / cm2) ,  such as

gold, mica or polyester. Since positrons are emitted to all directions, they

must be stopped by sandwiching the source between two pieces of same samples in

close touch. As the positrons emitted are not monoenergetic and are distributed

favoring lower energies, most of the positrons will annihilate near the surface

with the higher energetic ones penetrating deeper. The maximum penetration power

of the posit rons emitted by Na22 (Emax 
= 542 Key) is estim ated to be roughly

2
150 mg/cm

For our purpose , it is found that thin gold foil  (0.001 mm thick,

- 2 ing / cm2) is a good source support for metal sample . Due to the high atomic

number of gold , it is expected that the backscattering ef fec t  may enhance the

annihilation of positrons in the lighter sample instead of source support , gold.

For single pieces of sample where the method of sandwiching cannot be

applied, we have used a piece of annealed gold ( > 1 mm thick) as a backing to

sandwich the source between the gold and the sample. We have foun d that this

4 
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method is satisfactory for samples of nickel base superalloys, Ti—6Al—4V ,

aluminum and pe rhaps others. Although it might be hard to make a direct

theoretical interpretation because of the involvement of the gold backing, how-

eve r , the systematic change of posit ron l ifetime with the change of the metal-

lurgical conditions of the sample can be detected and an indirect theoretical

interpretation can still be worked out.

The end product of the positron lifetime measurement is the so—called

positron lifetime spectrum . An example of it is shown in Figure 2. The time

positive side of the spectrum is considered to be either a single or a multiple

exponential decay. For well annealed pure metals it is usually a single expon-

ential decay . For deformed pu re metals it contains two exponentials as inter-

preted by the trap Theory.
7 In metallic samples, in general, either a single

or a two—component exponential decay enalysis is used. The spectrum can be

analyzed by a simple method of least squares8 or by a method where the resolution

function is accounted for. 9 If a purely theoreLieal study is not required and

only a relative change of positron lifetime is needed the stripping—off of the

resolution function is not really necessary . Any change in the original positron

lifetime spectrum will give a systematic change in the actual measured positron

lifetime spectrum compounded with resolution function.

The source strength used is around 20 iCi. It takes several hours to

a day to obtain a spectrum with reasonable statistical significance. There are two

ways to increase the counting efficiency; by using a pair of scintillators of larger

size and a ctronger source. Using scintillators of larger size usually reduces the

time resolution of the system which is not very desirable for work on metallic sub—

stances. Using a stronger source increases the relative background which is not

very desirable, either.

5
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Both of them increase the counting rate of the detectors, consequently increasing

the e f fec t  of pile—up of pulses . By optimization , it is believed that a system

can be assembled to reduce the time required for each measurement down to a few

hours. Further improvement would be harder although not impossible. The long

time duration for one measurement is the major disadvantage of the method of

positron lifetime measurement.

(2) Angular Correlation

A typical experimental set—up is the long slit geometry as shown in

Figure 3. Pairs of parallel long slit collimators are used to define the directions

of gamma—rays detected by the system. A pair of detectors, usually scintillation

counters with scintillators of long dimensions are required; one is placed station-

ary and another removable. The coincident counting rate from the detectors are

measured by an electronic system such as the one shown in Figure 4~ l0 A short

coincidence time of about 10 nsec is used to reduce the random background.

In order to obtain good angular resolution c 1 mrad, narrow slits and

far separation > 5 meters, are required. Consequently , a strong positron source

> 10 mCi is usually needed to give sufficient counting rates. It takes several

days to obtain a spectrum with reasonable statistical deviation. The positron

source, in general, is placed outside the sample. For specific samples inside the

source can be used. Ordinary photo multipliers and common relatively slow electronic

circuits can be used. Therefore, a simple angular correlation system with moderate

resolution ( - 0.5 mrad) can be assembled with a modest budget. However, using the P

long slit geometry, only one component of the electron momentum, P~ ’ can be measured.

After the advant of mini—computers, it is possible to construct a multi

detector system or a system with a grid of many detectors.
11 This kind of system

can measure two components, 
~~ 

and P , of the electron momentum. Besides that,

the time require4 for one measurement can be somewhat reduced.

6 
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However, the system becomes fairly complicated. It is also expensive to con-

struct and operate.

If an outside source is used the penetration of the positrons and

the attenuation of the 0.51 MeV photons inside the sample will produce an asyn—

metric resolution curve which may be largely removed by rotating the sample

through a small anglee

Precise measurement of the resultant spectrum, angular correlation

curve, can be ach ieved with a resolution as high as 0.1 inilliradians. This

method is suited for a detailed measurement of the momentum distribution of

electrons in th e sample, for example the shape of the Fermi surface of metals.

At presen t stage , it is not well suited for applications in applied field.

(3) Dopp ler Broadening

The measurement of th e longitudinal componen t of the photo pai r energy

was made possible af ter  the advant of the solid state detectors with high effi-

ciency and fine energy resolution - 1.8 KeV for 1.33 MeV Co60 gamma—rays . This

roughly gives an energy resolution at 0.51 MeV equivalent to that of a long

slit angular correlation apparatus having an angular resolution of - 4 milli—

radians .

Therefore, this method is not suited for works where a high energy

resolution is required. Here, angular correlation is preferred. However, for

practical purposes where a change of thc~ spectrum can be represented by a certain

parameter derived from the curve the present resolution is sufficient to pro-

duce reliable and coflsi8taflt results as shown by many published works.’2

Only one detector Ge(Li) or hyperpure (intrinsic) Ce detector is

required. The preparation of the positron source and sample is similar to that

for lifetime measurements.

. ~~~~~~~.



mb only difference is any positron source can be used. As shown in Figure 5,

the electronics are seemingly simp ler than that used in positron lifetime measure-

ment . However , since a much more stable system is required , the resultant system

is not much simpler than that t~sed in positron lifetime measurement. A multi—

channel analyzer or its’ equivalent is also required.

The major advantage of this method is the shorter time duration required

for one measurement, several hours or less. Certainly, there are disadvantages.

One of them is the requirement of a liquid nitrogen cryostate . For Ge(Li) de-

tector , it must be kept under low temperature without interruption even though

it is not used. Otherwise it is ruined and must be either repaired or replaced.

For hyp erpure Ge detector , cryogenic cooling is still required when it is in

operation. But, the presen t state of art of making hyperpure Ge detectors has

not reached that of making Ge(Li) detectors. The second disadvantage is the non—

uniformity of the parameters used by different workers for the data presentation.

However, a recent study by us has shown that some of the parameters used are

highly related to the variance of the energy profile of the 0.51 MeV gamma—ray.

Therefore, a kind of standardization is possible in the near future .

8
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III. EXPERIMENTAL

For our work conducted during the last three years the method

of positron lifetime measurement as described in Section II has been used.

The resolution of the apparatus has been very close to 320 psec. In general,

one measurement took about one day or one half day. The resultant lifetime

spectra were fitted to both a one component exponential decay scheme and a

two component exponential decay scheme. If the spectrum was found to be

statistically not able to be fitted into a two component exponential decay

scheme , the results from the one component decay scheme would be used. The

results from the two component exponential decay scheme curve fit give three

parameters , r 1 and t2 ,  the nieanlife (lifetime) of the two components, and 12,

the intensity of the second (longer) component. From the one component expon-

ential decay scheme curve fit only one parameter t (or ~), meanlife , is obtained.

All of the lifetime measurements, except specifically mentioned were

carried out with samples at room temperature 21 ± 2°C and under ambient air.

Unless specifically mentioned the surface was cleaned by acetone and wiped by

a soft paper tissue.

For the details of the experiments carried out during the first

two years , the reader is referred to the two respective final reports)~
3’14

In addition, a brief and thorough review “General Aspects of

Positron Annihilation and Its Application to the Study of Defects” is attached

to the first report)3 For many references regarding the study of defects in

13metals the reader is referred there.

Before the discussion, the experimental work qccumulated in the three

year study is briefly summarized in Table 1, in an order according to the sub—

structures and materials studied. A major part of section c in Table 1 and some

others were carried out in the last year.

9
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Because of the time limitation, the part C3 in Table 1 will be fully reported

at a later date.

10
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TABLE 1 — A SUMMARY OF THE WORK PERFORME D

SUBSTRUCT URES STUDIED MATERIAL S STUDIED SUMMARY OF RESULTS

A. Dislocation

1. Creep Induced Mar_M200* Consistent with the TEM
< 100 > oriented confirmed concept

2. Monotonic uniaxial 99.99% Al Showing dynamic harden—
deformation ing and recovery

charac teristics

Nb*, zone refined Showing dynamic harden—
nionocrystal ing recovery

characteristics

Al—2024—T3 r vs strain change

Ti_6Al_4V* t vs strain change

3. Commercial Rolling A1-llOO Showing dynamic harden-
ing and recovery
cha racteris tics

4. Cyclic (Fatigue) Mar_M200* T 1,  r2 increasing
Strain cube—oriented with stress

5. Annealed after  99.99% Recovery and recrystal—
deformation lization observed

Al—llOO—H18 Recovery and recrystal-
lization observed

B. Micros tructural Features

1. Grain Size Nimonic_l15* r vs d
1

2. Different Precipitate Al—2024—T4 Dispersion of C.P.
States zones and S1 precipi-

tation observed

11 
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TABLE 1, Con’t.

