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INTRODUCTION 

The on-going research projects or, a) The effect of neu-
tron-produced damage on the dislocation kinetics in b.c.c. metals 
and their alloys, and b) The effect of He*3 on the deformation 
characteristic of b.c.c. metals and their alloys have produced 
results during the past year. 

In the summary which follows these results are briefly 
discussed. The appendixes contain longer discussions of the re-
sults obtained. 
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SUMMARY 
A. The Synergistic Effect of Neutron Damage and Imparity 

Interstitials. 
Prom an investigation of the vanadium-oxygen alloy system 

it was shown that there were essentially three distinct effects 
due to neutron irradiation. First., if the oxygen content was 
low, i.e. <10 at-ppm, there was a large positive increase in 
AT* (AT* » T*, where T # I R R i« the effective stress of *he irrad-
iated samples and T* is the effective stress of the non-irradia-
ted sample). Second, in the intermediate range of oxygen concen-
tration ( 2 0 0 - 8 0 0 at-ppm) A T * was negative. Third, if the oxygen 
content was large At* was » zero. 

It was proposed that an investigation of the niobicm-oxygen 
system he undertaken to determine if similar results would be 
obtained. It was also felt that the niobium-oxygen system could 
be examined more throughly, due to the feet that it was assumed 
that it would be aaaier to produce samples. 

The preliminary results obtained from high purity samples 
have bean .sported previously.11* After generating these pre-
liminary results and solving the problems of producing a batch 
of samples (-60 samples) of a given oxygen content the synergis-
tic affect of the neutron damage and an intermediate oxygen 
content on T*irr *nd AT* was investigated. (The process for 
producing samplas is given in part G). 

Pig. 1 ia plot of tha yield straaa vs temperature of non-
irradiated niobium oxygen alloys. The rasults can be apparently 
dlvidad into two groupa, i.a. tha low oxygen alloys and tha non-
low oxygen alloys. This aharp distinction may simply be to a lack 
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of data in the 400 at-ppm range. (This lack of data will be 
discussed in part B.) 

If Pig. 2, 3f and 4 are compared, it is noted that several 
changes occur as the oxygen content is increased. The increase 
in the yield stress due to irradiation in the athermal region 
(where ty is not a function of temperature) increase with 
increasing oxygen content. The change in the yield stress at 
77*K is not uniform; AT* is positive for low oxygen content 
samples, is - zero for lighter oxygen content samples and is 
negative for still higher oxygen content samples. The changes 
in the yield stress at low temperatures are graphically shown 
in Pig. 5 and 6. similar to results obtained from vanadium 
At* is positive for small oxygen concentrations and AT* becomes 
negative for longer concentrations. However, the range where 
At* i» negative is a higher oxygen content in niobium than in 
vanadium. At present there is no obvious explanation as to 
why a larger oxygen content is required. 

h transmission microscopy investigation indicates that 
density defects increases as the oxgyen content increases. 
(Piq. 7,8,9). The increase in density with increasing oxygen 
content is consistent with the idea that the oxygen atoms act 
as nucleation sites. Also as reported before*2' there nay be 
correlation between the increase in the athermal yield stress 
and the defect density, but there is no correlation between 
AT* and the defect density. 
B. Results from Single Crystal Rod numbers 265 and 267. 

The purpose of the following brief discussion concerning 



results obtained from samples from single crystal rods; numbered 
265 and 267 is several-fold/ but the primary purpose is to point 
out some of the difficulties associated with neutron irradiation 
investigations. 

In Pig.10 are the results of a series of compression tests 
at 77 and 300°K of irradiated and non-irradiated samples. Upon 
examining these results the ijuestion arose as to why in the case 
of 265 there was a 28 kg/mm increase in the yield stress at 
77°K due neutron irradiation/ whereas, in the case of 267 there 
was only a increase in the yield stress of 77°K. The 
method used in the preparation of these samples for testing and 
irradiation was the result of a large amount preliminary testing 
It has been previously reported that we were successful in gas 
phase charging of single sections (6-10 cm long) of single 
crystal and within our electron beam zone melter (EBZM). How-
ever, we could only charge one section at a time (due to a 
problem of non-uniformity of the temperature of the different 
sections). Prom one section it is possible to obtain ~6 samples 
and *60 samples of a given oxygen concentration are required. 
It was subsequently determined that the reproducibility from 
section to section was not sufficient by gas phase changing in 
the EBZM. 

After a series of negotiations with Dr. R. E. Reed of 
ORNL he agreed to gas phase charge a group of sections for us, 
with his induction unit it was possible to obtain a uniform 
temperature on 6 sections. However, it was more convenient for 
him to do a number of sections at a tine, so we sent him 18 
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sections. Each section requires ~18 man hours of time to pre-
pare, and the total time for when the polycrystalline rod is 
first loaded into the EBZM for decarbonization to when the 
section is finally ground and etched is -2 weehs. Table I is 
a listing of times involved for each step. These sections were 
obtained from single crystal rods which were first decarburized 
by heating in the EBZM to ~1400*C for 20 hours at a oxygen 

—5 
pressure of 5 x 10 torr. Then the polycrystalline rod was 
electron beam zone melted to produce a single crystal rod, and 
the rods are cut and ground into cylinders -4 mm in diameter by 
6.5 cm long. The sections were then shipped to R.E. Reed. It 
had been determined that a charging time of one hour at an 
oxygen pressure of 1 x 10"7 torr was sufficient to introduce 
-10 wt-ppm of pxygen int> the sections. R.E. Reed did this, 
but what was not taken into account by R.R. Reed, and unfortu-
nately not mentioned by us, 'was that the sections had to be 
deoxidized prior to the gas phase charging. It would not have 
been a total loss, but during electron zone melting the amount 
of oxygen released varies from top to bottom of the rod. The 
90 samples produced from these sections were effectively of no 
use. 

Then two single crystal rods were produced (by the same 
procedure) for the purpose of a second attempt at gas phase 
charging. The sections obtained from these single crystal rods 
were given a 24 hour out gassing anneal at 2200°C at a pressure 
of 10"10 torr. 

Then the sections were gas phased charged. The sections 
were returned to us, and then they were electrical discharged 



- 6 -

cut and the ends ground flat and parallel and finally etched. 
The samples were then reannealed at ~1200°C for 1 hour at a 
pressure of 6 x 10 torr to remove the hydrogen introduced by 
the etching. Then the samples from each rod were tested, and 
the scatter in the results was not large, so we felt quite con-
fident that we had produced homogenious samples containing 
>10 wt-ppm of oxygen. Then part of the samples were shipped to 
Argonne for irradiation (after they wete encapsulated in Al tubes 
and leak checked). Some of the non-irradiated tested samples 
were sent out for chamical analysis. From rod 267 the analysis 
indicated 78 wt-ppm oxygen, which was difficult to understand, 
so this result was dismissed. 

After irradiation the samples were very radioactive, so 
they had to sit • long time to cool down so we could test them, 
the results are sht»«m in Fig . io. 

In an attempt to determine why the differences existed in 
the yield stresses of the irradiated samples an electron trans-
mission microscopy examination was undertaken of the irradiated 
samples. The micrographs obtained from 265 were typical of low 
oxygen neutron irradiated niobium (Fig.ll). However, the 
micrographs obtained from 267 appeared to contain large preci-
pitates (Fig.12), and the neutron damage was not readily apparent, 
which is typical of high oxygen (300 at-ppm) neutron irradiated 
samples. Micrographs obtained from non-irradiated 267 (Fig.13) 
again exhibited large amount of a precipitate. 

The question then arose, why the precipitates in 267? The 
melt recoriis were examined and the starting rod was a rod which 
was made from an arc melted ingot melted by R. MacDonald of 



ORNL. The reason R. MacDonald melted this ingot ..us to save 
money. The end portions of the electron beam zone melted rods 
which is in the grips of the zone melter were saved. They were 
shipped to MacDonald, and he arc melted them. Unfortunately the 
oxygen content was too large, and the ingot had to be hot swagged. 
The polycrystalline rod became contaminated either during arc 
melting or during hot swagging (Photo emission analysis indica-
tes the presence of Zr.) Also examination of the melt records 
indicates that the single crystal rods were grown during December 
1974. This indicates to some extent the lengths of time in-
volved between when a single rod is produced until the irradiation 
results are obtained and analysis, and if something is wrong 
how long after a correction can be made. 

From a technical point of view, the results obtained from 
267 indicate that the .binding energy between the neutron pro-
duced defect and the impurity interstitial is greater than that 
of oxide or carbide precipitate. This result tends to support 
the idea that the impurity interstitials either prevent or 
cancel the neutron produced defect which is responsible for the 
increase in the yield stress at low temperatures. 
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C. Low T<=. iperature Neutron Irradiation 
An investigation was undertaken to determine the effect of 

low temperature (77°K) neutron irradiation and post-irradiation 
annealing in the yield stress of low and intermediate content 
niobium and to compare these results with previous results to 
gain further insight into the type of neutron-producc-d defect 
that causes the changes in the yield stress. 

Neutron irradiation at 77 °K produces changes in tne yield 
stress of niobium-oxygen alloys which are in general agreement 
with those obtained from ambient temperature neutron irradia-
tions. If the oxygett content is low, the neutron damage produces 
an increase in the effective stress (AT* is positive;; where-as, 
if there is an intermediate oxygen content, then the yield stress 
of the irradiated samples is le?c than that of the non-irradiated 
samples, i.e., AT* is negative. These results are discussed in 
greater detail in Appendix I. 
D. Thermal Neutron Irradiation 

An investigation was undertaken of the effect of thermal 
neutron irradiation for several reasons. However, the most 
important reason was based on the assumption that only 2 or 4 
atoms were displaced per gamma recoil. Therefore by varying 
the fluence the density of displacements could be controlled. 

The purpose of the initial investigation was to determine 
19 2 

whether (1) a thermal neutron fluence of ~ 10 n/cin would 
produce a change in the low temperature yield stress; (2) there 
will be observable defects by transmission electron microscopy 
(TEM). The effect of thermal neutron damage on the high purity 
niobium single crystals do indicate a largr increase in a thermal 
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component of yield stress. The correlation between neutron 
damage production and defect clusters observed from TEM shows 
that a 5D% of defects produced by thermal neutron irradiation 
will remain as individual Frenxel pair which is to believing 
a response to the large increase in the thermal component of 
yield stress. The results are discussed in greater detail 
elsewhere (Appendix II). 
E. Field-Ion-Microscopy 

During the past year some consideration was given to the 
possibility of constructing a field-ion-microscope. However, 
it became apparent that minimum cost would be - $30,000.00, 
therefore, we began actively trying to find someone who would 
collaborate with us on an investigation to determine the density 
of small defect clusters in neutron irradiated niobium. 

Prof. J. Hren has agreed to collaborate with us, and to 
date he has succeeded in obtaining micrographs from non-irrad-
iated niobium. However, there are several problems which have 
yet to be solved. The major problem is producing or getting 
0.005" dia, wire of known purity, to date we have been completely 
unsuccessful. Commercially obtained wires have been irradiated, 
and from there activity we can tentatively conclude that there 
is a very large tantalum content in the wires. This high 
activity presents a problem inside the microscope, for upon 
striping layers of atoms, these coat the inside of microscope 
making it contaminated. He are presently investigating methods 
of producing our own wires. 
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+ 3 P. The Effect of He on The Low Temperature Mechanical Properties 
of Niobium. 

