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ABSTRACT

The critfcai_papts (e]ectronicé in the base of the photomu?tip]iers)‘
pfithé eiebtronic§ haVe been.brought under tehperaturé control of Within
+ 0.15C thus minimizing drift prob]émé. In data analysis a computer
‘program is functidning in which there. are no fixed experimental parameters.
This permits much more écCﬁrafe r§sUTts.- Samples of pure Ni and a Ni - 66.5%

Co alloy have been fatigued~to failure. Positron lifetime and X-ray -

- particle size were measured at various fatigue lives and transmission

electrdn microscopy was performed after failure. Good corrélation waé
found between the three téchniques and_it appears fhat positron Tifetime
can be_uséd as an effeétive tbo] to study fatiguevmechanisms. It is a more
-sensftﬁve honjdestructive measurement than is X-ray particle sizg. It has
" been established thét grain boundaries make a distinct contribution to the
E positron lifetime. PSsitron lifetime increases with b]asfic tensile strain
in a manner dependent on initial grain size and in a manner coﬁsistent with
existing work hardenﬁhg‘theories.‘ There are indication§ that the po;itron
Tifetime may be sensitive to hydrogen embritt1ement or hydrogen assisfed
cracking (HAC).in steels. Experiments toAstudy lifetime changes during}

cyclic softening and cyclic hardening of AISI 4340 steel-are beginning.



I. INTRODUCTION

The iong range objective ot'this study continues to be the utilization
of measurements of tne distribution of.positron lifetimes to measure the
nature and,degree of damage in metals, whether the origin of the damage be
cyc]ie'erlmonatonic deformation, or irradiation. To reach this objective,

" it is essential to distinguish experimentaiiy between point defects, line

| defects, comp]exes of point defects and -other entities such as grain boun-
daries, stacking faults and voids. During 1973 proqress has been made in the
following areas: equipment ana1y51s, fatigue studies, grain size studies,

and hydrogen embrittiement studies.

IT. TECHNICAL REPORT

A. - Equipment -
. The new dataAacquisition system consisting of a Digital Equipment PDP-8
(small computer system), a~Nuc1ear Data 560 Analog to Digital Converter and
’ and ASR-33 te]etype is now comp]ete]y independent of the Scipp 1600 mu]ti- _
channei analyzer which' has been returned to the Phy51cs Department
Due to de51gn difficuities encountered in the analog to digitai converter,

”modifications were made with some" heip from the Nuclear Data Corporation
“With these modifications the ADC is now functioning well.

| Others who might wish to utilize a photomultipiier base using constant

fraetion timing, shou]d be alerted to the fact that an -inherent design



difficuity'exists. This difficulty, unforseen by the manufécturer, consists
of a discrimihator problem in the photomu]tip1fer bases  (controlled by the
‘discriminator control on the,timé pick offé). The.adjustment of the
,discrﬁmihatohs on the time pick offs causes the cross-over point to rige
above the base line. Thi§ drastiga]1y limits the uséfd]]nes; of the discrimi-.
nators. With.certain‘newly developed calibration steps, we can a11eviaté

part of this problem and obtain reproducib]e lifetime data.

B. Ana]xsis

A variety of computer pfogramming techniques have been evaluated in
order to optimize analysis of the experimental data. In fitting the data
the prompt resolution function must be unfolded and the number of exponen-
tial components detefmined.

The first program employed was the model of Lictenberger, et a].(]).
and proposed that the prompt resolution function could be unfolded and

approximated by a double-sided exponenﬁfa]. If a Gaussian roundfng at the
peék is ignored, a good approximafion is obtainéd.A In our analysis it was
found that ignoring the Gaussian_rouﬁding was unjustified since the most
important part of the prompt curVe is Wfthin 2 or 3 channels of the peak.

A second problem encountered in this program was that To (time zero) is a
constant in this program, Our research showed that T0 changed from run to
run and could not be fixed. As a-resd]t, we have modified the program to
make'T0 a floating parameter which is adjusted to give the best fit to

. the data. A good fit, however; was still not obtained due to the Gaussian .

rounding of the beak.



The L1ctenberger program was then replaced by the "Positronfit" model

(2),

proposed by K1rkeqaard and Eldrup This mode1 assumes that the lifetime

spectrum consists of a sum of exponential terms and that the prompt curve

is Gaussian. With the Gaussian rounding at the peak, this assumption seemed

to be more reasonable. In fact, the prompt and Gaussian curves with the
same FwHM.coincide to within 3% of the peak value, which are the 1mportant

pérfs of the prompt curve. In both programs discussed so far a techn1que

_due to Marquardt( ) is used which comb1nes, in an almost optional fashion,

the method of Gauss-Newton and the method of steepest descent.