SUBSTRUCTU RE S STUDIED )
~ATERIALS STUNED St~OfA.RY OF RESULTS

A1 7O75 T6 . Punching out of
dislocation loop
observed

Al—7050-T76 Punch ing out of
dislocation loop
observed

C. Macroscopic Surface Features

1. Surface Treatment Various aluminum Interesting results,
alloys surface defects

Important

2. Surface Oxides Fe—Cr—Al and Surface defects more
Fe—Cr—Al—Y important than oxide

Ti and Change of surface
Ti—6Al—4V oxide noticed

D. Fracture Related Macroscopic Defects

1. Process Induced Nickel base* Voids 50 ~im and up
Voids supe ralloys not det ected

2. Stress Creep Nimonic_ll5* Structure level
Rupture difference detected

Udimet_700* Structure level
difference detected

3. Surface plastic zone Ti_6Al_4V* Plastic zone de—
ahead of a fatigue tected
crack

* Source sandwiched with a piece of gold backing

12
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LV . RESULTS AND DISCUSS 10.~

(1) Posi t rons and Dislocation Subst ruc tures

As mentioned , it has been shown that the interaction of positrons

with dislocations in metals can lead to long lifetime component , T 2 ,  in the

positron annihilation spectrurn)3 15 
The association of such a long lifetime

w i t h  d is locat ions  prompted us to posi tron probe the following we l l—charac t e r i zed

d i s loca t ion  subs t ruc tu res  in alloys generated by various deformation processes

and thermal  t rea tments  to ver i fy  the general app l icabi l i ty  of pos i t ron  ann ih i l a t ion

and to charac te r ize  dis locat ion—content  and through it the p las t i c  s ta tes  of

s t ruc tu ra l  a l loys .  For completeness we strove to character ize  the crept states ,

monotonically deformed states , rolled states , cyclically deformed states and re-

covered and recrystallized states.

(1.1) Creep Induced Dislocation Subs t ruc tu r e :

The system chosen for  this  purpose was <100> oriented monocrystalline

Mar— M—2 00 (Chemical composition in w t .  p c t . :  10.2 Cr , 10 Co , 4 W , 0 .7  Nb , 2 . 5  Ti ,

11 Al , 0.082 B , 0 .74  C , 0 .3  Zr , Hal.  N i . ) ,  an engineering alloy in which the creep

induced dislocation subst ructure  has been extens ively s tudied by transmission

electron microscopy .16 18 The monocrystals were solut ionized at 1232 °C for  100

hours in an argon atmosphere and aged at 870°C fo r  32 hours . The resul t an t micro—

structure consists of 57 volume percent cuboidal y ’ precipitates 0.25 urn on edge ,

d i s t r ibu ted  in un i fo rm arrays in the y nickel solid solution ma t r ix ;  see Fig. 5.

These 1/8 inch gage diameter , ½ inch gage length creep specimens with their stress

axes parallel to <100> were crept at 760°C in self—aligning creep machines at a

stress of 1)5 ksi to different strain levels. The resulting creep curve and the

strain levels to which the different specimens were crept are shown in Fig. 6a.

13 
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The two components of the positron lifetime spectrum t
1 
and 1

2~

determined from the specimens after creep , are plotted as a function of the total

creep s t r a in  in Figs . 6b and 6c. 15 ’19 
The value of is seen to increase with

s t r a i n  in the primary creep regime and remains reasonably constan t in the steady

s t a t e  creep regime . This is very consistent with the TEN confirmed concept ’7 that

the d i s loca t ion  subs t ruc tu re  density increases during the primary creep state but

remains at a s t eady—sta te  value independent of the total strain in the steady state

creep regime . Hence , it appears that 12 is a unique . signature for dislocations in

th is  pa r t i cu la r  system.  On the other hand , the shorter l i fet ime component T 1,

which is expected to be a reflection of the vacancy concentration in the alloy , is

seen to f i r s t  increase with strain prior to falling off. This may be indicative of

a decrease in nonequilibrium vacancy concentration due to annealing during creep.

(1.2) Monotonic Uniaxial De formation Induced Dislocat ion Substructure:

Four different alloy systems were chosen to determine the sensitivity

of positrons to dislocations introduced by uniaxial monotonic deformation . The

f i r s t  one was 99.99 pc t .  pure aluminum tensile strained in the as—rolled condition ,

the rolled and recovery annealed condition (250°C for one hour), and one standard

specimen that was fu l ly  recrysta l l ized by annealing at 400°C for one hour.18’19

The second system chosen was zone refined high purity monocrystalline niobium sub-

jected to different compressive strains.18’19 The strategy in this phase of study

was to use two alloy systems where the dislocation substructures at d i f f e r e n t  extents

of deformation are well—characterized through independent means.2 0 2 3 Further ,

pure aluminum represents a system where substructure can recover dynamically during

defo rmation 20 22 whi le niobium represents a system where there is no appreciable

dynamic recove ry of the deformation induced substructure23 
thus representing two

extreme types of deformation—recovery behaviors . We also positron probed two more
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engineering type sys tems——stress—relief  annealed 2024—T 3 and Ti—6Al—4V . In these

systems onl y the mean l i f e t i m e  t was measured. These l a t t e r  studies were done to

see how much in fo rma t ion  can be gleaned in deformed systems where 1
1 and ‘2 could

not be separated due to resolution problems .

All tension tes ts  were done at a s t ra in  rate  of 8.3 x 10 4
sec 

1 at

room tempera tu re  in an Instron TTC— 3 Universal testing machine . The stress—p lastic

strain  curves fo r  the as—rolled as well as recovery annealed aluminum are more or

less identical;an example is shown in Fig.  7a. The positron lifetimes in recovery

annealed aluminum specimens strained to different levels again consist of two dis-

tinct lifetime s as shown in 7b and 7c. The intensity of ‘2 was also determined in

this case and is plotted in Fig. 7c. Monotonic increases in the short lifetime ,

and the long lifetime , ‘2’ components are observed with increasing plastic

strains up to about 3 pct ., while at higher strains and ‘2 
are both observed to

decline to lower levels prior to again increasing at s t r a i n s  of 10 pc t .  and h igher .

The relative intensi ty of the long l i fe t ime component , 12~ 
is observed to vary in

a manner opposite to the ‘2 variat ion wi th  p las t ic  s train , Fig .  7d.  In contrast ,

the positron annihilation in the specimens strained In the as—rolled condition can

be characterized by onl y one resolvable l i f e t ime  around 236 picoseconds independent

of the plastic s t ra in  level imposed on the specimens . The b~ se—1ine , fu l ly  re-

crystallized specimen , also exhibits only one positron annihilation lifetime of 155

to 165 picoseconds, which is lower than that constant value exhibited by the cold—

rolled aluminum.

We believe that the above set of positron annihilation data strikingly

confirms the sensitivity of positron annihilation as an extended defect probe. The

single short lifetime component in the recrystallized specimen is in good agreement

with the value found in well—annealed aluminum .
24 The trends in and 12 

with
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plastic s t ra in  follow the known room temperature dynamic hardening and recovery

cha rac ter i s t ics  of the pure aluminum used 20 22 and t he Roc kwell super f ic ia l

hardness measurements made on the very same strained specimens , see Fig. 8. In

fact , the consistency is to the extent that 11 
and T

2 
d rop ab rup tl y at a st rain

level of around 3—5 pct ., which is that strain range defining the onset of dynamic

recovery . That ‘2 is dislocation density related is consistent with that it is not

observed in the standard fully recrystallized aluminum specimen. Further , the ob-

servation that the intensity 1
2 

increases , when itself is decreasing in magnitude ,

indicates that  this long l i fe t ime  component is not a resul t of the positron—vacancy

t rapping interactions which are characterized b y increasing int ensity (increased

trapping probability) with increasing magnitude of the trapped l i fe t ime (or in-

creased trapping defect density).25

Accordingly, it appears that positrons are sensitive to tensile de-

formation induced dislocation substructures. In the case of aluminum specimens

strained in the as—rolled condition , which are expected to be saturated with trapping

defects  and dis locat ions , one cannot expect to see the minor changes in the sub-

structure added on by further deformation, and indeed , we did not. However , there

is l i t t le  doubt that even he re positrons could distinguish recrystal l ized versus

rolled aluminum .