+ 3 
In order to determine the effect of He on the mechanical 

properties of niobium it is first necessary to be able to intro-
duce (i.e. charge) the niobium samples with tritium. (2 4 ) 

Several investigators ' ' have reported on the difficulty 
of gas phase charging niobium with hydrogen and hydrogen isotopes 
at low temperatures (~ 300-400°C). It was proposed by investi-
gators at L.L.L. that a lithium coating be placed on the niobium 
samples prior to charging. The cost of this coating and charging 
was estimated to be $2,500.00 per batch of 12 samples. 

The probable cause of most of the difficulties associated 
with low temperature tritium charging is the tenacous oxide 
layer on niobium. The rate of tritium diffusion in the oxide 

4-8 
is 10 times slower than the rate of diffusion of tritium 

(4) 
in niobium.x ' This barrier was not initially recognized. 

The following is the sequence of events followed in the 
investigation of tritium charging. 

1) A group of Nb samples were exposed to tritium at 350°C. 
Analysis showed that no tritium entered the samples. 

2) Six samples were then wrapped in V-Ti alloy to getter 
oxygen and exposed to tritium A 350°C and 760 mm of Hg. 
Radiography conducted on these samples indicated a 
uniform presence of tritium. Analysis of two of the 
samples showed 60 at-ppm tritium. 

3) Another batch of 12 samples wrapped in V-Ti getter 
strips was exposed to tritium this time for two weeks. 
Tritium concentration was measured to be 1350 at-ppm. 
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The V-Ti getter strips also yielded tritium when dis-
solved in an HF-HNO^, solution. 

4) Meanwhile experiments were begun on hydrogen charging. 
Four samples, as etched were exposed to hydrogen at 
350°C and 760mm of Hg. Analysis indicated 3 at-ppm 
hydrogen for a 24 hour charge. 

5) Palladium plating experiments were then started. 
Samples in the first batch were etched by sputtering 
in an Argon atmosphere for 5,8 and 10 minutes prior 
to Pd Plating. These samples were hydrogen charo^d 
as above yielding 50, 103 and 201 at-ppm hydrogen. 

6) Further Pd plating was tried with etch times of 15, 20 
and 30 minutes. Those samples were charged with hydro-
gen for 24 hours at 400°C and 800mm of Hg. Analysis 
showed 0.068, 0.25 and 0.59 wt. per cent hydrogen 
respectively. The hydrogen content of 0.59 wt % is 
about that predicted for hydrogen in niobium at this 
temperature and pressure. 

7) Pd plated samples which had been etched for 45 minutes 
prior to plating were wrapped in V-Ti alloy and exposed 
to tritium for two weeks at 400°C and 760mm of Hg. The 
pressure drop in the charging vessel during tritium 
exposure was evidence that the samples and/or the V-Ti 
were absorbing tritium. The vessel was then pumped to 
10"5 TORR over a 3 week period at 400°C. Final analysis 
of the samples yielded 13 at-ppm tritium the amount of 

+3 He is unknown. 
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A preliminary investigation was undertaken to determine 
the effect of tritium on the low temperature deformation 
characteristics of niobium. It was presumed that a perturba-
tion would occur in the yield stress vs temperature relation-
ship at a temperature above 77°K. A perturbation was observed 
at 120°K. The results of this investigation are described in 
further detail in Appendix III. 

Preliminary results have been obtained from the batch of 
samples prepared by sequence 7 on the previous page. As shown 
in Fig.14 the presence of He*3 results in a large increase in 
the yield stress at all temperatures, and the difference 
increases upon decreasing the test temperature. 

This larger increase in stress due to He*3 is surprising 
( 6—8 ) considering the previous result, which indicated that 

+4 
there was no charge due to the presentance of He . The amount 
of He*3 in the samples is not known, but if an estimate is made 
the concentration maybe as high as 1.4 at %. If this is the 
case then this He*3 is high compared to that induced previously, 
but it is in the range for the total build-up in CTR first wall. 

Electron microscopy samples are being prepared at the 
present time. 
G. Production of Niobium With Controlled Amounts of Oxygen. 

In previous progress reports, mention has been made of 
some difficulties of producing low oxygen content niobium, that 
problem has been solved. The problem that presently has to be 
overcome is the production of niobium with a controlled amount 
of oxygen. 
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Gas phase charging within the EBZM has proven to be, not 
satisfactory, due to a lack of reproducability. 

A method of anodizing, followed by annealing was investi-
gated. The results of this investigation are as follows: The 
uniformity from section to section is quite good. However, if 
the thickness is increased above a given thickness then the 
oxide layer recrystallizes and the oxygen does not diffuse into 
the niobium. In order to obtain oxygen contents above 600 at-ppm, 
repleted anodizing and annealing steps are required. The anneal-
ing time required is about two weeks. 

From some very preliminary and scattered data it appears 
that presence of tantalum in the few tenths of percent range 
may effect the low temperature yield stress of niobium. This 
is quite surprising since the atomic size difference is almost 
zero. This observation coupled with the fact that the tantalum 
causes the sample to get very hot upon irradiation has led to an 
effort to obtain low tantalum, niobium. This has proven to be 
almost a fruitless task. The only supplier, Wah-Chang, appears 
to do everything possible to be nasty to purchasers of small 
amounts. Also, it has proven necessary to have their material 
analyized for tantalum by a neutron-activation analysis. Pro-
ceedures, have been worked out to do this analysis at the 
University of Maryland. 
H. Computer Simulation of Thermally Activated Dislocation 

Motion. 
During the past year the activity in compute*: simulation 

has involved an attempt to finish and complete a few re/tf*/*/^-
projects which were begun sometime ago. The experimental 
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results of Okuda*9* has resulted in renewed interest in the 
problem of the effect of defects on the lattice resistance to 
dislocation motion. The change in modulus of a self intersti-
tial was taken into account and some preliminary results have 
been obtained. 

There was also renewed interest in the motion of a group 
of dislocations on a single slip plane. The main conclusions 
are: the velocity of the first dislocation of a continuously 
operating source is less than a factor of 3 greater than that 
of a single dislocation traveling on the same slip plane at 
the same temperature and stress. The results are described in 
greater detail in Appendix IV and V. Also two review papers 
were produced during the last year which constitute Appendix 
VI and VII. 
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TABLE 1 

Time Record per Single Crystal Rod 
(Three Sections Per Rod) 

Operation 

Loading of Polycrystalline 
Rod 

Evacuation and Backing 
Cooling of System 
Decarbonizing 
Removal 
Loading of seal and 

Decarbonized Rod 
Evacuation and Backing 
Cooling of System 
Initial Welding 
Degassing and further 

evacuation 
Molten zone paaa 
Removal 
Grinding 
Maintenance 

Man Hours 

3 hours 

1 hour 
3 hours 
1 hour 

3 hours 

1 hour 
1 hour 

6 hours 
6 hours 
1 hour 
9 hours 
4 hours 
39 hours 

Equipment Time 

3 hours 
12 hours 
4 hours 
24 hours 
1 hour 

3 hours 
12 hours 
4 hours 
1 hour 

72 hours 
6 hours 
1 hour 
9 hours 
4 hours 
6 + days 
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Fig. 1. The resolved yield stress of non-irradiated niobium- oxygen 
alloys as a function of tenperature. 
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rig. 2. The resolved yield stress of non-irradiated and Irradiated 
niobiua • »154 at-ppa oxygen as a function of teaperature. 
The irradiation tasqparature was • 60*C and the fluanoe was 
1.6xl019n/c»2 rs>lMeV). 
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Fig. 3. Th* resolved yield struts of non~irradiat«d and irradiated 
niobium • * 729 at-ppm oxygon as a function of temperature. 
Tha irradiation temperature waa - 60*C and tha fluanca waa 
X.€xl019n/c»2 (E>lHeV). 
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Fig. The resolved yield stress of non-irredisted end irradiated 
niobium • • 1473 at-ppm oxygen as a function of temperature. 
The irradiation temperature was - 60*C and the fluence was 
1.6xl019iK/cm2 (E>lMeV). 
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Pig. 5. The resolved yield stress for non-irradiated and irradiated 
niobium-oxygen alloys tested at 77*K. 
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Fig. 6. The effective stress for non-irradiated and irradiated 
niobium-oxygen alloys at. 77°K. 
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Fig. 7. Transmission electron micrograph a niobium ~ 60 at-ppm oxygen 
1 Q 2 

sample irradiated at ~ 60°C to a fluence of 1.6x10 7n/cm . 
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Fig. 9. Transmission electron micrograph a niobium ~ 3000 at-ppm 
19 oxygen sample irradiated at ~ 60°C to a fluence of 1.6x10 n/o 
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niobium single crystal samples taken from rods 265 and 267. 
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Fig. 11. Electron transmission micrograph of a foil taken from a sample 
of rod 265 which had been irradiated. 



Fig. 12. Electron transmission micrograph of a foil taken from a sample 
of rod 267 which had been irradiated. 
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. 13. Electron transmission micrograph of a foil taken from a sample 
os rod 267 which had not been irradiated. 



Fig. 14. The resolved yield stress vs temperature of niobium single 
crystals. 
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Introduction 
The effect of neutron damage produced by irradiation at ~310K 

on the low temperature deformation characteristics of b.c.c. metals 
is an intriguing area of research because the changes in the yield 
stress at low temperatures appears to be a very sensitive function 
of the impurity interstitial c o n t e n t . ( i n all cases, the 
yield stress refers to the resolved yield stress.) If the yield 
stress (Ty) consists of two components, the effective stress (t*) 
and the long-range internal stress (T^), then it is possible to 
examine the effect of the neutron damage on both components of T . 
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The effective stress of yielding is defined as T*irr for the 
neutron-irradiated samples and x* for the non-irradxated samples. 
The difference between the stresses defined as Li*. 

If the impurity interstitial content is low (<30 at-ppm), then 
Ax* is large and positive and the change in t^ is small. An increase 
in the impurity interstitial content to an intermediate range 
(200-800 at-ppm) results in a negative value of Ax* and the change in 

is larger. If the impurity interstitial content is increased still 
further (1000-2000 at-ppm), then there is a uniform increase in xy at 
all temperatures as a result of neutron irradiation. 