The parameters fitted by this program are the annihiiation rates, xj;
channel number_equ%valent to time zero, To; intensities, Ioj/xj; and back-
ground, B. The background and the intensities are assumed linear whereas
time-zero and annihilation rates are non-linear. The FWHM of the apparatus
s an input bafameter to the program andAis determined by measuring tHe
co®0 spectrum. |

. The number of positrons annih11ating at rate Aj is assumed to be a

decaying exponential function::

I,.exp (-Ajt) t>T

§ Ij(t) ;
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where t is related to time by the channel number. The final result after

- folding Ij(t) With the Gaussian is:
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-Ih this model the FWHM of the apparatus is not inéluded as a fitting para-
meter. | . |

Iﬁ applying this program to our dtat it was found that the 1ifét{me
- which was obtained f}omAthié analysis depends strongly on the value of the
FWHM which is assuméd (see Fig. 1). Uéing this program, we have fit one set
‘of our data assuming varioﬁs values for FWHM. Values of the variance of
fit 52 and the lifetime T obtained in,this way are shown on Figure 1. Note
. that the lifetime which is 6btained depends stfongly on the value of FWHM
‘whjch is assumed in the analysis. _As a fesu]t the initial determination
of the‘FWHM is very critica];Aany fTuétuations in thé e]eétronic noise or
cher parameters of the apparatus which change the FWHM of the épparatug'

will cause large errors in the{]ifetime data. Even with good(temperature

control (< + 2°F), fluctuations of + 10 psecs in the FWHM occurred during

<4



spcceséive runs in the equipment. These fluctuations caused the 1ifetimes
to vary.depending on the value of the FWHM used in the . analysis.
| With these difficulties in mind the solution seemed to point to a modi-
fication of Positronfit that would include FWHM as a hon-]iﬁear fitting
parameterg,.Upon completion of this.aitekation T0 and FWHM were found to be
éfrong]y.depehdenf on one anothgr. This strong dependencey caused Marquart's
algorithm to be inadequate to reso1ve all of the parameters. The net result
was that although all of the parameters were'fitted, fhe results were
dependent upon the initial approximated values of the parameters introduced
into the program. The mbdified program was simply not adequate to solve
tﬁis problem. | |
It was then ascertained that a gdod fit depended on the initiai approxi-
matidn of FWHM.. Therefore, when. the value of FWHM was approximéted correctly
“the best fit between the original and fitted spectrum were obtained. Fits
were measured by ¢min'(Marquart's parametér) or Variance of Fit (Kiregaard

and Eldrup) the later being directly related to ¢ Marquart's barameter

min®
¢ is:

6 =Zw1- .(yi - f(b.)>2'

’

with f(b) representing the count rate in channel no. i predicted by the
model. Y. is the number of counts in channel no. i. The weighting factor
W, is taken as 1/yi; ¢m1n is the smallest value of ¢ found by adjusting

the parameters of the model, b. The Variance of Fit is defined as:




s

n is-the number of channels analyzed and kfree

where q = ﬁ - Kepee:
the number of‘estjmated free intensities and lifetimes in the parameter
véétor b. Siﬁce it was not possible to get a reliable fit of the theory |
.to the experimental data when FWHM was one of the fitting parameters in

tﬁe Marquérdt fitting rbutine, we have uéed the fol]owing'proégdure. We
calculate the variance of fit Szlfor a number of va]ues.of FWHM using the
original Positronfit program which takes FWHM as a fixed 1hbut parameter.

We then pick the value of FWHM which gives a minimum for Sz.' This search
procedure is done én the computer by a standard one-dimensional minimization

routine based on the Fibonacci numbers(4)” The fina1<va1ue'ofAFwHM is
2

obtained by fitting a pérabo]a to the three values of S

vs FWHM which

~are closest to the minimum. Once this value of FWHM is obtained, a fit

is done using this minimizing FWHM’ahd values for Tb and the posftron Tifetimes
&re obtained. '

This modified program has been cohp]eted and does a much better job of
analyzing the data. A further advantage of this program is that there are
nd'fixed paramefers in the analysis and the results are independent of the
initial inpﬁt. To our know]edgé this is the only progrém'in the field where

there are no fixed experimental parameters in the analysis.

C. Fatique Studies in Ni and a Ni - Co Alloy

_ Introdhction
Recently it'has been established that vacancies and dislocations in-
- crease the ' lifetime of a positron in-a deformed metal (5'8). For example, a

"~ charge redistribution and a consequent electric dipole are created by the.



strain field which occurs around an edge dis]ocation(g). The negafive'part
of the}dipole rep;]s electrons and has an attracfion for the positron. As
shown by Brown(10) there is a redistrisution of conduction electrons at the
core of -a dislocation. Due to this redistribution and attfactibn to the
positron a bound state may be formed between the positron énd dislocation
core, thus increasing the mean posifron lifetime.