In the second phase of this part of the study, we used multiple zone

refined single crystals of niobium where , as mentioned before , dynamic recovery

effects are not expected to occur at room temperature . Single crystal rods used

for this purpose had orientations about 50 away from the <ill> axis.
15’19 Vacuum

fusion analysis of the niobium rods indicated the presence of only 4—7 ppm oxygen,

7—10 ppm nitrogen and about 2ppm hydrogen. Compression specimens of 0.15 in dia-

meter and 0.2 in height were cut from the original rods with a jeweler ’s saw and

then their faces were ground parallel in stages using silicon carbide abrasive paper
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to a 600 grit finish. The superficial damage of the specimens was rem ~i prior

to compression test ing by etching . Compression tests were done at a st r  .~ rate of

1.6 x lO 4sec~~ in the Instron TTC—3 universal testing machine at ambient temperature .

The compressive stress—plastic strain curve and dislocation density

versus s t ra in  curve for the niobium sing le crystals are shown in Figs. 9a and 9b.

Positron lifetime spectra of the strained specimens indicate the presence of both

and ‘2 components . ‘1 increased from 145 to 196 picoseconds with increasing

plastic s trains up to 7% , Fig 9c. ‘2 waS unresolvable in the unstressed specimen

but increased from 458 to 822 picoseconds as the plastic strain was increased ,

Fig. 9d. The amplitude 12 of the long lifetime component initially increased and

reached a maximum at around 1.5% plastic strain , whereafter it monotonically de—

creased wi ch f u r t h e r  increase in s t ra in  level , Fig. 9e.

Based on the discussion already presented for  the crept superalloy

and the tensile tested aluminum , this data on niob ium is almost self—explanatory.

It shows conclus ively that the existence of ‘2 depends on p lastic defo rmation and

the magnitude of on the extent of deformation , or more exactl y ,  the dislocation

subs t ruc ture  density . That also increases with deformation is consistent with

increasing density of trapping sites such as deformation induced vacancies or edge

dislocation dipoles that  do not anneal out at room temperature in the high melting

niobium. The observed variation of I2~ 
we believe , is a reflection of the relative

amounts of the trapping defects and dislocations generated at different strain levels.

One could surmise that , with increasing strains up to 1.5% p lastic strain , the di s-

location density increases more rap idl y than the concentration of deformation—in-

duced vacancies or dipoles , thus increasing the probability of positron annihilation

in the dislocation—positron interaction mode (reflected by the magnitude of 12
).

At higher strains , it Is probable that the rate of increase of dislocation density

with plast ic  s t ra in  is overshadowed by the rate of deformation—induced vacancy or

dipole generation , thus leading to a decreasing probability of annihilation by the
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mode , and hence to a monotonicall y decreas ing 12 •

The stress—p lastic strain curve for the stress relieved aluminum

2024—T3 alloy is shown in Fig. lOa. The corresponding positron mean lifetime

as a function of plastic strain is shown in Fig. lOb . Again , the trends in the

two curves are very similar. It appears that the processes of dynamic hardening

and recovery reflected in the pure aluminum data are not evidenced in Fig . lob ,

but this is ve ry reasonable since the alloying additions and the resultant pre-

cipitation strengthening in 2024—T3 are known to suppress these processes .

The data on the a—~ titanium alloy Ti—6Al—4V , Figs. lla and lib ,

again indicate consistent trends in stress—plastic strain and average lifetime—

pl astic s t rain curves. Accordingly , it appears that the positron annihilation

technique either through the long lifetime or average lifetime component can be

a sensitive tool to probe for tensile deformation induced dislocation substructures

of varying densities , in pure metals as well as engineering systems , provided the

initial substructure is not so dense as to be saturated with trapping defects and

dislocations .

(1.3) Dislocation Substructure  Introduced by a Commercial  Rolling Process:

In order to assess whether positrons are sensitive to p lastic

deformation imposed by more complicated conversion metallurgy processes , we

positron probed commercially pure 1100 Aluminum subjected to strain hardening by

cold rolling through different thickness reductions . The conditions of the speci-

mens tested correspond to successively increasing levels of strain hardening (or

plastic deformat ion) as described by the H12 , H14, Hl6,Hl8 and H19 tempers of the

Aluminum Association .
26 One standard specimen in the ‘0’ or the unstrainhardened ,

well annealed condition was also tested .

The plots of ‘1 
and 1

2 
as a function of equivalent plastic strain

18 
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(calculated from thickness reduction ratio during rolling) for the 1100 Aluminum

specimens are shown in Figs. 12a and 12b . The trends are very similar to those

observed in the case of tensile strained 99.99% pure aluminum , see Fig . 7b and 7c,

except that the major recovery features seem to occur at higher plastic strains

in the less pure , i.e., impurity strengthened , 1100 Aluminum . Accordingly , it is

our opinion that positrons react in the same way to dislocation substructures , re-

gardless of the deformation mode used to induce these dislocations.

(1.4) Cyclic (Fatigue) Strain Induced Dislocation Substructure:

Earlier work on the positron probing of cyclically deformed materials

has been confined to pure metals
27 

and encouraging results regarding the sensitivity

of positron annihilation to the resultant substructural damage has been reported .

In the present study , we have attempted to supplement these results by the positron

probing of a cyclically deformed alloy of engineering importance . The system chosen

was again the coherent precip itation strengthened monocrystalline Mar—M—200 (cube

oriented). In addition to being a system of engineering importance , this alloy

also happens to be different from the pure metals studied
27’28 in that it exhibits a

very pronounced planar slip deformation mode in contrast to the well—defined Satura-

tion cell structure formed in the pure metals where ease of cross slip leads to a

wavy slip deformation mode .

Cyclic loading of the Mar—M—200 monocrystals was performed in a closed

loop hydraulic MTS fatigue testing machine at a frequency of 10 Hz and at three

diffe rent strain amplitudes under total strain amplitude control.

The plot of number of cycles to failure versus strain amplitude for

Mar—M-200 monocrystals is shown in Fig. 13a. It was found , for example (see Fig.

13b), for all the specimens tested that the stress response ~O f for a given total

applied strain range dropped with number of cycles and remained more or less constant

19 
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beginn ing at about half tat~ total fatigue life . This softening behavior progressing

through the life of the specimen is curious . We have positron probed the specimen

whose stress response behavior is shown in Fig. l3b before its stress response has

dropped to abo ut the plateau value (at about 50 cycles) and at specimen failure . This

basically corresponds to total strain controlled , fa tigued specimen state at two t~O
f

values. We have probed two more specimens at the final but different values.