The neutron-produced defect responsible for the observed Ax* 
in the samples with a low impurity interstitial content is not known. 
P r e v i o u s l y i t was assumed that the defect was small, e.g., a di-
vacancy. This assumption was based on a consideration of the activation 
parameters of deformation. However, there is some question as to whether 
the defects act directly, due to the^high concentration that would be 

(3) required. 
Assuming that defect acts directly, then the number of possible 

defect combinations that can exist at 373°K is rather limited. If 
interstitials are considered, the defect is restricted to a tri-
interstitial because long-range motion of single interstitials occurs 
at -20°K*4', and Johnson*5' calculated the energy of motion of a di-
interstitial as ~l/2 that of single interstitial. The tri-interstitial 
is almost stationary: to move, it must break up first. It is possible, 
but not likely that single vacancies can exist at 373°K. Schultz*6' 
has proposed that long-range motion of a single vacancy occurs in 
stage III (250°K) in Nb, and Jackson*7' believes it occurs in 
stage IV (350-450°K). It is possible for di-vacancies to exist at 
373°K, because their energy of motion is greater than a single 

1 
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vacancy. 
If the irradiation is performed at 77*K» then the possible 

types of small defect combinations that can exist are limited to 
tri-interstitials, single vacancies, and di-vacancies. Beeler*8 ' 

states tt*at a finite number of di-vacancies can occur as a result 
of the excitation of the lattice during the cascade formation. 

Neutron irradiation at ambient temperatures of V*1* containing 
intermediate impurity interstitials results in a negative was 
explained in terms of a "scavenging" mechanism, 
i.e., the impurity interstitial atoms were removed from random 
locations within the lattice. The oxygen atoms can be scavenged 
by either interstitials or vacancies. This mechanism implicity 
assumes that the oxygen atoms are directly or indirectly the rate-
controlling barriers to dislocation motion, and during or after 
ambient temperature neutron irradiation it is possible that both the 
neutron-produced defects and the oxygen atoms can diffuse. If AT* 

is negative for intermediate oxygen content samples irradiated at 
77*K, then the scavenging does not involve long-range diffusion of the 
oxygen atoms or vacancies. Also if annealing these samples at 243 
and/or 373°K after irradiation causes AT* to become more negative, 
then we can assume that vacancies are scavenging the oxygen atoms. 

The purpose of this investigation was twofold: (1) to deter-
mine the effect of low temperature (77°K) neutron irradiation and 
post-irradiation annealing on the yield stress of low and intermediate 
oxygen content Nb, and (2) to compare these results with previous 
results to gain further insight into the type of neutron-produced 
defect that causes the changes in the yield stress. 
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Experimental Procedure 
Single crystal rods of a (491) orientation were grown by the 

electron beam zone melting technique. The carbon was removed 
either by zone melting in an oxygen atmosphere of 10"5 torr, or 
prior to zone melting, the polycrystallin* rods were heated to 
-1600°C for 2 hours in an oxygen atmosphere of 10~5 torr. The 
single crystal rods were ground and etched into compression samples width 
a dia of 3.5mm and length of llram. The low oxygen cont c samples were 
then given a high vacuum anneal. They were annealed for 24 hours at a 
pressure of 1.2xl0~10 torr at 2200-2400'C. The resistivity ratios of these 

samples was -.2000-3000 and it was determined that this was due 
primarily to tantalium. The intermediate oxygen samples were 
given a high-vacuum, high-temperature anneal, and without removing 
them from the annealing system the temperature was reduced to 

_ "7 1200°C and the oxygen pressure was increased to 1x10 torr for a 
given length of time. The oxygen content of these samples was ~750 at-ppm. 
As determined by vacuum fussion and neutron activation. 

Samples from each group were tested either in the annealed 
condition or after annealing at 373°K. The remainder of the 
samples were irradiated at Grenoble at 77°K to a total 

18 2 
fluence of 1.5x10 n/cm (E>lMeV). The samples were stored at 
77°K prior to testing or post-irradiation annealing. Most of the 
irradiated samples* which were tested at 77eK without post-irradiation 
annealing, were always submerged in liquid nitrogen; only a few 
were out of liquid nitrogen for no more than 5 sec. The methods for 
temperature control and compression testing have been described else-
where W) ̂  
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Experimental Results 
Most of the non-irradiated low oxygen content samples deformed 

at 296°K and 77°K showed smooth stress-strain curves: only a few 
samples tested at 77°K had large load drops, indicating twinning. 
If twinning occured prior to macroyield the results of that test were 
not included. An optical microscopy examination of the slip lines 
indicated that slip occurred predominantly on the primary slip 
system. There was no inidication of anomolous slip on the samples 
deformed at 77°K. The stress-strain curves of the intermediate 
oxygen samples were similar to those of low oxygen content samples, 
except for the yield drops, and again a few samples deformed at 
77°K exhibited load drops and audible noise was hearj indicating 
twinning. 

The changes in the stress-strain curves resulting from 77°K 
irradiation are shown in Fig. 1. The irradiation removed all tendency 
for twinning, which is similar to the results obtained from low 
temperature neutron irraidaiton of vanadium^10*. However, serrated 
stress-strain curves were obtained from the 77°K irradiated samples 
when tested at 77°K, following post-irradiation annealing but no 
audible noise was heard, indicating that twinning was not occuring. 
Also an optical microscopy examination of the deformed sample indicated 
no twins. The as irradiated samples tested at 77°K had smooth stress-
strain curves. The stress-strain curves of the irradiated samples tested 
at 296°K had yield drops, but no indication of discontinuous flow, i.e., 
no indication of a serrated stress-strain curve. The observation 
of discontinuous flow at 77°K is just the opposite of that observed 
when the low oxygen content samples are irradiated at ambient 
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temperatures, for upon irradiation at ambient temperatures discon-
tinuous flow is observed only at high temperatures (493°K) and not 
at 77°K. 

From a slip line analysis of the irradiated samples, it 
appears that the deformation occurs predominently on the primary 
slip system, but in most samples there were many a multitude of 
slip systems operative. The value of the Schmid factor chosen 
was 0.49. 

Neutron irradiation of the intermediate oxygen content 
samples at 77°K did not significantly change the character of 
the stress-strain curve. The primary slip system was once again 
the operative slip system. 

2 
There was approximately a 6kg/mir. increase in the yield 

stress of the low oxygen content samples due to irradiation, 2 but at ?96°K the change in yield stress was small, i.e., <0.5 kg/mm . 
If it is assumed that the yield stress at 296°K is approximately the 
athermal component of the yield stress, then at 77°K is 

2 -6.5kg/mm and positive. A short-term (5-10 min) post-irradiation 
at 293 and/or 373°K resulted in a further increase of T* i r r and 

2 consequently a further increase in AT*1rr to «.13.5 kg/mm (Fig. 2). 
Longer post-irradiation annealing times resulted in a subsequent 

2 decrease in AT*irr (~11.5 kg/mm ). The post-irradiation annealing 
2 resulted in a small decrease (-.5 kg/mm ) of t at 293°K. 

The Ty at 77°K of the intermediate oxygen content samples irradiated 
2 at 77®K was -6 kg/mm . less than the non-irradiated samples, whereas, 

2 
the Ty at 296°K of the samples irradiated was ~3 kg/mm 
larger than the non-irradiated samples. The net result is that 
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2 
AT*irr is a negative 9 kg/nun . The post-irradiation annealing 
of these intermediate oxygen samples is somewhat confusing (Fig. 3). 
Annealing at 373°X resulted in a general increase in at 77°K 
with increasing annealing time; annealing at 293°K for 10 minutes 
resulted in an increase of T^ an annealing time of 10 hours 
resulted in a decrease in ty. Post-irradiation annealing resulted 

2 in a small decrease (i.e., < 0.5 kg/mm ) in T at 293°K. 
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Discussion and Conclusions 

Neutron irradiation at 7 7 ° K produces changes in the yield 
stress of niobium-oxygen alloys which are in general agreement with 
those obtained from ambient temperature neutron irradiations. If 
the oxygen content is low, the neutron damage produces an increase 
in the effective stress (AT* is positive); wher 
intermediate oxygen content, then the yield stress of the irradiated 
samples is less than that of the non-irradiated samples, i.e., 
AT* is negative. 

However, there are differences attributable to the 77°K irradiation. 
For example, ambient temperature irradiations of low oxygen samples results 
in serrated stress-strain curves at higher temperatures (474eK) and smooth 
stress-strain curves at lower temperatures, whereas the 77°K irradiation 
results in smooth stress-strain curves at higher temperatures and 
serrated curves at 77°K. The positive value of AT* at 77°K observed 
in the irradiated low oxygen content niobium samples indicates the 
increase in T*irr could be due to a vacancy, di-vacancy or tri-
interstitial. There is a further positive increase in AT* when the 
post-irradiation annealing time is short; this suggests that defect 
producing the additional increase is probably a di-vacancy. There is 
no likelihood that it is a small interstitial complex, for they all form 
at temperatures below 77°K. 

The remaining question is: Do the neutron-produced defects 
act directly as the short-range barriers to dislocation motion? 
From a consideration of the activation area (activation volume/ 
Burger's vector) it is possible to estimate the density of defects 
required for the neutron-produced defects to act directly by using 
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the following simple eqn.^ 

3 rfe^2 m i 7 ( 1 ) 

where C is the concentration of defects, b is the Burners' vector, 
d is the width of the defect (assumed to be lb), and A is the 
activation area. The experimental A observed at small values of 

2 
T * I R R i s ~ 5 5 b ! t h i s A result in C - 500 at-ppm of defects. 
If it is assumed that all collisions occur at an average neutron 
energy of 1 MeV, the density of Frenkel pairs at 0°K with no 
recombinations is -.350 a t - p p m . Ir it is assumed that 1/4 of (12) 
the defects remain at. 77°K , then it is possible that 85 at-ppm 
of single vacancies remain. If the neutron-produced defect is a di-
vacancy, the concentration of di-vacancies is at most 43 at-ppm. 
In letermining this concentration it was further assumed that no 
vacancies form clusters larger than a di-vacancy. If they do, then 
the concentration of di-vacancies is even less than 43 at-ppm. 
Therefore, it appears that the neutron-produced defect is not directly 
producing a change in the rate-controlling mechanism o1 deformation. 

The 77°K neutron irradiation of the intermediate oxygen content 
samples results in a decrease in the yield stress at 77°K and an 
increase at 293°K. If it is assumed that yeild stress at 293°K is 
approximately the thermal component of the yield stress, then AT* 2 
is a negative 9kg/mm . Previously, it was purposed that the 
reduction in T due to irradiation was a "scavenging" effect. The 
defect, which is scavenging, can be either a self-interstitial or 
a vacancy. For this mechanism to be operable, it is necessary to 
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assume that the oxygen atoms directly or indirectly act as the 
rate-controlling barrier to dislocation motion. Also, it is 
necessary to assume that the impurity interstitial defect complex 
is not a very effective barrier to dislocation motion. 

If the self interstitials are scavenging the oxygen, and 
if they are mobile at 77°K, then the observed ty could be controlled 
by the di-vacancies. 

The results obtained from the post-irradiation annealing of the 
intermediate oxygen samples are confusing. 
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Fig. 1. Stress vs strain curves of low oxygen content samples 
irradiated at 77°F and tested at 77°K. 
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INTRODUCTION 

In previous investigations of the effect of neutron irradia-
tion (E>lMeV) damage on the low temperature mechanical properties 
of vanadium (1,2) and niobium (3) it was concluded that the in-
crease in the yield stress at low temperatures could be due a high 
density of divacancies and di-interstitials. 