Adamenko, et a1.(]]) perfdrmed experiments on the angular correlation
Aof the photons from positron annihilation in deformed nickel alloys. .These'
researcﬁers found a change of the angular distribution curve from the annealed
‘ td the highly deformed state. This change suggeéted that, in the highly de-
formed state, annihilations occur when the.positron is in the core of the

(12) performed positron experiments on

dislocation. Grosskreutz and Millet
fatigued Al and Cu at room temperature. After fatiguing; these investigators
found anincrease in the méan lifetime of 54 and 82 péec'for Al and Cu,
'respective1y. It was concluded that the enhancement in the lifetime had

its origin in the dislocation nétwork,

.The'current research is aimed at developing a‘procedure whereby positron
annihi]atidn may be used as a completely nondestructive .method for detecting
‘ear1y fatigue:dahage. X-ray 1line broadening analysis and transmission electron
microscdpy have also been used to characterize fatigue damage in Ni and a
33.5% Nf - 66.5% Co alloy. |
| In the Fourier analysis of X-ray 1inevbroadening(]3), the Structﬁré of
cold4worked metals is described in terms of stiall coherént]y diffracting
“domains within which tHere.may be microstrains.. The partic]gAsize and micro-
strain are closely re]ated:to the dislocation'density aﬁd arrangement(]4)
and,hencelare of interest in connection with the current positron annihilation

results,



Experimental Procedure_

The pure nickel and the nickel-cobalt e11oy used in this research were
‘obtaihed from the International Nicke1 Company Nickel (99.99 + % purity)
and a binary 33.5% Ni - 66.5% Co alloy were mach1ned 1nto constant stress
p]ane bending fatique specimens. These samples were annealed in argon at
- .600°C for one houp and furnace cooled to give grain sizes of 1.1 x 10'3 inches
and 7.3 x 10'5 inches for the Ni and the 33.5% Ni - 66.5% Co alloy, respective-
ly. A Sontag SF-2-U fatigue machine with a fixeq frequency of 1800 epp was
employed for cyc]ing. A1l specimens were electropplished after annealing with |
a Bollman solution. Both samples were fatigued at a miximum bending stress
of 45 ksi. :

The positronflifetime deta were apalyzed as-discussed in Section 3.

The data were corrected for a linear background,1evel and for anpihi1a-
tion timeS‘apprppriate for both the annihilations in the mylar and active
‘sodium salt. Fatigue speCimens were measured fop 20.0 hours and had approxi-
mate1y 7.5 x 105 coincident events accumlated dur1ng this tJme The fitted

3

background to peak height ratio was 7.5 x 10 counts.

A1l X-ray measurements were performed with a G.E. XRD-5 unit as described

(]4). After fatiguing the specimens a specified amount ,

in an earlier paper
positron annihilation and X-ray data were taken. The same procedure was
repeated a various intervals until the specimen fractured.

The Warren-Averbach Fourier ana]ys1s( 3) was used for the comparison )
of the X-ray peaks in the standard annealed condition tp that of the fatigped

(15)

condition.. A computer program by DeAnge11s was used for calculating the

Stokes -corrected Fourier coeff1c1ents_of the broadened K, profile. From



theseAprofiles the particle size and root mean square microstrains were ob-

(]3) derivation.

| - tained accord1ng to Warren's
‘Transmission electron microscopy (TEM) specimens were taken from the:

max mum stress surface region. Both electropolishing and.jet pe1ishing
techniques were used to thin the materia]. A11 foil specimens were examined
| with an RCA EM-U 3 6T electron m1croscope

Resu]ts

The major part of the fatigue damage in cyclic bending is concentrated
in regions cToSe-to the surface of the specimen where bending stresses are
gkeatest. In the present case the deformation was plastic and thus the
principal defects are dislocations. At 295°K when the density of vacancies
is in thermal equilibrium, the number of vacancies is so small that their
- contribution to the positron Tifetimes is negligible(]s). Grosskreutz and

Mi1tet(12)

also concluded for copper and aluminum that the observed enhance-
ment in lifetime had its origin in the dislocation network and not in vacancies
~induced during fatigue. Crack 1n1t1at1on and first stage crack propagat1on
generally occur in the specimen- surface, and since most of the positrons
annihilate near the surface, measurements of annihilation times should be.

‘a valuable non-destructive method for studyinq'fatigue damage.