Plots of ‘1 and ‘2 as funct ions of ~~~~~~~ 

are shown in Figs . 13c and l3d. As can be

seen both and ‘2 
increase with 

~~~~~~~~ 

Th is provid es us w ith the information that as

increases , both dislocation density and point defect concentration increase.

Conversel y,  the softening behavior observed is no longer mysterious to us, but appears

to be due to the shakedown of ini tfa llv t ight dislocation substructure as cyclic

deformation proceeds . Similar l . , vacancies or edge d isloca tion dipoles may also be

recovering. This particular work illustrates to our satisfaction that positron

annihilation technique is ri~adv t .~ be used to decipher mechanical behavior phenomena .

(1.5) Dislocat ion Substructurc Densities in Materials Annealed After
Deformation

Pos i t ron  a n ni a i l a t i o n  has been used to probe well annealed pure metals

through the analysis of positron mean lifetimes
29 ’30 

or th rough  the so—called S or H

parameter which reflect the shape of the angular distribution curve (plot of the y—ray

momenta as a function of the angle of their trajectory measured relative to the ini-

tial positron beam direction).’2 However , a sys tema tic study in wh ich materials of

known purity levels are annealed at different temperatures and subsequently positron

probed has not been done to date. The results of such a study should con f i r m  the *

app licability of positrons to the determination of recovered or recrystallized states ,

as well as the influence , if any,  of impurities on the resulting data. We chose

for this phase of the study aluminum of 99.99 pct purity and the 1100 Aluminum , wh ich

is only 99 pet pure .

The 99.99 pet pure aluminum came in the as—rolled condition , it was
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then s t ress— relief annealed at 120 °C for one hour and then held at d i f f e r e n t

temperatures up to 400°C for about twenty—four hours at each temperature during

positron probing. Positron lifetime measurements were performed at temperatures

through a hot—stage designed especially for this study . Lifetime measurements

were made both during heating to and cooling from the 400°C ceiling temperature.

The la tte r measuremen ts , of course , ref l ect posi tron life times in the metals af ter

a 400°C, twenty—four hour anneal . The 1100 Aluminum came in the heavily strain

hardened Hl8 cond ition and it was likewise subjected to positron prob ing during

heat up and cool down up to a temperature of 400°C.

The pos itron l i fetime spectra in either ma terial could be bes t

described by the single mean lifetime component , r. The p lo t of r as a func tion

of annealing temperature is shown in Figs . 14 and 15. The curve for the pure

aluminum star ts around 210 picoseconds , a value much higher than the value of about

165 picoseconds characteristic of well—annealed pure aluniinum .29 ’3° This higher

value indicates that there is still a substantial amount of dislocation substructure

presen t in the ma terial af ter the st ress rel ief anneal ing at 120°C, which is to be

expected. The major change in t with annealing occurs be tween 160°C and 280°C

where a sharp drop in its value from 210 to 190 picoseconds is observed. This

temperature range corresponds well to previously reported recovery and recrystalliza-

tion range observed in cold worked aluminum of comparable purity 31 which had been

subjected to similar annealing . The subsequent increase in the T value a f t e r  280°C

could be due to recrystallization which should create more gra]n  boundary area

pe r unit  volume and also due to the trapping contribution of the thermal equilibrium

vacancies generated in appreciable  numbers at these higher temperatures . The trends

in the data are similar to those reported earlier in pure metals.
29 ’3° The curves

of r as a function of temperature during the cool down and the reheating , see Fig. 14,
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are direct indications only of grain boundary area per unit volume and the

thermal vacancy concentrations at the appropriate temperatures , since the

material , by then , is in the fully recrystallized condition and dislocation

contents in such material would be low , and hence , not expected to contribute

appreciably to positron lifetimes. Again , note that the room temperature

lifetimes in these two curves is about 165 picoseconds , in good agreement with

earlier data on very well annealed aluminum.
24’29 The dip in the i temperature

plot for the reheated specimen at around 240°C, we believe , is a result of grain

growth occurring in the recrystallized material. This would lead to a decreased

grain boundary area per unit volume and hence a lowering of r.

The T—temperature curves for the llOO—Hl8 Aluminum , Fig . 15,

differ markedly from those of pure aluminum discussed above . The mean lifetime

r in the initial state is about 240 picoseconds , which is only slightly higher than

that for pure aluminum . The difference begins during heat—up in that the decrease

in T does not commence until about 260°C——instead of the lower 160°C for the pure

aluminum case. This can be rationalized by noting that impurities in this commercial

material are expected to slow down dislocation rearrangement processes involved in

the recovery and recrystallization stages , thus necessitating higher annealing

temperatures and thermal energy before these processes can commence. As such, it

appears that the positron annihilation data now tell us that the recovery processes

0
do not begin until 260 C for the 1100 Aluminum initially in the H18 state. Un-

fortunately , due to experimental heating difficulties , at—temperature T measurements

could not be made beyond 400°C, and thus we ca’tnot be certain whether or not the

upw .~rd rising parts of the 1—temperature curves (similar to those in Fig. 14) are

present for this material. The lifetime values measured on the cool down cycle

are indicative of thermal vacancy concentration in the material and thks curve is

similar in appearance to that for the pure aluminum in this temperature range. The
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r value measured at room temperature after the annealing cycle is about 198

picoseconds , higher than the 165 picoseconds value measured for pure aluminum .

This could be due to the fact that recovery and recrystallization are not fully

comp leted in the 1100 Aluminum , which is consistent with the higher recrystallization

temperature observed. In addition , the presence of a larger quantity of impurities

produced defects which cannot be removed by annealing.

(2) Positrons and Microstructural Features

This set of experiments was designed to determine the sensitivity

of positrons to such microstructural features as grain boundaries with and without

precipitates on them and second phase precipitates of differing degrees of coherency .

Again , since some work has already been done on the positron probing of similar

microstructural features in simple systems ,
32’33 we have chosen systems of engineering

importance so as to complement the already existing information.

(2.1) Grain Size in a Nickel—Base Superalloy:

A wrought nickel-base superalloy of the N imonic—1i5 type (Nominal

ccr.9osition in wt . pct . 0.15C , 1 Cr , 3.5 Mo , 4 Ti , 5 Al , Bal. Ni.), whose micro—

structure consists of the nickel—rich fcc solid solution y phase , the ordered

y ’ precipitate phase (about 30—40 volume pct) and a small volume fraction of alloy

carbide phases, was chosen for study to ascertain whether positrons can detect

changes in the grain boundary area per unit volume in constitutionally complex

engineering alloys. Previously, it has been determined that in simple metals32 ’33

increases with decreasing grain size or equivalently increasing grain boundary

area per unit volume.

The superal loy was in i t ia l ly in the as hot rolled condition and had an

average grain size of 20 ~m. Larger sizes were obt ained by holding the as—rolled

specimen at temperatures ranging between 1190°C and 1220°C for two hours . The grain

sizes so obtained ranged from 60~~ m to 145 um , most of them tending to be near the
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upper value . Aft er the grain growth anneals , these specimens were cooled rapidly

by a jet. of cold air to room temperature in order to suppress carbide precipita-

t ion at the grain boundary ; see Fig. 16a. One specimen of 6Oum grain size, however,

was intentionally subjected to 100 hours aging at 982°C subsequent to the grain

growth treatment to cause precipitation of Cr
23C6 carbides at the grain boundaries;

see Fig. 16b . This specimen was used to elucidate possible effects of the presence

of an intergranular carbide “wall’ on the sensitivity of positrons to grain boundaries .

The plot of the positron mean lifetime I as a function of d 1 
which , but for

a proportionality constant , is the same as the grain boundary area per unit volume

at a grain size d , is shown in Fig. 17. r is expected to increase with increasing

d
1 and this is observed only at fine grain sizes , while at the coarser end of grain

sizes (or smaller d 1 values), the r value seems to increase with decreasing d 1. We

believe that this trend at small d
1 
values (coarse grain sizes) is a result of the

presence of nonequilibrium vacancies quenched into these coarse grained specimens as

a consequence of these particular specimens having been subjected to the higher

temperature grain growth heat treatments .

Finally, r values for the 60 rn grain size material heat treated to pre-

cipitate carbides at the grain boundaries was found to be 160 3 picoseconds which

is very close to the 168 3 picoseconds observed for the corresponding material

without grain boundary carbides . Thus , it appears that the positron annihilation

technique can distinguish between different grain sizes at fine grain sizes and this

does not seem to be affected by the constitutional complexity of the alloy or by the

presence of precipitates at the grain boundaries .

(2.2) Different Precipitate States in Commercial Aluminum Alloys:

In the present study , we chose commercial aluminum alloys heat treated to

contain second phase precipitates in different states of precipitation . The

alloys chosen include the 2024 aluminum alloy hardened mainly by the Cu rich
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G.P. zones and precipitates: the 7075 alloy hardened by Zn and Cu rich C. P.

zones , and the strong and corrosion resistant 7050 alloy, which is a modified

version of the 7075 alloy. The nominal compositions of these alloys and the

heat treatments they were subjected to prior to positron probing are given in

Tables 2 and 3, respective ly. Table 3 also shows the positron mean lifetime

t of the materials after the heat treatments. In addition to these standard

“tempers” , these alloys were also subjected to at—temperature positron mean

life measurements at temperatures up to 400°C which essentially provided addi-

tional isothermal aging at the measurement temperatures . These aging treatments

would modify the nature of the precipitate phase (G.P. zones to metastable to

stable precipitates), its degree of coherency (coherent to incoherent) and the

precipitate particle size , and hence , the effective precipitate—matrix interface

area per unit volume . The sensitivity of the positrons to these changes in the

precip itate states was thus evaluated through these experiments.

From Table 3, it is clear that the mean lifetime in all the three

alloys is lower in the fully annealed ‘0’ temper as compared to the naturally

aged (2024—T4), artificially peak aged (7075—T6) or in the stabilization aged

(7O50—T76) conditions.

In 2024—T4 and 7075—T6, the major microstructural features are G.P.

Zones which represent localized variations in electron density due to their higher

solute content , Cu and Mg in 2024—T4 and Cu, Mg and Zn in 7075—T6.
34 These regions

should strongly interact with the positrons , probably through the scattering

mechanism similar to dislocations. 7050—T76 is aged slightly beyond the peak

strength condition , but it still contains G.P. Zones.
35 Hence, the difference

in r values between —T76 and —0 tempers of this alloy also seem to result from the

same reason as described above , It seems then that positrons are sensitive enough
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to distinguish between G.P. Zone type regions and coarsened incoherent

precipitates.

The at—temperature I values of 2024—T4, 7075—T6 and 7075—T76 are shown in

Figs . 18 through 20 respectively . 2024—T4 starts with a dispersion of

G.P. Zones in it. Earlier physical metallurgical studies on aging of

2024—T4 show that below 200°C the G.P. Zones are fairly stable against

overaging for 24 hour aging treatments . But beyond this point , G.P.

Zones tend to transform to semicoherent S’(Al2CuMg) phase , incoherent

S(Al
2
CuMg) phase and coarsened S phase in that order , with increasing

aging temperatures. The overaging is very rapid (within a few hours) at

temperatures above 250°C.

This behavior is indeed reflected in the r versus annealing tempera-

ture curves we obtain . The ~ value varies slowly from 210 to 200 picoseconds