If a niobium is irradiated with low energy (E< 0.683 eV) then 
about 4 atoms are displaced for -iach gamma recoil, which is about 
3 orders of magnitude less than the number displacements for high 
energy neutron. Therefore, the possibility of a high density of 
divacancies and di-interstitials greatly reduced. Also the possi-
bility of forming observable dislocation loops should be greatly 
reduced. 

The purpose of the present investigation was to determine 
19 2 

whether (1) a thermal neutron fluence of ~10 n/cm would pro-
duce a change in the low temperature yield stress; (2) there will 
be observable defects by transmission electron microscopy (TEM). 
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II. MATERIAL AND EXPERIMENTAL PROCEDURES: 
The material used for this study was single crystal niobium 

rod with < .91> orientation. Chemical analysis shows that the im-
purity interstitial content was about 10 ppm by weight. Compres-
sion testing samples of approximately 4mm in diameter and 10mm in 
length were prepared from these single crystal niobium rods (4,5). 
A portion of the compression testing samples were irradiated at 
100°C in a thermal hole in the CP-5 reactor at Argonne National 

19 2 
Laboratory to a neutron dose of 2.3x10 n/cm . Both the irradia-
ted and unirradiated compression samples were tested at a strain 
rate of 8.33xl0"5 sec"1 in the temperature range of 77°K to 573°K. 
The TEM Samples were prepared from the irradiated compression sam-
ples which were not deformed. 
III. RESULTS AND DISCUSSION: 

(A) Effects of thermal neutron irradiation on the yield 
stress as a function of temperature. 

The compressive yield stress, Oy, was determined by choosing 
a 0.5% strain offset. The compression shear yield stress, ty, was 
obtained by using Schmid factor of 0.5, because of <491> orienta-
tion along the compression axis of single crystal niobium rods, 
Figure 1 shows the results of yield stress, as a function of 
temperature for both irradiated and unirradiated samples, along 
with results from fast neutron (E>lMeV) irraidation samples. It 
is evident from this figure that at temperature above 250°K the 
thermal neutron irradiation has very little effect on the yield 
stress, however at temperature below 200*K the increase in the 
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yield stress as a function of decreasing in temperatures is quite 
significant for thermal neutron irradiation samples. Furthermore, 
in comparison with results from fast neutron irradiation samples, 
it indicates that the increase in yield stress at temperatures be-
low 200°K accounts for the temperature dependent part of the yield 
stress, i.e. a thermal component of yield stress. In order to 
further confirm this conclusion. The effect of temperature on the 
strain rate sensitivity parameter Lt/hint is given in Fig. 2. 
Again, for comparison the results from fast neutron irradiation 
samples are included. The results in this figure shows that at 
temperature below 200°K the strain rate sensiti *ity parameter for 
thermal neutron irraidation samples do indicate a large increase 
in comparison with the results from nonirradiation samples over 
these temperature ranges. 

(B) Semi-quantitative correlation between damage produced by 
thermal neutrons and the defect clusters observed by TEM. 

Thermal neutron damage in niobium single crystals irradiated 
19 2 

at 100°C to a iose of 2.3x10 n/cm was observed directly by TEM. 
The damage appears as a formation of defect clusters, (Figure 3). 
Using a series of micrographs, the defect cluster concentrations 

13 3 was found to be 6.28x10 defect cluster/cm . The average size of 
defect clusters observed in these micrograph is about 140A°, and 
assuming that the defect clusters are planar dislocation loops, 
the total number of vacancies or interstitials per defect cluster 
would be around 2,000. Therefore, the average number of vacancies 

17 or interstitials observed from TEM would be 1.23x10 vacancies or 
3 interstititals/cm . 
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In comparison, a calculation of displaced atom concentrations 

can be obtained by using a formula derived by Walker (6). The 
results of this calculation for high purity niobium irradiated at 
0°K to a dose of 2.3x1019 n/cm2 would be 6.04x1018 displaced atoms/ 
cm3. Since the experimental results of VAvra (7) indicated that 
for high purity niobium wire irradiated at 4.6°K to a dose of 

18 2 
3x10 n/cm and then annealed at 354°K, the neutron damage defects 
remained in this wire sample was about 4%. Therefore, it is rea-
sonable to assume that the defects remained in the high purity 
niobium single crystal sample irradiated at 100°C to a thermal 19 2 18 neutron dose of 2.3x10 n/cm would be 5% of 6.04x10 displaced 

3 17 3 
atoms/cm i.e. 3.02x10 displaced atoms/cm . Finally, a compari-
son between this result and the result from TEM leads to a con-
clusion that 59% defects produced by thermal neutron irraidation 
will remain as individual Frenkel pair which will be a response to 
the large increase in the thermal component of yield stress. 

However, the question arises as to whether the divacancies 
and di-interstitials are the barrier causing in the increase in 
the thermal component of the yield stress. From the strain rate 
sensitivity measurements it is possible to extract the activation 
area (A*), and from A* it is possible to estimate I the interbar-
rier spacing. The experimentally determined I is - one order of 
magnitude less than that predicted from the remaining vacancies or 
interstitials. 

IV. CONCLUSION: 

1. The effect of thermal neutron damage on the high purity 



51 

niobium single crystal do indicate a large increase in 
a thermal component of yield stress. 

2. The correlation between neutron damage production and 
defect clusters observed from TEM shows that a 59% of 
defects produced by thermal neutron irradiation will 
remain as individual Frenkel pair which is to be believ-
ing a response to the large increase in the thermal com-
ponent of yield stress. 
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Figure 2. The strain rate sensitivity as a function of temperature. 
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Figure 3. A transmission electron micrograph of thermal neutron 
irradiated niobium. 
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A study of the effect of hydrogen on the low temperature 
yield stress of group V-A single crystals was earlier conduc-
ted by Chen and Arsenault.^ High Purity Vanadium, Niobium 
and Tantalum contains hydrogen exhibited low temperature 
perturbations in the temperature dependence of their yield 
stresses. On the basis of an analysis of the activation para-
meters, and the fact that the local perturbation in the tem-
perature dependence of yield stress occurred at critical 
temperatures below the solvus, Chen and Arsenault proposed a 
mechanism of stress-induced reorientation of the hydride plate-
lets due to the stress fields of moving dislocations. Addi-
tional observations were made to demonstrate that neither preci-
pitate hardening nor a trapping phenomenon could account for 
the local perturbation in the temperature dependence of yield 
stress. The reorientation of the hydride involves the diffusion 
of hydrogen. With the hydrogen isotope, tritium, present, the 
reorientation of the tritied would involve the diffusion of 
tritium. 

The purpose of this investigation was to determine whether 
a local perturbation would occur in a niobium-tritium alloy. 

High purity niobium single crystals of a <491> orientation 
were grown by electron beam zone melting decarbarized poly-

— 9 crystalline rods at pressures of 10 TORR. Compression samples 
(2 3) 

were produced by procedures as described elsewhere* ' . Tritium 
was injected into the sample by gas phase charging at 623°K at 
one atmosphere for 24 hours. Tritium content (1350 At-ppm) was 
determined by dissolving a sample in A lxl HF-HNO^ solution 
and measuring the tritium gas release. Helium-3 content was 
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estimated at 56 At-ppm. Samples were tested in compression at 
-5 -1 

a base strain rate of 8.3x10 sec on a floor model Instron. 
The method of testing and temperature control are described 
elsewhere*2'3). 

The stress-strain curves of the non-tritium charged samples 
had no indication or twinning or anomalous slip*45 i.e. The 
stress strain curves are very smooth. The variation on the 
yield stress with temperature is shown in Figure 1. The stress-
strain curve of the tritied samples above 108°K is similar to 
that of the non-charged samples. However, below 108°K, twinning 
occurred after macro-yielding in the tritium charged samples. 
The yield stress of the Nb-tritium samples is consistently 
higher than that of the non-charged samples. The general increase 
in yield stress is believed to be due to the Helium*3 present. 
A large increase in surface contact radioactivity was measured 
from the deformed samples, similar to the accelerated evolution 
of hydrogen during plastic deformation measured by Donovan*^5. 

There is a local perturbation at 120°K. Chen and Arsenault*15 

were able to obtain an activations energy of 0.04eV for the 
mechanism responsible for the perturbation in the Nb-hydrogen 
system. If it is assumed that the perturbation observed in the 
niobium-tritium system is due to a stress induced reorientation 
of a tritied, then an activation energy can be estimated from 
the peakshift with the niobium-hydrogen system. The estimated 
value is 0.062 eV which is about 50 percent larger than that of 
hydride reorientation. 

This increase in activation is not that expected for a 
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simple isotope consideration.^ However, activation for 
diffussion deutrium is ~J^times larger than the activation 
energy for the diffusion of hydrogen in niobium.*7' In 
conclusion, it appears that a local perturbation occurs in 
a Nb-tritium alloy which is analogous to Nb-hydrogen alloys. 
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Fig. 1. The resolved yield stress of niobium 
single crystals as a function of 
temperature. 
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Several years ago Rosenfield and H a h n ^ examined the motion 
of a group of dislocations emitted from a source. They reported 
that the velocity of the first dislocation generated by the source 
could be more than two orders of magnitude faster than that of 
single dislocation subjected to the same external applied stress. 

The purpose of this note is to reconsider the notion of a 
group of dislocations emitted from a source. 

The velocity,in this investigation, of a given dislocation 
was defined as follows: 

vi * 2 <Teff.>m (1) 

where m is defined as the stress exponent, Z is a constant which 
was arbitrarily set so that when one dislocation is present and 
T
e f f • 10MN/m2, then v^ • 10"6 cm/sec, and T e f f is the effective 

stress on a given dislocation. The effective stress is defined 
as follows: 

* The research supported in part by the U.S. E.R.D.A. under Con-
tract No. AT(40-i)3612 and the Computer Science Center of the 
University of Maryland. 
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xeff± " xa * Td. (2) 

where T is the applied stress, and T. is the stress on the a 
dislocation due to the other dislocations in the group. Rosenfield 
and H a h n ^ considered low speed screw dislocations, so that 

N 
£ 

-i - J"; -i -j 
T = Hk 1 1 (3) d. 2ir i=0 Y. - Y. 

i^j 

where Y^ and Y^ are the positions of the ith and jth dislocations 
in the group, and p and b are the shear modulus and Burgers' 

U 4 vector, respectively. A typical value of ^ for metals is -10 
2 

MN/m , so this value was used. When N dislocations have been 
emitted from the source, egn. 1 is actually a set of simultaneous 
differential equations as follows: 

vi " " z (%ff i>™ (4' 

Two different conditions for source operations were considered. 
In one case, it was assumed that the stress required to operate the 
source was ~10MN/m , which means that the previously generated 
dislocation has to be a considerable distance from the source, i.e., 
10*b before the next dislocation comes into existence. The values 
of dyi and velocities of each dislocation on the slip plane could 
be readily calculated by the Runge-Kutta method. The results 
obtained for various values of m are shown in Fig. 1. The notation 
v , 

is the ratio of the velocity of the first dislocation after 
V 1 
10 dislocations have been generated by the source divided by the 
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velocity of single dislocation subjected to the same T . The d 
velocity of the first dislocation is continuously decreasing as 
it travels away from the source, but the rate of change is very 
small after 4-5 dislocations are generated. 