The pos1tron 11fet1mes were found to have large changes dur1ng the
initial cyc11ng stages of both the Ni and Ni - 66.5% Co as can be seen from
F1gures 2 and 3, respect1ve1y. The mean positron 1ifetime increased with
incfeasing number of cycles until saturation. As was mentioned ear]ier-this

'.indicates that positrons.are being trapped in the defects of the sample,

-where the traps cause‘the pdsitron lifetime to increase. It might be noted

that the zere deformation lifetimes of the Ni and the Ni-Co alloy are



different bye1e§s than 10rbsec This in itself is an 1mportant finding
because 1t 1nd1cates that stack1ng faults are not very strong trapp1ng s1tes
for pos1trons ‘ '.‘

-~ The total change of the mean lifetime was 86 psec for pure Ni and 93
| psec for the N1 Co alloy. The d1fference in the fatigue 11fe noted in
Figures 2 and 3 between Ni and the N1 Co alloy, respect1ve1y, is largely
attr1butab1e to the change 1in stacking fault energy (SFE). The 1mportance
~of the SFE is due to the importance of d1s1ocat1on cross slip. The bas1c
idea concern1nq the effect of SFE on fatigue 1ife is that a low SFE material,
the N1 Co. a]]oy, perm1ts a wider separat1on of part1a1 dislocations than a
high SFE material, pure Ni. In the case of the 33.5% Ni - 66.5% Co alloy it
is then harder to force the two partial d1s]ocat1on together to perm1t cross
sTip of the d1s]ocat1on. Accord1ng to Backofen, et al. [(17,18) the stacking
fault energy influences the fatigue 1ife more than the yield strenqth of the
material. . ' A

In the Ni and Ni.- 66.5% Co alloy specimens, the slope of the curve of

lTifetime vs number-of-cycles changed drastically approximately at 7000 and
22,800 cycles, respectively (Figures 2 and 3).' This saturation occurred
after apprdximaté]y'77 of the total fatigue life in both samples. In angd]ar
correlation studies of Fe co]d rolled at room temperature Snead, et al. (19)
found a. tendency toward saturation of the angular corre]at1on curve between
‘8 and 16% reduction of thickness. These investigators also noted the rate
of increase in the curyes to be approximately 1tnear up td deformation of 8%.
Saturation effects have also been observed in p]astically deformed Ni(zo).
In this'study it was found that the angular correlation for Ni deformed 45%

was nearly identical to that for Ni deformed 16%.

-10-



We w111 now descr1be the TEM structures in the max1mum~stress'surfaces
for our Ni and Ni - 66.5% Co alloy spec1mens After fracture in Ni, the
density of djslocatjons is higher and bands composed of elongated rectangular
eells are found. The size_of these cells is approximately 2000 A long by
1000 A wide. This is approximately equal to the cell size obtained from
the X-ray measurements by Mo]]zand Ogi]vie(Z]) for Ni fatiqued at the same
stress level on the same type of fatigue machine. ' ,

After fatigue failure in the 66.5% Co a1ﬁoy a much higher dislocation
density relative to the annealed condition’waS'again ebserved and cells
close to 500 A in diameter were found, which value again is close to the .
X-ray particle size (approximately 460 A) in this material at fracture.

In the X-ray line broadening etudy, the partic]e size‘in the <111>
direction in the Ni - 66.5% Co (Figure 4) decreased from 1600 A at 10,000
cycles to 440 A at 400,000 cycles (prior to fracture). In the <100> direc-
tion the particle size decreased from 800 A to 480 A as shown in Figure 5.

The root mean square strain normal to the reflection planes were also
measured in the Ni - 66.5% alloy (Figure 6). The mean square microstrains
<e2> were independent of the crystallographic orientation. As shown by
Williamson and Sma]]man(zz) and Smallman and Westmacott(23) the d1s]ocat1on
dens1ty can be calculated in terms of the particle size and microstrain
" measured by X- ray analysis. In the absence of extensive p11e-ups or poly-
gon1zat1on the dislocation density p is given by:

2. 1/2

=2V3 <e™>
‘ Db

-11-



where <c2> is.the mean squared‘microstrafh, D is the particle size and b
~is the magnitude‘of the typical f.c.c. Burgers vector. Figure 7 shows
how the dis1dcation»density; calculated by the above relationship, varies

as a function of fatigue.

CONCLUSIONS

1. The X- -ray particle size and the mean pos1tron 11fet1me both change
- rapidly early in the fatigue process. Thus, it appears that pos1tron
ann1h11at1on lifetime data can be used as an effective tool for study1ng
early fat1que damage. Since the intensity of defect trapp1ng, Id’ is ‘direct-
1y proportional to the defect concentrat1on the researcher may use pos1tron
ann1h11at1on as a non-destructive method for estimating d1s]ocat1on dens1ty
before Id saturates | |

2. It was noted both in Ni and the Ni-Co a11oy that the positron
Tifetime saturated.earlier than did the X-ray particle size. However,
it seems significant that hoth parameters saturate much sooner in Ni
- than in the Ni-Co.alloy. This suggests that the defect density'builds up
more rapidly in the higher SFE matehials, as would be expected.