in the temperature range up to 200°C, see Fig. 18, and this is probably

associated with the coarsening of the G.P. Zones formed during the natural

aging process which would reduce the G.P. Zone—solid solution interface area

per unit volume and thus lead to a lowering of t. Beyond 200°C, the I value

rapidly increases and reaches a value around 225 picoseconds (a change of 25

picoseconds) where it levels off in the 250°C—350°C range. This increase could

be a reflection of the stages of rapid semicoherent S’ precipitate formation

which then loses coherency during growth by punching out dislocation loops.
36

This would essentially add a number of dislocation loops that can interact with

the positron and extend its lifetime. Also , one is tempted to propose that the

formation of the  incoherent interfaces between the S phase and the solid solution
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matrix during this stage could add new interphase boundaries that can also

interact with positrons and increase their mean lifetime . However, this,

we believe is less likely, particularly considering the fact that 2024—0

consisting of incoherent precipitates shows a smaller r value as compared

to 2024—T4 with the G.P. Zones , indicating thereby that the incoherent

interfaces are less capable of extending positron mean lifetime than the

GP. Zones. The increase of I beyond 350°C, we believe , reflects the increase

in the thermal vacancy concentrat ion in the alloy as no fur ther  microstructural

changes are expected to occur until the solvus temperature of the alloy (about

480°C) is reached. The cool down part of the annealing curve is essentially

a reflection of the decrease in the thermal vacancy concentration in the alloy

with decreasing temperature.

To our knowledge , there is no aging data on the 7075—T6 material.

However , it is known that the peak aging temperature for this alloy (see the

—T6 treatment in Table 3) is lower than that for 2024—T4 and is only about

120°C, with overaging occurring at temperatures only slightly higher than l200C.
34

This is indeed reflected by the i versus annealing temperature curve for 7075—T6;
— 

. 0
see Fig. 17. The ~ value changes very slightly up to 150 C (242 ± 3 to 248 ±3)

after which it rapidl y increases to a value close to 270 picoseconds around 300°C.

This again, we believe , is the result of the punching out of dislocation loops

during the coherency loss process. These dislocation loops would, of course,

anneal out during the subsequent annealing at higher temperatures . In this

alloy we do not see the rising branch of the curve indicative of the thermal

vacancy concentration in the material; compare Figs. 18 and 19. This is probably

due to formation of vacancy—solute complexes which can reduce the number of free

vacanci es that can trap the positrons . There is some indication that chromium ,

which is present in this alloy , (and not in 2024) is capable of forming such
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c it p lexes at least when the solution heated alloy is quenched to room

34temperature .

The plot of a t—temperature  r values for  7050—T76 annealed at

d i f f e r e n t  temperatures , shown in Fig. 20 , is qualitatively similar to the

curve for 7050—T6. The aging kinetics in 7050—T76 have been studied35 and

it appears that this alloy by virtue of its higher copper content is more stable

with respect to aging than 7075 and can retain higher strength level even in

the —T76 temper which involves aging slightly beyond the peak aging condition.

This is again reflected in Fig. 20. The major changes start only beyond 150°C

which is close to the aging temperature for the second step in the —T76 treatment ;

see Table 3. Again, the change is one of increase in I values from about 210

picoseconds to 248 picoseconds over the temperature range 150°C to 300°C,

which probably corresponds to the coherency loss process as described earlier.

Again , the thermal .vacancy branch is not clearly seen in this case. Note also

that the annealing out of punched out dislocation loops probably occurs on sub-

sequent annealing during the cool down cycle between 400°C and 250°C as indi-

cated by the sharp drop in i in the lower curve of Fig . 20, after which the

lifetime is fairly constant.

In summary , therefore , we can say that positron mean lifetime

measurement can be quite sensitive to the differences between the various pre—

cipitated states in commercial aluminum alloys where sequential precipitation

is observed. Our findings also agree well with the results of other workers

such as the specially prepared ternary aluminum alloys ,37 order—disorder changes

in 8—brass 38 and mantensite—austenite transformations in iron—nickel binary

39
alloys.
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( 3) Positrons and Macroscopic Surface  Features

In this  category we invest igate  the abi l i ty  of posit rons

to probe macroscopic surface features , a level of coarseness above that of

microstructural variations discussed in Section IV—2 . The systems chosen

include aluminum—base alloys with different degrees of polishing finish and

F . subjected to different surface cleaning procedures . Also studied were

aluminum alloys in the anodized condition leading to a porous oxide layer on

the surface ; two titanium alloys; and experimental iron—chromium—aluminum—

oxidation resistant coating alloys with and without yttrium additions that were

subj~’~t-ed to different oxidation treatments. Again , the aim was to use positrons

to distinguish between the various practical surface features on alloys of en-

gineering importance .

(3.1) Aluminum Alloys with ’arious Surface Treatments:

Table 4 shows the various aluminum alloys and the surface treatments

they were subjected to and tile corresponding values of the positron mean lives .

The mechanical polishing reflects a 600 grit surf,ico tinishing . while ultrasonic

cleaning was done by imme rsing t h e  specimens in acetone and app lying ultrasonic

vibrations using a Biosonik Ill ( B r o n w i l l  Scientific) at a relative intensity

setting of 30 for about 30 minutes . Chemical brightening was done using a 93.5%

phosphoric—6 .5% nitric acid bath between 93° and 104°C for about 180 to 240 seconds .4°

Anodizing was done in four stages including electrobrightening in a sodium carbonate—

trisodium phosphate bath , smut removal in dilute sulfuric acid , anodizing in dilute

40
sulfuric acid and sealing in boiling distilled water. The surfaces of the spe-

cimens after these four stages are bright with a slight grey hue .

The results distinctl y show that anodizing , which involves the formation

of a porous and probably non—perfect oxide layer , increases the position mean life— j
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time over the relatively clean chemically brightened acetone rinsed or ultra-

sonically cleaned surface finishes . This is understandable since the defects

in an anodized oxide layer , which can include anion or cation vacancies, dis-

locations and grain boundaries , can interact with positrons by trapping as well

as scattering interac tions leading to extended positron lifetimes. Mechanical

polishing introduces surface deformation and can be expected to increase near—

surface dislocation density. This is again consistent with the higher mean life-

time observed in the mechanically polished specimens ; see Table 4.

(3.2) Surface Oxide Scales Formed After Elevated Temperature Oxidation:

In this set of studies , the effect of an oxide scale formed on alloy

substrates by elevated temperature oxidation on the positron mean lifetime was

investigated. The systems chosen include the single phase commercially pure

t i tanium Ti—35A , the ~—~3 alloy Ti—6A1—4V and experimental oxidation resistant

iron base alloys (Fe—25 Cr—4Al) with and without 0.2% yttrium addition. The

titanium alloys were oxidized at different temperatures from 400°c to 1200°C for

24 hours and quenched in water prior to lifetime measurements. In specimens

oxidized at temperatures less than 400°C the lifetime measurements were made at

temperature as described in Section IV — 1.5. Fe—Cr—Al and Fe—Cr—A1—Y alloys were

oxidized for different lengths of time up to 25 hours at 1200°C and then subse-

quently positron probed at room temperature .

The mean lifetimes as a function of oxidation temperature for the

two titanium alloys are shown in Figs. 21 and 22. The initial drop in the h f  e—

time in the 200°C to 400°C range is probably a result of recovery of the dislocation

substructures introduced in the material during the processing history. The

interesting change in the lifetime curves occurs at around 800°C where there is a

discontinuous decrease in the i value . This jump is not associated with the n—B

transition since it is not expected to occur in these alloys till about 900°C.
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Besides , since one would expect that the a— B transition temperature in the

two alloys to be different , the lifetime change if it were related to the

t - .’ transition should have occurred at different temperatures. In fact , the

change occurs at about the same temperature in both the alloys. We feel that

this jump in i values is related to changes in the oxide scale on these alloys.

It has been shown that around 800°C the oxide scale on t i tanium

alloy changes f rom Ti 203 to a more complex and defected oxide which allows in-

creased oxygen diffusion into the alloy substrate.41 This added amount of in-

terstitial oxygen can tie up vacancies by forming complexes, thus reducing the

number of free vacancies available to trap the positrons . This could lead to the

observed jump in i to lower values.

The positron l i fet imes in Fe—Cr—Al and Fe—Cr—Al—Y are shown in

Table 5. It is seen that the t value in Fe—Cr—Al decreases from 202 p icoseconds

in the unoxidized specimen to 186 picoseconds in the specimen oxidized for two

hours and thereafter remains nearly constant. The observed decrease in the r

value, we believe , is an indication of the recovery of the dislocation substructure

or annealing out of vacancies in the substrate material at the high temperatures

used in the oxidation treatment. The formation of oxide per se does not seem to

really change the t appreciably , particularly since the i is nearly constant for

oxidation times up to 25 hours . In the case of Fe—Cr—Al—Y , the t values are

smaller than the corresponding values in Fe—Cr—Al . This, we believe , is due to the

fact that vacancies are likely to be captured by the large sized yttrium atoms ,

thus reducing the number of trapping sites for positrons. There have been

suggestions of other indirect proofs for such yttrium—vacancy interactions in

these alloys.
42 

There seems to be no appreciable change in the r itself for this

alloy with oxidation time ; see Table 5. This again seems to support our suspicion

that the t values in Fe—Cr—Al as well as the Fe—Cr—Al—Y are indications of changes,
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if any, in the substrate material due to elevated temperature exposure rather than

being related to the oxide scale formed during the exposure.

It appears then that the sensitivity of positrons to high tempera-

ture oxide scales can be system dependent and in general the mean lifetimes seem

to be more sensitive to changes in the defect density in the substrate occurring

during the hign temperature oxidation exposure or occurring as a result of the

formation of the oxide layer.

(4) Positrons and Fracture—Related Macroscopic Defects in Engineering
Alloys

In this section , we describe the results of our evaluation of positron

annihilation as a probable tool to probe for macroscopic defects related to fracture

processes in engineering alloys. As such , it reports on our results during 1976.

This essentially represents the coarsest scale of the materials probed by positrons

in the present study . The specimens tested include wrought nickel—base superalloy

specimens with intentionally introduced large (up to about 0.2 mm in diameter)

grain boundary void type defects , specimens of wrought nickel—base superalloys

subjected to elevated temperature stress rupture tests and fracture mechanic spe-

cimens of an n—S titanium alloy subjected to fatigue crack propagation tests .

Since probing for such large defects is of interest only in engineering structural

alloys, the above choice of alloy systems has been made with that interest in mind.

(4.1) Large Processing Induced Voids in a Si~perah1oy:

Specimens of a nickel—base superalloy intentionally chosen so as to

have a large density of intergranular voids , see Fig. 23a, were used for this

purpose. The 3pecimens selected were those which failed catastrophically on loading

at the start of intended creep tests which are expected to run for 100 hours or more

in specimens of good microstructural integrity ; see Fig . 23b .
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Due to the admittedly crude specimen selection procedure , the

variation in the  void contents between different specimens was very small

~ d t. ne corresponding T~ and 1
2 
values are very close (160 to 163 ± 1 pica—

-~~ c’nds and 254 to 263 8 picoseconds.) However, the and 12 values from