In the second case, the stress needed to operate the dis-
location source is zero. This means that the second dislocation 
came into existence at the source when the first dislocation had 

3 
traveled a distance of 10 b, and third dislocation came into 
existence when the second dislocation had moved slightly further 3 than 10 b, etc. The positions of the dislocations could not be 
determined by the Runge-Kutta method. A method based on a variable 

— 12 

time step was employed. Time increments as small as 10 sec. 
were required to produce results that were not a function of 
magnitude of the time increment. Also, in this case, it was 
possible that dislocations could exceed the speed of sound, so 
an upper bound on the velocity was imposed, i.e., the sound velocity. 
However, the changes in interaction stresses due the high velocities (2) 
were not taken into consideration. ' The high velocities could 
reduce the interaction stress between two dislocations. 

Fig. 2 shows the relative positions of the dislocations for 
v , 

various values of m, and again the ratios of are small, i.e., 
V1 

less than 3. Also, the average velocity of the 10 dislocations in 
all cases is approximately the velocity of a single dislocation. 
The relative positions of the dislocations for the various values (3) ot m are in agreement with the results of Head ' . 
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The results obtained from a consideration of a group of 
dislocations moving through a random array of discrete barriers 

(4) 
are discussed elsewhere, but again the differences in 
velocities are less than 3, and not 2 orders of magnitude greater. 
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College Park, Maryland 

ABSTRACT 
The thermally-activated motion of a group of dislocations 

on a slip plane was examined. The purpose of this investigation 
was to determine the effect of discrete short-range barriers 
on the motion of a linear group of dislocations. The motion 
of more than one dislocation in a two-dimensional slip plane 
containing a random array of short-range barriers was also in-
vestigated. The results indicate that the velocity of the first 
dislocation of a group of dislocations emitted by a continuously 
operating source was not significantly different from that of a 
single dislocation traversing the same area of slip plane. Also, 
the results obtained from a one-dimensional co-planar model were 
in good agreement with the two-dimensional non-parallel model. 
Therefore, it is not necessary to consider the more complicated 
and computer time-consuming case of the two-dimensional problem. 

•This work was supported in part by the Energy Research and 
Development Administration under Contract No. AT(40-1)-3612 and 
by the Computer Science Center of the University of Maryland. 
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Introduction 
For several years there has been some interest in the motion 

of a group of dislocations because the observable slip lines or 
bands must have involved the motion of many dislocations on a few 
closely spaced slip planes. Almost all of the theories on plas-
tic deformation are based on the assumption that the plastic 
strain rate can be defined as follows: 

e • p bV (1) 

where pm is the density of mobile dislocations, b is the Burgers' 
vector, and V is the average velocity of a single dislocation. 
An assumption is also made that there is zero or only a small 
interaction between the dislocations on the slip plane. 

There is a dearth of experimental data that can be used 
to justify the assumption that there is zero or only a small 
interaction between the dislocations on the slip plane. The data 
obtained from the dislocation etch pit investigations could pos-
sibly be used to understand the motion of a group of dislocations. 
The dislocation etch pit technique involves the generation of a 
large number of dislocations on a single slip plane. These in-
vestigations were undertaken, however, to obtain the stress vs 
velocity relationships of individual dislocations in materials 
as a function of temperature. Therefore, the question again 
arises whether these investigations determine the characteristics 
of motion of a single dislocation or the interactions between a 
group of dislocatior.3. Many theoretical investigations of the 
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motion of a group of dislocations have been undertaken to re-
solve these questions. 

Rosenfield and Hahn (1968) developed a computer model to 
solve a set of differential equations for the positions of straight 
co-planar dislocations emitted from a single source as a function 
of time. The velocity of a dislocation within the array was de-
fined as follows: 

v ± = C e x p ( B T E F F ) ( 2 ) 

where C and B are constants characteristic of the material, i 
is the index number of the dislocation, and "*eff i s t h e effective 
stress on the dislocation. This velocity-stress relationship is 
for a viscous drag situation or a frictional drag situation. The 
effective stress is defined as follows: 

Teff - Ta + Td. (3) 

where xa is the applied stress, td is the stress on the glide 
dislocation due to the other dislocations in the group, and there 
is no additional long-range internal stress. Rosenfield and Hahn 
(1968) considered low-speed screw dislocations, so that 

N 

E T. - SI > • * - (4) 
i=0 

where y^ and yj are the positions of the dislocations in the array, 
and p and b are the shear modulus and Burgers' vector, respectively. 
They obtained an inverse pile-up dislocation arrangement. The 
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intriguing aspect of their results is that the dislocations, 
after travelling a short distance, reach a steady state velocity 
which can be considerably higher than that of a single dislo-
cation. In the case of niobium and iron-silicon, this differ-
ence in velocity can be two orders of magnitude. 

Head (1972,a,b,c;1973) and Head and Wood (1973,a,b) were 
able to obtain an analytical solution for the positions of a paral-
lel co-planar group of dislocations. These solutions, both numer-
ical and analytical, have assumed that the resistance to the dis-
location motion is a friction, i.e., the dislocation does not 
make thermally-activated fluctuations over discrete short-range 
barriers. Also, these solutions can be considered as one-dimen-
sional . 

The purpose of the present investigation waj twofold: First, 
to determine what effect discrete short-range barriers would have 
on the motion of a co-planar group of dislocations, and secondly, 
to investigate the motion of more than one dislocation on a two-
dimensional slip plane containing a random array of barriers. 

Procedure 
Because the procedure for investigating the one-dimensional 

case, i.e., the co-planar and parallel group of dislocations, was 
essentially the same, with a few exceptions, as that previously 
employed by Arsenault (1971), only a brief description will be 
given here. 

The sample had a one-dimensional random array of short-range 
barriers, and the internal long-range stress was assumed to be 
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zero. First, the motion of a single dislocation was determined 
by the following method. The dislocation moved at drag velocity 
from the source to the first barrier. (The time required for 
this motion is very much smaller than the time required for 
thermal activation or thermal fluctuation over the barrier, i.e., 
to jump the short-range barrier.) The energy required to over-
come the barrier has the following general form: 

A G . = A G 01 1 - eff 
1 / A 

IB 

(5) 

where AGq^ is the activation free energy at zero teff > Teff 
is the effective stress, A and B are constants that are re-
lated to the specific short-range barrier under consideration, and 
T* is the effective stress at 0 K. The time required to jump a 
given barrier is determined by a binomial distribution method, 
which is briefly described in the appendix. The times re-» - red 
to jump each barrier are summed, and the velocity of th 
dislocation is defined as follows: 

v = y± 

i=l 

( 6 ) 

where y^ is the distance travelled by the ith dislocation, 
ti is the time required to jump the ith barrier, and q is the 
number of barriers in the given space interval. The density of 
the short-range barriers is adjusted to produce a given average 
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velocity (v) at a given T (applied stress) and T (temperature). tt 

If more than one dislocation exists on the slip plane, sev-
eral additional factors have to be considered. One factor is the 
generation mechanism, i.e., the source. The problem has been con-
sidered before (Arsenault, 1971) and in this investigation two 
cases were considered. First, when the last dislocation has trav-
elled 1000b (which is defined as the insert distance) from the 
source, then another dislocation comes into existence at the 
source and can move. In the second case, the dislocation came 
into existence at the source when the last dislocation was 10,000b 
from the source. These differences in distance are equivalent to 
arbitrarily defining the stress required to operate the source or 
the length of the source. Changing the stress to operate the 
source has only a small effect on the dislocation velocity-dis-
tance relationships, which occur near the source. 

The effective stress on a given dislocation is modified due 
to the presence of other dislocations and then defined as follows: 

Teff - Ta " Ti + Td. (7) 

where T^ is the long-range internal stress. To determine the 
probability of a dislocation jumping a short-range barrier, T

eff 
has to be determined at that given short-range barrier. The 
positions of all the dislocations in the group have to be deter-
mined as a function of time. 

The motion of a single dislocation on a slip plane containing 
a two-dimensional array of short-range barriers which can be jumped 
by thermal fluctuations has been described in detail elsewhere 
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(Arsenault and Cadman, 1973,1974,1975; Cadman and Arsenault, 1972). 
When considering the motion of more than one dislocation on this 
two-dimensional slip plane, there is a possibility that the dis-
locations are not parallel, and that force per unit length of 
dislocation is not constant. If the assumption that was employed 
in the two-dimensional single dislocation case, i.e., that the dis-
location bows out as the arc of a circle between two adjacent 
short-range barriers, is employed herein, then it is necessary 
to determine the average force on the segment of dislocation be-
tween the two adjacent short-range barriers which are in contact 
with the dislocation. This average force was obtained by two dif-
ferent methods. The first method involves a detailed calculation 
of the interaction stresses, by dividing the dislocations into 
short segments. Scattergood (1975) proposed the following equation 
and suggested that the curved dislocation, schematically shown 
in Figure 1, could be approximated by short, straight line seg-
ments (10b except one end segment which was <10b). 

T * t m t ^ V F S O - 1 - X c o s 2*> ( c o s 9 1 - c o s V 

3 3 + v cos 2y (cos e^ - cos 0 2 ) 

- v sin 2y (sin3 - sin3 ©2)J (8) 

where d , , 0 2 , and y are defined in Figure 2. The average 
stress on a given arc due to the other dislocations on the slip 
plane was obtained in the following manner. The stress at the mid-
point of a section was determined and the arithmetic average of 
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these sections was obtained. An iterration procedure is then 
required, for as the dislocation bows out between the short-
range barriers it is in contact with, the stresses on the dis-
locations change as a function of position, and the force equi-
librium position then also changes. The position of the dis-
location was adjusted until the differences in stress due to 
the differences in position were less than 0.1%. This method 
consumed a great amount of computer time. The second method 
was to take the midpoint on the dislocation line between two 
points of contact and then determine the average distance to 
the other dislocations. These dislocations were treated as a 
group of parallel dislocations. For the dislocation arrangement 
in Figure 1 the difference in the average stress between the 
two methods was less than 4%, and if the dislocations were fur-
ther apart, the differences were even less. Also, the amount 
of computer time required for this second method was much less 
and much of the data for the two dimensional case was obtained 
by using the second method. 