3. A limiting X-ray particle size, independent of crysta]]ograph1c
'd1rect1on ‘was reached during fat1gue The Timiting particle size, how- -
ever was approached more rap1d1y along the <111> direction than along
the <100> d1rect1on in the Ni - 66.5% Co alloy. 4

4.  The. mean positron 11fet1me saturated earlier than did the X- ray

particle size or calculated d1s]ocat1on dens1ty

-12-



5. ‘At fracture, agreement was found between the cell size observed
‘A1n TEM and the X-ray part1c1e size to w1th1n a factor of two.
- 6. Most of the cracks were 1n1t1ated a]onq grain boundar1es in the
.N1 - 66 5% Co alloy; in the Ni, most cracks 1n1t1ated a1ong s]1p bands
w1th1n the qra1ns |

A paper descr1b1ng this work has been prepared and submitted for

'pub11cat1on in the Journal of App11ed Phys1cs

D.  Grain Size Effects in Cu

Introduction

Since.grain size determines in 1arge.measure'work harden1ng, it is

- important to study the positron- gra1n boundary 1nteract1on before and during
deformat1on. The only Titerature c1tat1on concern1ng the ex1stance of a
gra1n boundary - pos1tron 1nteract1on 1s a brief mention by Weisberg and

,(24) that d1fferent lifetimes were noted for s1ngle crysta]s and

Berko
po1ycrystals of Fe and Be. Th1s was aimed at measuring the pos1tron 11fet1me
in Cu specimens of different gra1n sizes before and after 1ncreas1nq amounts
of tens11e strain. |

Experimenta] Procedure

Flat tens1]e spec1mens 1.3 mm th1ck were mach1ned from 99 999 + % Cu
which had been un1d1rect1ona11y cold ro11ed 90. 7% Spec1mens were annealed
for times of 1, 5, 25 and 30 m1nutes at 600°C in an Ar atmosphere and s]ow]y
.cooled to amb1ent temperature in Ar The resu1t1nq recrysta111zed grain
»d1ameters were 3.3, 169 264, and 309 yu, respect1ve1y The positron 1ife-
~ time a]so was determined for a Cu single crystal of the same purity as the
' po1ycrystals Positron 11fet1me data were gathered and ana]yzed as descr1bed'

earlier in the current report. Tensile deformation was applied with an

13-



Instron nachine at a strain rate of 0.0125 min!.
Results | '
Early data were reported in Table 1 of €00 AT(11-1)-2128-3, howeven
<add1t1ona1 and more accurate va1ues are shown in the current Table 1.
These new va1ues are a result of the new computer analysis of the data.
Clearly grain boundar1es act as trapp1nq sites for postrons, increasing
the mean positron 11fet1me.- ‘
~ The behavior of the positron 1ifetimes of the 169, 264, and 309 u grain
sizes was in accordance witn_existing-work hardening theories in which the
dis1ocation density increases more rapidiy the smaller the grain size, since
for a given tota] strain a smal]er grain size should experience more dis-.
location generat1on and interaction with consequent 1ncreased positron trapping.
-Thus in Figure 8 the mean 11fet1me 1ncreased with 1ncreas1nq tensile strain.
Saturation begins at a concentration dependent “upon the grain size; the
169, 264, and 309 u grain size materials saturated at approximately 10, 14,

15%, respectively. These results are similar to Kusmiss, et al. (5) where
saturat1on occurred somewhere between 8 and 16% deformat1on of Pt. To

make sure that no large voids were be1ng produced during tens11e deformat1on
all the Cu spec1mens were given a radiographic examination at the facility
of the Universidad Central de Venezuela. No indication of voids was seen.
S1nce trapping at- d1s]ocat1ons should be similar to that at vacancies,
the trapping models of Bergensen and Scott(zs), Connors and West(26), and

(27) should be app11cab1e. In the trapping mode]s two lifetimes

Seeger
are expected one for perfect mater1a1, Tes and one for trapp1nq, Tys which
do appear- at strains before saturat1on Table 2 shows the intensity in per-

cent of the two lifetimes as a functiOn of strain in the 264 p grain size Cu.