Lie specimens free of voids were 167 1 and 256 8 picoseconds , respectively,

and these do not differ appreciab ly from those in the specimens with a lot of

voids . Thus , it appears that positron probing may not be a sensitive technique

for detecting ttie presence of large voids (50 urn in diameter at least) although

i t  has been found to be sensitive to the very fine “swelling” voids (<l0 8
m)

f ormed by neutron or electron irradiation .43 48

(4.2) Nickel—base Superalloys Failed by Stress Rupture:

In Section IV — 1.1, we described the results of positron probing

nickel—base superalloy tnonocrystals subjected to different creep strains. In

this section , we present the results of positron probing two polycrystalline

wrough t nickel—base superalloys fractured under creep load ing conditions (stress

rupture) . The alloys chosen were Nimonic—l15 of about 60 urn grain size with

and without grain boundary carbides (described in Section IV — 2.1) stress

ruptured at 760°C and 569 MN/rn
2 
and Udimet—700 (Composition in wt. pct . 0.08 C,

15.1 Cr , 17.5 Co, 0.14 Fe, 4.9 Mo , 3.25 Ti, 4.15 Al, 0.029 B, Bal. Ni.) of

250 u r n  grain size tested at 760°C and 982°C at different stress levels. The test

conditions , number of hours to failure and the corresponding T i, 12 and 12 
values

are shown in Tables 6 and 7.

As seen from Table 6, the values of and 1
2 for U dimet— 700 increase

with increasing test stress at both 760°C and 982°C. The reasons for this behavior

could be twofold . Firs t , at highe r stresses the creep deformation induced damage

in the  f o rm of vacancies and dislocation substructures would be l arger than at lower
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stresses. Second , during the low stress and long time tests , some of the

defects (at least the vacancies) produced by the deformation could anneal

out during the stress rupture test itself .

The longer gage length and larger gage diameter Nimonic—ll5

specimens (31 mm and 6.3 m as against 12.7 mm and 3.2 , respec tively ,  for

the Ud imet—700 and Mar—M—200 specimens) used allowed the measurement of life-

times near the ruptured end of the specimen and in a region still in the gage

length but far away from the ruptured end. The results are shown in Table 7.

It seems that in the specimens both with and without carbides , the 1
1 

and T
2

values are smaller near the rupture end than in the region away from rupture.

A probable rationalization for this could be as follows. In the region near

rupture , numerous cracks initiate and grow during the tertiary creep stage,

while in the region away from the rupture end the density of cracks is much

lower and the material is still undergoing creep deformation. Thus, creep

damage in terms of the dislocation substructure and point defect concentration

would continue to build up in the region away from r’~pture while it will be

replaced by crack ini t ia t ion and growth processes near the rupture end . The

positrons would then have longer lifetimes in the substructurally more damaged

region away from the rupture . The cracks in the nea r rupture region, being large

defects similar to voids described in Section IV — 4.1, are not expected to

interac t with positrons strongly and hence are not expected to affect their life—

t imes. Table 7 also shows that 11 and 12 values tend to be lower in the defonned

specimens without carbides than those in specimens with carbides. At this time

til e reasons fo r  this d i f f e r ence  are not very clea r.

It appears , again , that positrons do not directly sense macroscop ic

defects such as void s or cracks fo rm ed during creep and stress rupture but do
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sense the presence and degree of substructural level difftrences in the alloy

that accompanies the formation of such defects .

( 4 . 3 )  Su r f ace  P las t ic  Zones Ahead of a Fa t igue  Crack in a
Ti tan ium—base  Alloy :

The last fracture—related feature studied in this phase of the

work was the plastic zone damage ahead of a fatigue crack in a fracture

mechan ically designed and crack propaga tion tested specimen of the a—S titanium

alloy Ti—6A1—4V. Plastic zone size measurements , alon g with me tallograph ic

and fractographic characterization , are of impor tance in the fa ilure analysis

of structural members where one wants to determine the load history the members

were subjected to in service prior to their failure . In addition , the knowledge

of the plastic zone size and a related quantity, crack opening d isplacemen t, is

important to the application of the models of ductile fatigue crack grow th ,49 ’5°

or the models of environment affected fatigue crack growth.51 Accordingly , it

is interesting to see whether positron probing can be used to measure plastic

z one sizes ahead of fa tigue cracks in eng ineering alloys.

The specimen used in the study was machined from the a—B titanium

alloy Ti—6Al—4V hot rolled to a 3/4” thick plate. The specimen geometry and its

orientation with respect to its parent plate are shown in Fig. 24. The specimen

was tested sucri that the loading direction (indicated by arrows in Fig. 24) was

paral le l to the ro l l ing direct ion w i t h  the crack propagatin g in the long transverse

(para l le l  to the width  of the parent  p la te)  d i rect ion . This loading geometry was

used because it closely represents the kind of loading one would expect such alloys

with highly textured microstructures to be subjected to in service (see Figs. 25a

and b for typical textured appearance of the microstructure of the alloy used).
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The nominal 0.2% off—set monotonic yield strength of th e alloy was 122 ksi in

the rolling direction , and about 135 ksi in the transverse direction .

A fatigue crack was init iated at the notch root and was pro-

pagated at room temperature by continued fatigue cycling between applied load

limits of 168 lbs and 2100 lbs at a frequency of 6 Hz. These loading conditions ,

when translated to the fracture mechanical parameter stress intensity range, L~K,

for the specimen geometry on hand ,
52 

correspond to tiK values of 11.1 ksi/i~ to

38.8 ksiv1~~ as the crack grew from its initial length of about 1.13 inch (3cms)

to a final length of 2.33 inch (5.93 cms). Correspondingly, the maximum stress

intensi ty at the tip of the crack, K , varied from 12.1 ksiv’i~ to 43.3 ksi/i~max

over the same crack length range .

Positron probing was done using small rectangular sources which

were 1 mm x 2 mm in size. Three different ways of placing the positron source

relative to the crack have been used in the present study and these are schematically

shown in the insets in Figs. 26a through c.

Fi rst , the sou rce was placed with its short axis coincident with

the crack tip, see inset in Fig. 26a, and then it was moved in 0.5 mm increments

along the crack or on the imaginary line that forms the extension of, and runs in

front of, the crack. These are marked —x and +x directions, respectively. The

measured positron mean lifetime t as a function of distance x from the crack tip

in e i ther  direction is plotted in Fig .  26a . Interest ingly,  the positron annihila—

tion lifetime increases monotonically from about 190 picoseconds at the crack t ip

to about 245 picoseconds at about 25 mm behind the crack tip . In contrast t

decreases to a minimum value of about 175 picoseconds at about 1 ims ahead of the

crack tip whereafter it again increases monotonica lly to about 182 picoseconds .
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In the second set of positron probing experiments , the source was

placed with its long axis parallel to the crack and the short axis along an

ima ginary line running perpendicular to the crack direction and at a distance

of 1 mm behind the crack tip, i.e., x —l mm , see inset in Fig. 26b . The source

was then moved along this line at 0.5 mm increments. The resultant r as a function

of the distance along this imaginary line denoted by +y or —y is shown in Fig. 26b .

As seen , the t value is a maximum when the source is in line with the crack and

decreases as we move away in either direction .

In the third set of experiments , the orientation of the positron

source is the same as that in the second set but the source was placed with its

short axis along an imaginary line running perpendicular to the crack direction

at a distance of 1 mm ahead of the crack tip , (i.e., at x = +1 mm), see inset in

Fig. 26c. The source was then moved along this imaginary line in 0.5 mm steps.

The T values so measured as a function of distance y are shown in Fig. 26c. This

spatial variation of t is again sinilar to that in F~.g. 26b in that t is a maximum

directly in line with the crack and decreases as the source is moved in either

direction.

These sets of data , again , confirm to our satisfaction that positrons

are extremely sensitive to the plastic deformation in materials , in this particu—

lar case in a plastic zone ahead of a fatigue crack tip. The decrease in the i

value in Fig. 26a, when one initially moves away from the crack tip in the +x

direction , seems to indicate that the extent of plastic deformation and the

attendan t dislocation substructure density are decreasing up to a distance of about

x +1.0 mm . This is very reasonable since the crack tip represents the point of

high stress concentration and hence a high substructure density both of which

would gradually decrease as one moves away from the crack tip into the plastic

zone reaching a m.ininium at the end of the plastic zone. In fact , if one estimates
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the maximum plastic zone size ahead of the crack studied using the final Kmax
value of 43.3 ksi/i~ and the yield strength in the x—direct ion (which is the

transverse direction for the parent p late) of 135 kai , one arrives at a value

of 0.05 inch or about 1.30 mm which is in fair agreement with the position of

the minimum in the t — x curve , Fig. 26a. The small increase in T for x > 1 mm ,

we believe , is a result of the gradual increase in hardness from the cyclically

deforme d mater ia l  in the plastic zone to the  residual hardness of the as—machined

material far away from the plastic zone. (Microhardness on the as—machined specimen

surface was foun d to be about 340 VHN and on successive chemical removal of metal

layers, the microhardness dropped to about 310 VHN and levelled o f f  at this value

for distances greater than 150cm from the machined surface.) This residual hard-

ness will be modified in the plastic zone region due to the shake—down of the dis-

location substructure during the cyclic plastic deformat ion. The increase in the

T vaiue for x ~ 0, or behind the crack tip is again interesting. This is probably

a result of the rubbing toge ther of the crack faces during the cyclic loading due to

crack closure considera tions 51 
and the resultant monotonic hardening and increased

subs truc ture dens ity in this region.

The r versus y curves at x 1 mm and x = —l umi, Figs. 26b and c, are

similar in appearance and they can be aga in considered in the light of the extent

of the plastic zone, now in the y direction . As before , when we move away from the

crack tip in the y direct ion, the levels of plastic strain the material is subjected

to and the resultant substructural density are expected to drop off. This is indeed

consistent with the decrease in F as one goes away from the crack tip. Again, one

could estimate the size of the plastic zone in this direction from fracture mechanics,

usin g the final Keax value of 43.3 ksiVTh and the yield strength of 122 kai in the y

direction (parallel to the rolling direction of the parent plate) and one arrives at
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a calculated plastic zone size of 0.063 inch or about 1.6 urns. The total

extent of the plastic zone as determined from the width of the t—y peak in

Figs. 26b and c is about 6 mm , nearly four times as large as the predicted

plastic zone size. This difference is not surprising since the fracture

mechanics estimates of plastic zone sizes used in the above comparisons are

based on the idealized assumption that the material deforms isotropically

leading to a nearly circular shaped plastic zone. On the other hand , more

rigorous analyses considering factors such as the state of stress at the crack

tip , anisotropy or texture in the material , discrete slip character of the

material , etc., lead to more complex shapes for the plastic zone .
5
~ ’

54 The shape

of the plastic zone as indicated by posi t ron probing is such that it is elongated

in the softer rolling direction (or loading direction). Such a qualitative shape

compares favorably with  the shapes of plastic zones calculated for materials such

as the alloy presently studied , wherein texture and crystallographic constraints

on yield ing do lead to more asymmetric plastic zone shapes.
53 ’54

A more detailed study using positron sources of 1 mm x 1 mm

size is being carried out and will be reported elsewhere .55
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V. POSITRON A~~IUILATIO.~ AND NONDESTRUCTIVE EVALUATION