Results 
A. One-dimensional Co-planar Group 

The motion of multiple co-planar parallel dislocations through 
a random one-dimensional array of short-range barriers was exam-
ined for three different types of short-range barriers. One of the 
barriers was chosen to represent the dislocation etch pit data ob-
tained from Fe-Si (Stein and Low, 1960). From these data it is pos-
sible to obtain a plot of AH vs t ; it is also possible to ob-
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tain a value for T̂  , the long range internal stress. The fol-
lowing expression approximates the AH vs i e f £ plot of Stein and 
Low: 

AH = AHC 1 -
( T 1 1 / 2 1 : M ] (9) 

2 where AHQ = 1.14 eV and t « 39 kg/mm . In determining the 
2 plot of AH vs t e f f it was assumed that t^ « 11 kg/mm and that 

Td^ was zero, and also that the change in entropy (AS) was zero. 
The density of short-range barriers was adjusted so that at a* = a 

2 —6 

12 kg/mm the velocity was approximately 10 cm/sec, which cor-
responds to the experimentally determined velocity at that stress. 
After so determining the short-range barrier density, the density 
was fixed and the velocity at various other stresses was then de-
termined. The motion of a group of dislocations was then consid-
ered with this same short-range barrier density. The long-short 
dashed line in Figure 3 is the steady state velocity of the first of 
11 dislocations generated. The velocity of this first dislocation 
generated is approximately 1,65 times faster than that of a single 
dislocation transversing a short-range barrier array at 298 K and 
2.80 times faster at 77 K. The velocity of any dislocation in 
the group reached an average or steady-state velocity when it had 
travelled two or three times the insert distances. Figure 4 is a 
plot of instantaneous velocity vs distance of the first dislocation 
generated. The instantaneous velocity is defined as the distance 
between 10 short-range barriers divided by the time required to 
traverse these short-range barriers. There is a local maximum 
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in the instantaneous velocity of the first dislocation after it 
4 

has travelled a distance of 10 b, which corresponds to the fact 
that at this distance the second dislocation came into existence 
at the source. However, when the third dislocation came into ex-
istence at the source, there was no discernable local maximum in 
the instantaneous velocity of the first dislocation. If this 
source stopped generating dislocations, then a steady state velocity 
was not obtained. The group of dislocations did not remain in an 
inverted pile-up configuration (Figure 5), and the average velocity 
of the first dislocation slowed down and approached the velocity 
of a single dislocation. 

The second barrier was chosen to represent the dislocation 
etch pit results obtained by Guberman (1968) in studies of Nb. 
The following expression is a good approximation of the AH vs T* 
plot of the Guberman data: 

AH = AH0[l - (10) 

5 where = 0.58 eV and t =43 kg/mm4 , and AH, i. and t, O O 1 Qĵ  
were zero. The results obtained from a group of co-planar parallel 
dislocations were very similar to those obta~.ied from Fe-si. The 
average steady state velocity of the first dislocation emitted was 
less than two times the velocity of a single dislocation. 

To resolve the differences in the data of Rosenfield and 
Hahn and the present data, the differential equations defined by 
Rosenfield and Hahn were numerically solved by the Runga Kutta 
method. In the specific case of Nb at 77 K (the data of Guberman, 
1968) the differences in the steady state velocity between the 
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first dislocation of a multiple group and a single dislocation 
were less than a factor of two and nearly independent of stress. 
The results obtained from the discrete barrier and the frictional 
resistance simulation were almost identical in this case. 

The third short-range barrier was the same as that previously 
used in the investigations of the thermally-activated motion of a 
single dislocation in a two-dimensional random array of short-
range barriers. The following is a good approximation of the numer-
ical results obtained for AH vs T* (Arsenault and Cadman, 1975): 

['" Pf . reff AH = AH '1 1 e E I o 
2/3 

( 1 1 ) 

2 
where AHQ = 2.67 eV and Tq = 3.7 kg/mm , AS is assumed to be 
zero, and t^ and t^ are zero. The average short-range bar-
rier density was set equal to the average linear spacing employed 
in the two-dimensional simulation of an array that was 7.3 * 10~5 cm 2 wide. For a stress equal to 2.4 kg/mm and a temperature of 250 K 

-9 
the single dislocation velocity was approximately equal to 3 x 10 
cm/sec, which is in good agreement with the average velocity of 
a single dislocation travelling through the two-dimensional array. 
The average steady state velocity of the first dislocation gener-
ated in a group of dislocations was approximately 2.63 times faster 
than the velocity of a single dislocation. In this case, there was 
a larger increase in the instantaneous velocity, approximately one 
order of magnitude, in the first dislocation as the second disloca-
tion entered (Figure 6). 

However, in this case the dislocations did not appear to reach 
a steady state velocity. They appeared to be slowing down as they 
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moved away from the source (Figure 7). 
B. Two-Dimensional Co-Planar Group 

Two different size two-dimensional arrays were chosen for 
this investigation. A slip plane width of 4 * 10~4 cm was chosen 
to determine whatever effect the other dislocations on the slip 
plane had on the configuration of the first dislocation gener-
ated. In this particular part of the investigation, the more de-
tailed method was used to determine the interaction stresses be-
tween the dislocations, i.e., the approach suggested by Scattergood 
(1975). After the dislocation had progressed two to three insert 
distances on the slip plane there were no detectable differences 
in the configuration of this first dislocation and of a single 
dislocation traversing the same area of the slip plane. Ideally, 
this wide slip plane should be used to determine how a group of 
dislocations affect the velocities of the first dislocation of 
this group, but the computer time required is prohibitive. There-
fore, a slip plane that was 7.3 * 10~5 cm wide was employed to 
determine the velocity differences. Figure 8 is a plot of the 
positions of four dislocations that have been inserted on the 
slip plane, and from Figure 8 it is evident that the dislocation 
group resembles an inverted pile-up. This inverted pile-up 
resembles the electron transmis3ion micrograph*; of inverted pile-
ups generated by grain boundary sources (Murr 1975). The velocity 
of the first dislocation was about five times faster than that of a 
single dislocation traversing the same area of the slip p.Tane. 
Also, the velocity of the first dislocation travelling in this two 
dimensional slip plane is comparable to that obtained from the 
one-dimenaional case. 
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PlacvBsion 

The results of the present investigation of the motion of a 
multiple group of dislocations indicated that the velocity of the 
first dislocation of the group was only two to three times faster 
than that of a single dislocation traversing the same slip plane. 
The motion of the dislocations was controlled by a random array 
of short-range barriers, which could be overcome by thermal fluc-
tuations. 

The analysis of the motion of a multiple group of disloca-
tions, assuming there was a uniform friction opposing the motion 
of the dislocations, also resulted in velocity differences of 
only two to three. 
Also, the differences in velocities are only slightly dependent 
upon stress: this means that a plot of vs T at constant 
average dislocation velocity for the first dislocation of the 
group and single dislocation would be two curves which are almost 
parallel. However, if the activation area (A*) and stress expo-
nent (m*) are considered, there would be almost no difference be-
tween the m* obtained for a single dislocation and that obtained 
for the first of a group of dislocations; for, ra* is related 
to the slope of the v vs T relationship, and these slopes are 
almost identical for the first dislocation of a group and a single 
dislocation (Figure 3). 

The results obtained from a study of the motion of a group 
of dislocations on a two-dimensional slip plane indicated that 
there was good agreement between the two-dimensional and the one-
dimensional results. Also, the configuration of the first dis-
location in the group was almost the same as that of a single 
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dislocation traversing the same area of the slip plane, even 
though the first dislocation of the group had a higher velocity 
than that of a single dislocation. This agreement was not sur-
prising, for when the dislocations were separated by distances 
greater than 2000b, then the difference between the actual con-
figuration and that represented by two parallel dislocations 
was much less than five percent, and this difference decreases 
as the separation increases. 

Conclusions 
From an investigation of the discrete short-range barriers 

that can be overcome by thermal fluctuations, it was evident 
that the velocity of the first dislocation of a group of dislo-
cations emitted by a continuously operating source was not sig-
nificantly different from that of a single dislocation traversing 
the same area of the slip plane. Also, the results obtained 
from an investigation of a one-dimensional co-planar model were 
in very good agreement with the two-dimensional non-parallel 
model. Therefore, it is not necessary to consider the more com-
plicated or computer time-consuming case of the two-dimensional 
problem. 
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Binomial Distribution Method 
The basic premise of the binomial distribution method is 

that the dislocation is in contact with a given number of short-
range barriers (s.r.b.), and these s.r.b. have to be overcome 
("jumped") by thermal fluctuations in order for the dislocation 
to move forward. These s.r.b. are defined as points of contact. 
After a given number of themal fluctuations (attempts) there is 
a finite probability that the dislocation wi." 1 have "jumped" one 
of the points of contact. If there is more than one dislocation 
on the slip plane, then all points of contact are considered. 
The procedure for determining the probability of a dislocation 
"jumping" a s.r.b. and which s.r.b. is "jumped" is described be-
low. 

The probability of the dislocation jumping the ith barrier 
for a given attempt is as follows: 

p. = e- A<V k T (1) 

where AG^ , the energy required to "jump" the ith barrier, 
and kT are Boltzmann's constant and temperature, respectively. 
It is necessary to then determine whether the dislocation has 
jumped or not jumped the barrier after a given number of attempts. 
The probability density (P.D.) function for the binomial distri-
bution method is as follows: 

P.D. - n(l - e"*AGi/kT,n-1 e-AGi/kT} {2) 

where n is the number of attempts (n * Atv), At is the test 
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time starting always at zero and v is the attempt frequency. In 
order to get the accumulated probability the above equation has 
to be integrated with respect to time and normalized: 

P4 «= 1 + ln(l -

The P.D. function of eqn 2 has forms which are shown in Figures 
a and b. The accumulated probability is shown schematically in 
Figures la and lb. When (AG^)/kT is large, the Boltzmann dis-
tribution function is used. The reason eqn 3 cannot be used 
for large (AGi)/kT is because the term ln(l - e"^0^**) goes 
to zero due to lack of precision of the computer, and with the 
UNIVAC 1108 this occurs when (AGi)/kT * 10. The Boltzmann sub-
routine is set so that the maximum of P.D. curve occurs at the 
mean jump time. The reason for this is that if eqn 2 is dif-
ferentiated with respect to time and set equal to zero and the 
maximum for large (AG^)/kT is found, then the mean time is as 
follows: 

t. - t Qe A Gi / k T (4) x o 

where tQ = 1/v . There remains an adjustable parameter in this 
Boltzmann subroutine, and that is the variance. The program was 
run with several changes in variance and there is very little 
effect. 

Following is a brief outline of the program to determine 
which s.r.b. is "jumped" by the dislocation. 
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The program works in the following manner. 
1. AG^ for every contact point is determined. 
2. The P^ for every contact point is determined. 
3. Then PQ is determined as follows: 

Ni P - 1 - n (1 - P.) 
° i-1 i 

4. Then a random number (R.N.) is generated between 0 
and 1 and if PQ > R.N. where Ni is the total number of points 
of contact. The position of the dislocation is unchanged and 
accumulated time is increased by an amount equal to the test 
time (At). The magnitude of the test time is variable: in the 
present investigation it was set equal to 10~10 sec. (which cor-
responds to 500 attempts). 

5. A larger test time is chosen (generally a factor of 2), 
but the test time always starts at zero time, i.e., at the origin 
in Figures 2a and 2b. Then PQ is recomputed and another R.N. is 
chosen, and again if P Q > R.N. The position of the dislocation 
is unchanged and the process is repeated with the test time al-
ways starting at zero. 

6. The process is repeated until PQ < R.N.; then a Monte 
Carlo routine is employed to determine which contact point is 
jumped. 