-14-



Table 1*

Effect of Grain Size on
" Positron Lifetime in 99.999% Copper

Average Grain Size R Mean Lifetime Ty : Treatment
W - (psec) |
- .
A Sing]e Crystal : 157 : Melt Grown
309 : . 162 o Cold rolled 90.7%,

“Annealed 30 min. at 600°C

264 . 164 Cold rolled 90.7%,
' Annea]ed 25 min. at 600°C

169 173 Cold volled 90.7%,
‘ : Annealed 5 min. at 620°C

59 ‘ ' 166 Cold rolled 90.7%,
o ' Annealed 15 min. at 600°C

40 170 o Cold rolled 90.7%,
: ’ Annealed 7 min. at 600°C

26 ‘ 174 ' Cold rolled 90.7%,
' : : Annealed 3.5 min. at 600°C

3 . - 176 - Cold rolled 90.7%,
: : - Annealed 1 min., at 600°C

- *Since C00 AT(11-1)-2128-3 and C00 AT(]]—])-2128-4 previously reported data

'haVe-been reanalyzed using‘thé new'program and new grain size data added.

-15- .




'-9[-

Table. 2

Percents of Positron Annihilations in the Lattice (t¢) and at Defects (y) for
' ‘ the 264 p Grain Size Material

% Strain

0 5 10 15 20 40
Intensity T, 9%.3  71.2 31.0 4.4 0 1.
Standard Deviation T, 2.0 2.57° 2.45 2.2 2.8 2.4
Intensity T, | 3.7 28.8 ©  69.0 95.6 100.0 98.9
Standard Deviation Ty 5.27 5.05 ' 4.151 4.18 3.53" 4.12 f
Variance of Fit 930 1.029  1.362 ‘1'.029 129 1.508




These intensities have been cdrrected for the annihi]atibns in the active
sodinm salt and the mylar of the pesitron source. The positron lifetime in
the strain free Jattice, rf, was found to be 157 psec in the single crystal
) and the trapped positron lifetime, Ty s Was 230 psec in the 40% deformed sample.
This assumes that for Te there are essentially no trapped positrons in
the_sing]e crystal and for Ty that essentially all of the-bositrons are
" trapped at saturation. ‘Then Te andvrt were considered fixed and:the inten-
sities were taken as floating parameters.

| The variance of fit improved trom er was equal to that of the analysis
bbf section (B) where only a single 1ifetime - the mean Tifetime was used.
This suggests that the present trapping models are applicable.

In the preéent case of plastic deformation, the principal defects are

dislocations. As shown by Kuribayashi, et a].(28)

, excess concentrations of
vacancies intcopper above the saturation produced by the non-consenvative
~ motion of jogs of dislocations had a small effect”on the angular correlation
of pOsttron annihilations. Grosskreutz and M111et(12) a1so concluded for
copper that the observed enhancement in lifetime had its origin in the
disTocation network and not in vacancies.

| The changeiin}mean positron lifetime withAgnain size indicates that,
when researchers using polycrystalline specimens attempt to determine vacancy-

formation energy, by the present trapping mode1s (25+26)

» the effects of grain
| diameter should be‘inc1uded.. Further, if grain growth occurs, the change
in total grain boundary area should be considered. This would only be needed

for higher accuracy since the effects on the lifetime data would be small.
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. With the 3.3 u grain size sahb]e, the behavior duking straining was
found to be anomalous to any exiSting theories. The positron 1ifetime in
_this sample did not reach 230 psec until approximately 42% strain, near

fracture. The only exp]anation that can}be presented at this writing is that

a the stra1n was not homogenous, or small amounts of grain boundary sliding

occurred dur1nq stra1n1ng If grain boundar sliding did occur, th1s will
.keep the-dislocation density at a mueh Tower Tevel than is expected for .
specific strains. Since grain boundar sliding should not occur at room
temperature even with this sma11‘graih size, the first exp]anation seems more

reasonable.

-E. ~ Hydrogen Embrittlement

Introduction

Since a rather Targe section (pgs. 19-34) of C00 AT(1101)-2128-4 "Final
Progress Report 1/1/72 - 12/31/72" presented f1nd1ngs on hydrogen embr1tt1e-
ment since. The issuance of Co0 AT(11-1)- 2128-3, "Technical Progress Report"
dated September 1972, we would 11ke to take the liberty of not repeating
those ftndings here, but Eather simply call attention to their 1dcation.

. A series. of experimehts*, soon te be described, were performed during

the period'of‘January.through April 1973. The purpose of these tests was to:

(1) Determine the realtionship of hardness to positron 1ifetime.
(2) Substantiate.the effect of absorbed hydrogen on positron

lifetime noted during the October 1972 tests and determine
how hardness level affects this re]at1onsh1p

-18-
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(3)° Determine the.effect of cold work on positron lifetime and
relate any changes to those as a result of absorbed hydro- .
gen. : :

(4) - Further delineate. the effect of cadmium thickness on the -
surface of a steel specimen.