The sets of data described in the last section form a f a i r ly  corn—

pren ens ive  ex~ er imenta 1 data bank on the mechanics of positron interactions in

material ’ at various scales of the structure and can as such , be of great value

in helpi :ig the shaping of the currently available theoretical models of positron

anni h il ition in metals . A more immediate and perhaps a mere reward ing benefit

that one can derive from such an extensive experimental program is the possibility

of be ing able to indicate whether the new technique studied can be put to practical

use , in this case as a nondestructive evaluation (NDE) tool , and if so , under what

conditions .

For any tecnnique to be viable as a practical NDE tool , it should

meet the following major requirements. First , it should be sensitive to the vari-

ous structural defects or damage states of the materials being examined. Second,

i t  should be selective in being able to distinctly detect each state or defect of

the material without much of an interference from the other states or defects.

Third , it must be easy to use and does not require specific environment conditions ,

such as vacuum. The last , but by no means less impor tant, requirement , is that the

experimental technique involved be reasonably fast and economical for probing the

defects and structural states of interest.

Our experiments indicate that positrons can sensitively detect the

dislocation substructure content of simple as well as microstructurally comp lex

alloys , in conditions varying from fully annealed to heavily deformed states. In

addition , this sensitivity to dislocation content in deformed materials does not seem

to be affected by the mode of deformation used to irLtroduce the dislocation substruc-

ture , be it high temperature creep , monotonic tension or compression , commercial
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rolling or cyclic deformation. Thus , we do believe that positron annihilation

def in i te ly meets the f i r s t  two requirements for being a viable NDE tool to probe

for dislocation content in certain materials ranging from pure metals , to hi gh

st rength inulti phase engineering alloys . lioweveri one importan t note of caution mus t

be added to this optimistic conclusion. In all the alloy systems examined , the

power of positrons as sensitive probes for dislocations was unveiled conclusively

only because fairly detailed knowledge of the physical metallurgical aspects of the

nature of the dislocation substructure s in these alloy systems and the changes

the reof were known. For example , the data on 12 being constant irrespective of

strain level in Mar—M—200 monocrystals crept in the steady state region would be

baf f l ing  unless one had the prior knowledge from TEM or other means that the dis-

location substructure content in steady state creep regime is indeed expected to be

fairly constant. Similarly, the interesting variations in the 12 values in recovery

annealed pure aluminum strained to different levels would be totally inexplicable

unless one knew that dynamic recovery of dislocation substructure content occurs

in this system depending on the level of plastic strain . Thus, we have to em-

phasize the fact that the successful use of positron annihilation to probe for

dislocation content in an alloy system rests, in a fair measure , with the availability

of a general knowledge of the physical metal lurgical  aspects of any possible changes

in the nature of the dislocation substructure in that system.

We f ind that positrons , through the mean lifetime r , are reasonably

sensitive to the microstructural features in engineering alloys. For examp le , they

are able to detect grain size variations in a multip hase nickel—base superalloy

with and without grain boundary carbides , at least in the f ine grain size ranges.

Here again , the importance of the knowledge of the the rmal history the alloy was

subjected to and the formation of substructural features that may occur during such
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a thermal history which can strongly interact with the positrons is clearly seen.

The lack of sensitivi ty of positrons to grain siza changes in the larger grain

size range due to the presence of an appreciable number of quenched in vacancies

which are known to interact strongly wIth positrons is a very good example of this

situation. As far as precipitate states in engineering alloys (G.P. Zones, coherent

or incoherent precipitates in aluminum—based alloys) are concerned , again positrons

seem to be reasonably sensitive probes. Here again , the importance of the detailed

knowledge of the features of the precipitate states and the changes that occur on

the various thermal treatments not only in the precipitate state but also in the

content of other substructural features , (such as thermal vacancies and punched

out dislocation loops in the alloys studied), is clearly borne out.

Po sit rons seem to be onl y sensitive to those macroscopic surface

features in alloys whose format ion in some way affects the content of substructural

features such as dislocat ions or vacancies in the alloy. For example , there is no

appreciable d if f e r ence  in values of acetone rinsed and ultrasonically acetone

cleansed aluminum—based alloys. However , mechan ical polished or anodized surface

finishes in these alloys yield distinguishably d i f f e r e n t values of t , only because

these latter treatments introduce substructural features such as near surface dis-

locations or anodized oxide defects which interact markedly with positrons.

Similar conclusions also result in the titanium alloy and Fe—Cr—Al and Fe—C r—Al-?

oxidized at elevated temperatures . In a way, this insensitivi ty of pos it rons to

many of these macroscopic surface features in alloys is a blessing in disguise , since

such features as a surface oxide layer are invariably present in structural alloy.~

used in service at elevated temperatures and it is gratifying that the presence of

these features does not measurably alter the pos i t ron—mate r i a l  interaction character-

istics. This would allow us to use positrons to probe and follow substructural change s

in alloys at elevated temperatures , which might change the t values only by a small
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amount (see, for example , the annealing and aging data on aluminum and aluminum

base alloys) without hav ing to worry about comp lications due to a surface oxide

layer. Then again, the data where the macroscopic surface features do cause

measurabl e changes in the posi tron ann ihila tion charac teris tics , as in the mechanical

pol ishing f i n i s h , provide usefu l pointers as to what one should try to preclude when

one is interested in probing for the substructural and microstructural features.

The sensitivity of positrons to fracture—related macroscopic defects

seems to be again dependent on how the formation of these defects affects , If at all ,

the substructura l defect (dislocations or vacancies) content of the alloy probed.

Thus, for  examp le , positrons are not sensitive to large grain boundary voids present

in the microstructure of a wrought superalloy , wh ile gra in boundar y cracks formed in

the stress rupture tested superalloys , wn ich would indeed affect the alloy ’s dislo-

cat ion content , seem to be picked up by positron annihilation. Again , positrons are

sensitive to the macroscopically large plastic zones at the tip of fatigue cracks in

a titanium—base alloy only because of the markedl y h igher dislocatiai con tent expected

in that region as compared to the undeformed regions . The sensitivity to plastic zone~-.

is good to the extent that even indications of the anisotropy in their shape depending

on the y ield characteristics of the alloy studied are reflected in the positron life-

time data . The plastic zone sizes in the strong titanium alloy studied which is of

practical interest were small, since plas tic zone size vari es inversely as the sq uare

of the yield strength of the alloy . Hence , we do feel that a more detailed study in

a system with large plastic zone sizes (i.e., in a low strength alloy) would shed more

ligh t on this situation.

As a general conclusion, obviously, positron annihilation can be

ruled out for the detection of macroscopic defec ts , such as voids with a dimension

of IO~~ cm or up. This is evidently due to the fat that the diffusion length of
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the slow positrons inside the solid phase is roughly of the order of io
_6 

cm

which is much greater than lO~~ cm . Positron annihilation is sensitive to

microstructure changes and macroscopic changes with which microstructure changes

are associated .

There fore , pos i t ron  annih i la t ion  in gene ral , satisfies the first

three requirements to be a viable practical NDE tool. In addition , positron

annihilation should be a very valuable tool to assist other tools of physical

metallurgy in the study of various kinds of microstructural changes in metals.

In mee t ing the las t req ui reme n t , the me thod of posi tron life time measurement is

found to be relatively slow , at least several hours for one measurement . This may

be satisfactory for research purposes , but could be too slow for other applied

purposes, such as quality control.

This time duration can be reduced further , provided faster detectors

and electronics are available . How eve r , the development of them requires time and

investment. There is an alternative , however, the method of Doppler Broadening.

At present , the time required for one measurement by the method of Doppler Broadening

is several hours. It is possible to reduce this time to one hour or less.

VI. RECOMMENDATIONS

1. Positron annihilation can be used as a Non—Destructive Evaluation Tool for

detecting micro—defects or microstructure changes in certain engineering metallic

materials, which cannot be obtained by other NDE methods, such as the ones studied

by us. However, because very few engineering materials are pure crystals with very

few defects , the high sensitivity of positron annihilation to defects demands that
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prioré knowled ge of the phys ical metal lurg ical aspects of the nature of the

d~~t.~~cts or microstructure changes is required for the interpretation of the results .

Consequent ly, much more work is still needed to enrich our knowledge in this area.

2. The method of positron lifetime measurement is relatively slow, several

hours per measurement or more . Therefore , it is suitable for evaluation of micro

deft cts or Inicrostructure changes in eng ineering metallic materials where the time

element is not a serious drawback.

3. For testings where short time duration is required , because of the advant

of the methods pt Doppler B r o a d e n i n g ,  i t  is recommended to be an alternative

t echn ique . ~1or ~ work a long  th i s  a rea  is needed.

4. The use of positron annir~ilation as an NDE tool for detecting micro—defects

or microstructure changes i’i engineering materials othe r than metals , such as corn—

posites, e~ ramics , etc. should ~e explored.
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TABL E 2. Nominal chemical compositions of the aluminum -based

a lloys used in the presen t study (in wt .  pc t.) .

A LL OY Al Cu ri 9 Zn Cr Mn Z r Si

1100 99 M m .  0.12 Not Spec i f l e d

2024 93.5 4.4 1.5 - - 0.6 - -

7075 90.0 1.6 2.5 5.6 0.26 — - -

7050 88.4 2.6 2.3 6.5 0.01 0.01 0.10 0.06
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TACLE 4. PositrOn ~ean Life Times (in picosecs) in Various

Cornmerica l Al uminum Al l oys After Different S~rface

Treatments.

Acetone Mechanical Ultrasonic Chemi cal
Alloy Rinsing Polishing Cleaning Brightening Anodiztng

- in Acetone

1100-1U9 = - 215 ± I 
- 

- 243 ± 2

2024-0 — — 205 ± 1 - — . 221 ± 1

7075-0 - - 214 ± 1 
- 

— 230 ± 1

7075-16 - 214 ± 1 - 231 ± 2

7050-0 211 ± 1 228 ± 2 210 ± 1 212 ± 1 218 ± 2

7050_T6 : 223 ± 1 227 ± 2 216 ± I - 220 ± 1 237 ± 2

7050_T73* 221 ± 1 231 ± 2 219 ± 1 223 ± 1 230 ± 2

7050-T76 227 ± 1 227 ± 2- 218 ± 1 223 ± 1 230 ± 2

* -173: 477°C/20 m m ;  Water Quench ; 1210C/24 hrs; Air Cool ; 163°C/24 hrs.
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TABLE ‘. Positron Mean Life Times Measured at Room

Temperature in Fe-25Cr-4A1 and Fe-25Cr--4A1-O.2Y

Al loys Subjected to 1200°C Ox idation for . 
-

Different Lengths of Time. - -

Alloy Number of Hours ~ (picosecS)
at 1200°C 

-

Fe-Cr-Al 0 202 ± 2 
-

2. - - 186 ± 2

8 189±2

16 187±2

- 25 190±2

Fe-Cr-Al-Y 
- 

0 148 ± 2

2 150±2

10 146±2

I 

-

. 

- 

.
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TABLE 7. Short and Long Positron Lifetime Components (Ii and 12)

in Polycr.ystalline Nickel-Base Superalloy l-limonic-115

Stress Ruptured at 760°C and 82.4 ksi. 
-

Grain Boundary Position I
I 

12 %
Carbide of Source (picosec) (picosec)

Present Near Rupture 137 ± 5 284 ± 12 22.2 ± 6.0

Present Other End 139 ± 4 326 ± 20 12.8 ± 4.2

Absent Near Rupture 121 ± 5 268 ± 14 21.1 ± 4.6

Absent Other End 129 ± 5 304 ± 19 15.6 ± 4.5
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Figure 1: A Schematic of Positron Lifetime Measurement System.