7. The Monte Carlo method works as follows. The P^ is 
normalized as follows. 

P1 p> p3 — J- + + • • • * I 

Ipi I*i I*i 
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A scale is then constructed from 0 to 1 and this scale'is divided 
into a number of segments equal to the number of points of con-
tact. Then starting at zero a length corresponding to the P^ is 
assigned, at the end of P^ a length corresponding to P2 is assigned, 
and this continues along the entire length of the scale. If there 
are three points of contact and the normalized P^ = 0.3, Pj • 0.3 
and P, = 0.4, then the scale would be as shown below: 

0 I 0.3 0.6 I 1 

A second R.N. is generated, i.e. if R.N. # = 0.45, then the 
dislocation jumps contact point number 2. 

8. A new force balance is determined; AG^ of the contact points 
are determined; and the entire process is repeated. 
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2000 b 

Fig. 1 Schematic representation of two dislocations and how 
they were divided into short (10b) straight line seg-
ments. 



Fig. 2 Schematic of the short s t r a i g h t l i n e segment, i l l u s -
t ra t ing the various angles and dimensions used in c a l -
cu la t ing the in terac t ion s t r e s s . 
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Abstract 
During the past several years a series of investigations have been 

underway to determine in a more rigorous manner the thermally activated mo-
tion of a single dislocation and a group of dislocations through a random 
array of short range barriers (s.r.b.). This was accomplished by develop-
ing computer models to stimulate the notion of dislocations. These models 
require the use of far fewer assumptions in comparison to analytical solu-
tions. The parameters which were investigated were; the strength and den-
sity of s.r.b., criterion for thermal fluctuation over the s.r.b., size and 
shape of slip plane, the Magnitude of the lattice resistance, i.e. the 
Peierl's stress, and in the case of a group of dislocations the criterion 
for the dislocation source operation, and the differences between single 
and group motion on a one and two dimensional slip plane. 

The results obtained from the investigations of the motion of single 
dislocation indicate that if the s.r.b. is weak, the numerical results are 
in agreement with analytical results predicted by Priedel. It the Peierl's 
stress is non-sero then the s.r.b. can produce a reduction in the stress re-
quired to maintain a given dislocation velocity. 

If a multiple group of dislocations are in motion on the slip plane it 
is possible to have two types of pile-ups. If the dislocations remove s.r. 

This research was supported in part by the U.S.E.R.D.A. under contract 
No. At(40-l)-3612 and the Computer Science Center of the University of 
Maryland. 



I , as in "channeling" of irradiated metals, then a normal pile-up occurs. 
Jlowever, if the s.r.b. are not removed, an inverted pile occurs. 

Introduction 
| The research area of thermally activated dislocation motion has 
intrigued individuals for a number of years. For in 1925 Becker was at-
tempting to explain the temperature dependence of plastic deformation, and 
he suggested that the unit responsible for plastic deformation must be small 
It is possible that this suggestion may have contributed to the postulation 
that dislocations were responsible for plastic deformation. 

Admittedly, the first ideas were rather simple, but it soon became ap-
parent that defining the motion of a dislocation, i.e., defininq its veloc-
ity (v) as a function of stress ( t) and temperature (T), was a nontrivial 
problem. The problem becomes even more complicated if the realistic case of 
more thi.n one dislocation on a slip plane is considered and much more con-
plicated if many slip planes are considered. As a result a large number of 
simplifying assumptions were made in order to derive an expression relating 
v, or strain rate ( c ) , with T and t . 

In order to eliminate some of these assumptions, we have developed com-
puter models to simulate the motion of a dislocation on group dislocations 
on a slip plane. 
Proceedure 

The proceedures employed are discussed in detail elsewhere (2-8). 
Results 
A. Configuration of the Moving Dislocation 

There are two possible means by which a dislocation can traverse the 
slip plane depending on the concentration of barriers, the strength of bar-
riers, t and T. If t i; large or the temperature is high, the dislocation 
moves at the drag velocity and traverses the slip plane as a straight line. 
If the stress is reduced or the temperature is lowered so that the time re-
quired to overcome some barriers is not zero, then the dislocation line does 
not remain straight even though the dislocation motion is still at drag vel-
ocity. The nature of dislocation is not by an "unzipping" phenomenon; i.e., 
it is not like the lateral sntion os single kinks after a double kink has 
nucleated. Figure 1 is a plot of successive positions of a dislocation as 
it moves through a random array of low strength barriers U - 172°). The 
y-axis of Fig. 1 has been expanded to show the actual "bulge outs" that oc-
cur when the dislocation moves. Figure 2 is also a plot of successive posi-
tions of the dislocation as it moves across the slip plane, but for higher 



strength barriers (• • 89°). In general, the dislocation moves by forming 
a small bulge; that is, the dislocation moves by what may be defined as "un-
zipping" over distances of five jumps or five barriers in the x-direction 
before it moves forward in the y-direction. However, after the dislocation 
has mac^e these five or so jumps in the x-direction, it then makes another 
jump in the y-direction; i.e., a bulge begins to form. The dislocation bul-
ges out a number of rows (where a rcw is defined as Y L/N y and Ny is the av-
erage number of barriers in the y-direction). The magnitude of the bulge is 
defined as the number of rows between the minimum and maximum advance of the 
dislocation. After and during this bulge out stage the dislocation begins 
to move laterally, i.e., "unzipping". 

As the "unzipping" is occurring, the portions of the dislocation which 
are moving more or less parallel to the x-axis also advance slowly in the y-
direction. The lateral motion of the dislocation does not appear to be a 
unique function of the brundary conditions employed; but the magnitude of 
the bulge out is a function of these boundary conditions and parameters. 
The magnitude of the bulge out, i.e., the number of rows advanced, can be a 
function of numerous parameters. However, one of the most important is the 
effective force on the dislocation, i.e., the ratio of the applied force to 
the force or strength of the barrier. If this ratio approaches one, then 
the magnitude of the bulge out is large. The parameters affecting the dis-
location are discussed in greater detail elsewhere (4). However, the obser-
vation that the "unzipping" tendency increases as the strength of the bar-
ier increases is contrary to the observations of Foreman and Makin (9). 

B. Steady State and Slip Plane Shape 

Determination of the boundary conditions and parameters which result in 
a steady state condition is the critical factor in determining the t vs T 
relationship, and the activation parameters vs T and T relationships. 

The simplest manner by which the steady state condition can be defined 
is as follows: a steady state, exists for a given T, T, and concentration of 
barriers if the average v does not change with an increaae in the size of 
the array. Figure 3 is a plot of v as a function of the size of the array, 
and it is obvious that v increases as the size increases. As a further 
check on the size, a determination of AH as a function of size was made 
(Fig. 4). Therefore steady state is defined by these conditions of T, T and 
concentration when the width of the slip plane is greater than 5.12p. 

How does the shape of the slip plane effect this? If the 0 K case is 
considered and the T required for dislocation motion through the array i* 
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obtained by the method of Foreman and Makin (9) , then as the length increas-
es the required stress increases; if the width increases, the stress de-
creases. However, in the thermally activated motion case, the critical di-
mension is width. This conclusion is illustrated by the following case in 
which two sizes are considered, i.e., 1.28y and 5.12p. For the smaller-
size case, if a square slip plane is used the number of barriers is ^1089 
and if N different arrays are generated then the average velocity for each 
array will be different. However, if the slip plane is 3.84y or 7.6y in 
length, the average velocity is almost, i.e., ±20%, of that obtained by the 
merage of the six arrays. This is not surprising. If the larger size is 
now condisered, with the length one-half the width, the average velocity is 
the same as that when XL « YL. At this point it should be pointed out that 
Dorn et al. (10) and Morris et al. (11) employed an array size of 9?9 bar-
riers an^ it is very difficult to believe that any correlations they arrived 
at concerning stress, temperature, and dislocation velocity are representa-
tive of the particular concentration or strength of barrier involved. This 
is illustrated by considering 'two different size slip planes, and using the 
binomial selection method. In the first case the slip plane is 0.794u 
square and contains 1089 barriers, the v from six different arrays varied by 
i3 orders of magnitude. If instead of considering v, the area covered by 
th* dislocations is considered, which has a tendency averaging the result, 
in the small size case there is no practical difference, as can be seen by 
comparing Fig. 5a and 5b, which are typical results obtained for this size 
of an array. However, if the temperature is increased, which means that the 
stress decreases, then a more linear relationship between distance moved and 
time is obtained. Mow if the larger size slip plane ia considered and all 
of the other parameters are the same, then there is almost a linear relation-
ship between distance moved and time and area covered and time, as is evi-
dent in Figs. 6a and 6b. 

A detailed investigation of "jumps" indicates that the major (90% in 
some cases) was controlled by a few jumps, four or five "hard spots". The 
nature of these hard spots can be defined in the following manner: five 
barriers are in a rectangular area of 100b in the x-direction. (These di-
mensions are for a concentration of 143 ppm). After defining the hard spot 
in this manner a search could be made for the hard spots on the slip plane. 
After locating the position of the hard spots, the dislocation was placed at 
a variable distance behind a hard spot and allowed to move. The dislocation 
was removed from the slip plane when it had jumped the hard spot, and then 
placed behind the next hard spot. A correlation of the total times needed 
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to traverwe the slip planti by letting the dislocation travel completely the 
length of the slip plane or picking it up and moving it from one hard snot 
to the next did not exist. 

From these negative results it appears that there is a difference be-
tween a "dynamic hard spot" and a "static hard spot", which would also in-
dicate that the "circle rolling" technique of Foreman and Makin »9) which 
was used by Morris et al. (11) for determining hard spots would not be appli-
cable for thermally activated dislocation motion. 

In general, in order to have steady state conditions, as tne stress in-
creases either due to an increasing concentration of barriers, decrease in 
temperature, or an increase in the strength of barriers, the ^ze of the 
array necessary to produce steady state conditions has to increase. After 
determining the conditions for steady state, the activation energy and thj 
activation area can be determined as a function of i and T, and the ; vs T 
relationship can be determined. (Surprisingly, if the barrier concentration 
and the strength are small then th«> computer simulation results of the above 
relationships in agreement with those predicted by Friedel (12)(Fig. 7). 

Arsenault and Cadman investigated the effect of barriers of two differ-
ent strengths on the thermally activated motion of a dislocation through a 
random array of these barriers (5). 

The values of the activation energies and activation volumes indicate 
that there is synergistic effect, i.e., a coupling effect, between tne strong 
and weak barriers. It was observed that the activation energy is not a mean 
value of the activation energy associated with the strong and weak barriers, 
but is larger than that associated with the strong barrier. The required 
to maintain a given average velocity also indicates that there is a syner-
gistic effect between the strong and weak barrier (Fig. 8). 
C. Effect of S.R.B. on Lattice Resistance 

Arsenault and Cadman (1) developed a computer model for the motion of a 
dislocation through an array of barriers on a slip plane which had an intrin-
sic lattice resistance. If a screw dislocation line is considered in an 
elastic continuum manner in a niobium lattice and the oxygen interstitials 
interacts with the screw dislocation in an elastic manner, then the oxygen 
atoms can produce a reduction of the macroyield stress. The oxygen concen-
tration required to produce the reduction in stress is dependent on the width 
of the slip plane i.e. the lenuth of the dislocation. The wider the slip 
plane or the longer the dislocation line the smaller the oxygen concentration 
required (Fig. 9). 
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If it is assumed that the single kinks are abrupt, the*, the addition of 
oxygen does not produce a reduction of the stress but a monotonic increase, 
with increasing oxygen concentration. 