Experimental Procedure

- Except for reruns of HEP specimens s #1 and #26.from'the October 1972
‘series all specimens in the current series were AISI 4340, Flat tensile
$pecimens were mééhined from a 6" x 6" bar so that the broad sides of the
specimens were perpendicular to the direction of rolling. This resu]ts.in
the longest dimension of the grafns being perpendiéu]ar'to the surface
against which the positfon éource is placed. Spéctrochemical énd carbon
analyses were performed. |

- "Specimen Preparation

The steel specimens were tested in four different heat treatment condi-
tions and before and after various stages of embritt]ement,‘p1ating, stripping
and straining as summarized below.

a. Heat Treatment.

The four different heat treated conditions used were: (1) annealed
(Rb 90.5), (2) Rc 37, (3) Rc 43, and (4) Rc 49.5 to 51. The annealed samples
correspond to the steel in the condition as receiVéd.. The three remaining
hardnesses weré obtained by heating the machined sbecimens to 1550°F for one
hour in aﬁ‘endothermic atmospheré with a dew point of 52°F. They were then
‘quenched in 0il1 and subjected to two one hour tempers to yield the appropriate
hérdness given above. Metallographic examination of a cross section revealed
decarbur%zation extending to less than 0.001" depth.

'b.  Electropolishing.

In order to remove any distorted -Tayer from machining or decarburization
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approximately 0.005" per surface was electrochemically removed from the re-
duced section. | |

A11 4340 stée1 specimens except those used in tests IOO through 109 .
‘_‘were baked‘at 375 to 450°F for 24 ‘hours subsequent to electropolishing to
© insure removal of any hydrogen effects. Thfs was performed in .an argon
atmosphere to prevent oxidation and minimize diéco]oration.

d. Embrittlement.

Sepcimensvdesignated as "embrittled" were subjected to an electro-
lytic bath for 100 minutes during which the specimen was the cathode. The
electrolyte consisted of IN H2504 with 0.2 grams A5203 per liter added as
a poison. A current density of 0.1 smps/cm was applied.

~e. Plating.
| Some specimens were given a brighf, embrittling cadmium plate -
approximately 0.0003" thick without‘subjeéting thém'to a special embrittling
process while others were plated immediateiy after embrittling as described
above. |
f. Strigging.

~The cadmium was removed by 1mmers1ng the sample in a 10% by weight
ammonium n1trate aqueous ‘solution for approx1mate1y 7 minutes at about 130 F.
Th1s was fo]]owed by rinsing with d1st111ed water

| g. Stra1n1ng.
The flat tensile specimens which were subJected to plastic e]onga-

tion over a one inch gage length in an Instron tensile machine.

~ -20-



Positron Lifetime Results

.a.  Hardness vs. Positron Lifetime.

Figure 9 shows the.re1at10nship of‘]ifetiheAfo hardness. The
annealed specimens yielded hardness va]des'of RB'90.5~or RC 7. The circles
correspond .to specimens prepared by bakihg after electropolishing, while the
"x'es" cdrrespond to specimens where the baking was ommitted.

H There is a definite‘trend fdr positron 1ifetime to increase with
'hardﬁess although it is also apparent that‘baking has no consistent effect.

It is interesting that the Hardness and lifetime decrease as
tempering proceeds. Tﬁis implies that the decreasing density of Tine and
" point Qefects is more of a controlling factor than is the 1ncfeasing volume
~ fraction of carbide precipitafés during tempering. Anqther possible interpre-
tation is that carbides provide sites for rapid annihilation.

b. Hydrogen Embrittlement.

Figures 10a through 10d show the relationship of positron 1lifetime
to e]ectrbchemica] processing. Here again definife trends are noted despite
considerable variation. In all four hardness levels p1ating're$u1ted in an
increase in .positron lifetime over the bare condition. Stripping the
" cadmium from the specimen resu]ted in a decrease in 1i%etime but the 1ife-
time was still in excess of thét prior to plating. For example, the arithmetic
average of the annealed specimens increased 15 psec'upon plating and rémained
14 psécs above the starting point eyen'after.strippingﬂ The Rc 37 specimens
increased 24 psecs upon stripping but remained 12 psecs above the starfing
Tevel upon stribping.

_ The arithmetic average of the Rc 43 specimené increased 17 psecs upon
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plating but still remained 12 psecs above the starting pbint upon stripping.
A lesser number of tests were run on specimens in the Rc 49.5 - 51 hardness
range so reéu]ts are not as reliable. Even so, the positron 1ifetime in-
cfeased 31 psecs upon plating and still remained 9 psecs above the startiﬁg
leyellafter stripping. There was no dfscernab]e-increase in 1ifetime as a
~result of embrittleing prior to p1ating, as opposed to plating only, even
though actual cracking resulted in the higher hardness levels as a result of
the embritt1ement.treatment.

c. Relationship of Cold Work and Positron Lifetime.