~~~~~~IS~~~~~~~~~~~~~~~~~~~~~~~~~~~ oIN~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,

GATE

_ TAC j D] f T _ _ _

TO MCA

S — Positron source and sample

P — Scintillator NATON 136 111 x 1” 0
PM — Photomultiplier XPIO2O

DIS — Discriminator

D — D e l a y

T — Timing circuit

TAC — Time—to—amplitude converter

MCA — Multichannel analyser
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Fi gu r e 4 : A Schematic of a Dopp ler Broadenin g Measu rement System

S 
,_ _~~~~ 

-

c :
BA

- ADC
DS

— M

S — Sample

D — Detector

C — Cryostat (liquid nitrogen)

PA — Pre—ampliffer

MA — Main amplifier

BA — Biased amplifier

ADC — Analogue—to—di gital converter

M — Memory storage

DS — Digital Stabilizer

Highly stabilized power suppliers are required for whole system.
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Fig. 5. Replica electron niicrograph of the microstructure of Mar—M—200 used

in the present study showing the nearly cuboidal array of y~ Ni3 
(Al , Ti)

precipitates in a nickel rich solid solution matrix.’9
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0 10 20 30 40 50

TIME , Hours

Fig. 6a. Creep curve for Tnonocrystalline superalloy Mar—M—200

tested at 105 ksi and 76O0C. l7
~

l9 
Note the well de—

fined steady state region . The numerals identify the

specimens that were strained to the indicated extents

and later positron probed)5~~
7
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-

Fig. 7a. Stress—p lastic strain curve of the recovery

annealed 99.99% pure aluminum tested in tension.

The numerals identify the specimens that were

strained to the indicated extent and later

15—17positron probed.
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parallel to rolling direction or to transverse direction.)
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Figs. 26a through 26c. The three different ways in which the positron

source was mounted and traversed relative to the crack in the

positron probing experiments on the fracture mechanics speci-

mens (see insets) and the corresponding spat ial variations in

the measured positron mean lifetimes.
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