As seen in Figure 11, there is a. definite trend between bositron
lifetime and tensile strain. Upon initial straining of soft spécimens the
positron lifetime increases very rapid]y‘and reaches a maximum around 3%
elongation. It then 1evé1s off or even drops slightly. The harder materials
- generally exhibit a‘higher starting lifetime but a more gradual rate of. in-
crease of Tifetime with strain.

Thé above results sugggst that vacancieé“and/or dislocations may
be near the saturation level in the higher strehgth level specimens. As
related to the effect of the embrittlement treatmehf it may suggest the reason
for the cracking of tHe hfgh strength steel specimens.

d. Effect of -Cadmium on Surface.

Results of tests with two thicknesses of cadmium interposed between
) sodrce and specimen indicate an increase in lifetime with increased thicknegs{

Except for possible surface effects, this increase in Tifetime is probably due
to the higher proportidn of positrons which are trapbed in thé cadmium and the |

inherently longér Tifetime associated with cadmium.
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Other Activities on Contract

1.

10.

11.

. A manuscr%pt'describing the Ni and Ni-Co fatigue results has been

submitted to the Journal of Applied Physics.

A short note on trapping of'posjtrons at stacking faults is in
preparatiqn. ' '

. A paper on grain size effects in connection with deformation
+ . of copper is in preparation.

‘ University support for an M.T.S. fatigue testing system is expected.

This will greatly assist our fatigue studies.

Independent support for the purchase of angular correlation equip-
ment is being sought. This would greatly amplify our capacity
to study various defects. o

‘This group is to prepare a review article on positron annihilation

for the series "Treatise on Materials Science and Technology" -
early in 1974, B ,

Experiments are beginning of the fatigue hardening and fatigue
softening of 4340 steel.

Some preliminary results on fatigue in AL have been gathered.

Discussions and planning have begun with the linear écce]erator
staff at the University of Utah in order to examine positron anni-
hilation at voids. '

Arrangements have been made with Oak Ridge N. L. to obtain carefully
made alloys of AL plus from 2 ppm to 60 ppm Au in order to look at'.
salute effects both in grain boundaries and within grains.

Dr. G. Miller (Materials Science and Engineering Division and Physics
Department) has been participating in theoretical studies within

the group over the summer. This is to put us in a better position.
to analyze current resilts and also to look ahead to the possibility

of angular correlation work and void studies.
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10.
1.

12.
13.

14,
15,
16.

17.
18.
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Typical appearance of the variance of fit and the primary
lifetime of the positron annihilation experiment plotted
as a function of the FWHM assumed in the data analysis.

The mean positron lifetime of pure Ni p?ofted as a function
of cyclic deformation of 45 ksi.

The mean positron 1lifetime of Ni - 66.5% Co plotted as a

~ function of cyclic deformation at 45 ksi.

X-ray particle size D<]]]> of Ni - 66.5% Co as a function of
fatigue life.

X-ray particle size D 1005 ovaj.- 66.5% Co as a function of‘.

fatigue life. ) :

Root'mean square average microstrain a]dng the <111> direc-
tion at various depths perpendicular to the diffracting planes

for the 66.5% Co-alloy during fatigue at 45 ksi. From top

curve down, the depths are 60, 80, 100 and 120 A, respectively.

The correlation between calculated dislocation density and
fatigue damage for Ni - 66.5% Co. . -

Positron lifetime versus tensile strain for copper specimens
of various grain sizes. ;

Positron lifetime versus hardness for AISI 4340 steel.

Positron lifetime as a function fo electrochemical processing
of 4340 steel. :
a. annealed (Hardness = Rc 7)
b. Hardness = Rc 37
c. Hardness = Rc 43
d. Hardness = Rc 49.5/51

Posifron lifetime versus tensile strain for 4340 steel for
materials .of initial hardnesses of Rc 7, Rc 37, Rc 43 and

~ Rc 49.5/51. , -
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II1. Time Information on Principal Investigator -

‘ :The principa] investigator, Dr. J. G. Byrhe,‘has spént three months.
full.time dﬁrinq the'summer of 1973 on this research. During the 1972-1973
academ1c year, he spent the equ1va1ent of one month fu]] time on this research
wh11e at the Universidad Central de Venezuela. Dr. Ro1and Ure, acting
pr1nc1pa1 investigator during the 1972—1973 academic year, spent one month

full time during that academic year (at no cost to AEC).
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