A change in *he type of interstitial, for example a self interstitial 
with a tetragonal strain of 0.1, produces a large reduction in stress: at 

2 
77 K the stress decreases from 16 to 1.3 kq/mm . Tf the interstitial is 
nitrogen, then there is ~-o reduction ir stress but a monotonic increase. 

The results from this computer simulation model strongly indicate that 
the interaction between the screw dislocations ir> the niobium ar.d oxygen in-
terstitials is not a simple elastic interaction, for when macroscopic yield-
ing is controlled by the motion of screw dislocations, there is a large in-
crease in the macroyield stress at 77 K with increasing oxygen concentration. 
D. Multiple Dislocation Motion 

Arsenault, Strovanek and Cadman (8) have developed a computer simuia-
ion program for the motion of a linear array of dislocations for the case 
where there is a random array of s.r.b. Three different types of s.r.b. were 
used in this investigation, the first represented the data obtained by Stein 
and Low (13) on Fe-Si. The second represented the data of Gubernum (14) on 
Nb and finally the same s.r.b. as used in the simulation for the motion of a 
single dislocation on a two dimensional slip plane. If a source continues 
to generate a normal dislocation pile-up occurs. Fiq. 10, is a plot of log 
v vs log t foi the Fe-Si case. The average velocity of the first disloca-
tion generated is less than a factor of T faster than average velocity of 
single dislocation traversing the same array. The slope of log v vs log T 
relationship does not change, which means that activation area (A*) or the 
stress exponent (m), is the same for the first dislocation as a single dis-
location, which is contrary to results obtained by Rosenfield and Hahn (16). 
Similar results were obtained for the other two types of s.r.b. 

Arsenault (9) investigated dynamic pile-up formation for the situation 
where the moving dislocations had a finite probability of removing the bar-
riers, i.e., "cnannel" in neutron irradiated and deformed metals. The evi-
dence obtained in that investigation indicates that it is possible to have 
slip lines form rapidly with the process still being thermally activated. 
The single most important boundary condition is that the rate of removal oi 
the barriers by the moving dislocation must be small, i.e., less than 10%. 
This limitation is to ensure that the same possibility, such as when the 
pile-up forms, remains for the entire stress an- temperature range. If the 
rate of removal is large, then there is the possibility of discontinuities 
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in the activation energy-effective stress relationship. However, there is a 
lower limit also, for the number of dislocations that leave the sample prior 
to the rapid formation of the slip line must be less than 120. Therefore, 
the lower limit is about 2-3%. The presence of the dynamic pile-up has only 
a slight effect on the activation energy versus effective stress relation-
ship. 

As a result of the removal of barriers, a dynamic dislocation pile-up 
forms; and if the rate of rerioval is small, the pile-up will form after a 
finite number of dislocations have exited the sample. However, once a dyna-
mic pile-up forms, the further deformation on that slip plane is controlled 
by the motion of the pile-up, which is nearly the velocity of sound (Fig. 
11). A consequence of the deformation being controlled by the formation of 
dynamic dislocation pile-ups is that the pre-exponential term should be 
large, which is in agreement with the experimental results. 
Conclusions 

The present results demonstrate that computer models can be generated 
to simulation of the thermally activated motion of a single dislocation on 
a multiple group of dislocations. 

If the short ranges are weak or their density is low then the Friedel 
analytical analysis is good agreement with the numerical results. However, 
this is only true if steady state conditions have been developed. 

In regards to the motion of a multiple group of dislocations, disloca-
tion pile-ups occur. If the short range barriers are not removed, then the 
velocity of the first dislocation is 2-3 times faster than that of a single 
dislocation, but the activation area (A*)and the stress exponent (m*) does 
not change. 
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FIG. 1 
The successive positions and configurations of the idslocation as it 

.moves across the slip plane. The different types of lines represent the 
different locations of the dislocation. 
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FIG. 2 
The successive positions and configurations of the dislocation as it 

moves across the slip plane. The different types of lines represent the dif-
ferent locations of the dislocation. 
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FIG. 4 
The activation energy vs the width of the slip plane, 
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FIG. 5 
The area swept out by the dislocation as a function of time. 
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FIG. 9 
The stress required to maintain a given average velocity as 

FIG. 10 
log of average velocity vs log of applied stress 
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X. Introdjction 
The notion of a dislocation or dislocations on a slip plane 

can be controlled by either short-range barriers, which can be 
overcome by thermal fluctuations, or long-range barriers, which can 
not be overcome by thermal fluctuation n. The short-range barrier 
can be either the intrinsic lattice (i.e., The Peierls' Stress) or 
some extrinsic barrier, e.g. a solute atom or another dislocation. 
In this review various types of Computer Simulaticn thermally-activated 
dislocation motion on a slip plane will be considered: 1) a dilute 
random array of discrete barriers, 2) a dilute random array of 
discrete barriers combined with an intrinsic lattice resistence, 
3) a group of dislocations on the same slip plane, and 4) concen-
trated Folid solutions. 
II. Background 

Foreman and Makin*1' in 1967 determined the stress required 
to move a dislocation through a two dimensional random array of 
point barriers at 0°K. 

There were only two assumptions made in this investigation: 
2 

First, the line tension was assumed to be r - l/2ub, where y is 
the shear modulus and b is the Rurgers*vector, and so an applied 
shear stress (T) causes the dislocation segments to bow into arcs 
of circles with the radius, R - ub/2t. Thus, no account was taken of 
the elastic interactions between different parts of the dislocation. 
Second > the dislocation was assumed to break away from the barrier 
when the included angle between the arms of the dislocation reaches 
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which is the parameter characterizing the barrier strength. 
A simple criterion for the strength of the barrier is the breaking 
angle <)>. At this point, the total force exerted on the barrier 
by the dislocation line is, therefore, 

F - lib ̂ cos | (1) 

where 4> is defined in Fig.-(l). When 4> * 0, the barrier is infi-
nitely strong and hence must be completely encircled by the dislo-
cation: when <p * if, the barrier is very weak. 

The Foreman and Makin method was as follows: some arbitrarily 
small t was chosen, and the dislocation was allowed to move forward 
until it made contact with a barrier or barriers. (These contacts 
will be defined as points of contact.) Then 4> was determined, i.e., 
the mechanical equilibrium was determined, and a ce ..culation was 
made whether the force on any barrier due to the dislocation was 
greater than the maximum force of the barrier. Therefore^ the break-
ing angle 4> was compared with the angle obtained from the radius 
calculation. If the dislocation broke through any barrier it moved 
forward again and the process was repeated. 

When the dislocation was in a configurat ion where further motion 
was not possible, the stress was increased just enough to cause a break-
through and a search was made for a new stable configuration. Eventually 
typically after 4 to 6 stress increments - the dislocation completely 
traversed the slip plane without encountering a stable position (Fig.-2), 
and the stress at which this occurred defined the flow stress or 
critical shear stress for the array. Allowance was made for th* 
dislocation to leav* dislocation loops around strong groups of barriers 
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by a continuous test for the dislocation touching either itself 
or a side surface. 

The variation of t with breaking angle 4> for barriers of 
equal strength was determined for the range $ » 0 to n and is 
shown in Fig.-3. The x is everwhere less than the t for a square 
array of barriers and the difference becomes most marked for weak 
obstacles (4> 'v it) . 

The characteristics of the dislocation movement change sub-
stantially with 4>. When 4>was small (strong obstacles), the dislo-
cation line is very flexible because of the high stress and has a 
tendency to penetrate the array deeply along paths of easy movement. 
Encirclement of groups of obstacles frequently occuzs. When $ was 
large ^ v), the low value of stress causes the dislocation to 
remain relatively straight and parallel to the bottom of the array. 
The dislocation frequently moves sideways by an "unzipping mechanism". 

(2) 
Kocks arrived at essentially the same result as Forman and 

Makin*1* for the single barrier case by using a statistical theory, 
which he defined as a perculation theory. Hanson and Morris^ 
redid the statistics of Kocks and again arrived at essentially the same 
conclusion. 

Scattergood and Das*4* have considered the influence of 
dislocation self stresses for strong barriers, i.e., they considered 
the interaction stresses between the arms of the dislocation as it 
bowed out around a barrier. 

If the array consists of barriers of two different strengths, 
in particular two fairly weak barriers, then the stress is given 
approximately by the root mean square of the stresses of the two 
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arrays, taken separately, as follows (Foreman and Makin*1'). 

xl+ w " + (2) 

where t8 is the stress required to move the dislocation through 
an array of only weak barriers, and i w is the stress required to 
move the dislocation through an array of only strong barriers. 

(5) 
Koppenaal and Wilsdorf obtained identical results from an 
analytical analysis of two different strength barriers. 

In the simulation used by Foreman and Makin*^ it was impli-
citly assumed that the drag on the dislocation was very small, i.e., 

no stress was required to move the dislocation between barriers. 
Frost and Ashby*6' considered the case where there was a finite 
drag on the dislocation, but they assumed that the barriers existed in 
a square array with lattice spacing 2RQ. A time dependent solution 
for the dislocation shape was determined as a function of "break-
ing angle". (This angle is determined in a different manner than 
that of Forman and Makin*1*, and the angle (6) is determined as 
shown in Figure 1 and 4.) This definition of breaking angle will 
be employed in the discussion of Frost and Ashby's results. 

The shap* of the dislocation was determined by a force balance 
over a given length of dislocation by the following equation: 

•B - TB - TK 

(3) 
where v is the velocity of the dislocation, £ is the drag coefficient, 
T is the applied stress, and K is the curvature of *he dislocation. 
Mo corrections were sude for interactions between segments of the 

1 
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dislocation line. 
Figure-5 is a plot of the average velocity as a function of 

stress, and the average velocity is defined by the following: 

VFA * t: + t_ (4) 

where t^ is the time required to for the dislocation to "bow out" 
prior to breaking through the battiers, and t2 is the time re-
quired to travel between rows of barriers. For stresses below 
the breaking stress, that defined by the breaking angle (6), a 
dislocation does not move. For stresses above T, the dislocation 
approaches the limiting velocity. (The limiting velocity is the 
velocity for a given stress if there are no barriers present.) 

Frost and Ashby^* also considered the effect of temperature 
on the jumping probability, and the time required to jump the barrier 
was calculated as a function of the bow out between barriers. The 
mew time required to jump the barrier is defined by the following 
equation: 

1 AG<AT>i 
(5) fci " v e xP — T t 

where v is the attempt frequency as defined by v = (vDb)/2RQ and 
vD is the Debye frequency, and AG(t) is the activation free energy, 
which is a function of stress. 

Since 6 is a function of time, then the force acting on the 
barrier is a function of time, which means that Eq. (5) can be 
rewritten as follows: 
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t i i exp m u ± k (6) kT 

where AG is now a function of T anc; t (time). At this point, 
Frost and Ashby employ the following statistics. The probability 
of jumping in a time interval At is given as follows: 

-AG(T,t). (7) P(e)At = vAt exp i 

The probability that such thermally-activated jumping occurs at 
time t, in a time interval At, is the probability that jumping has 
not yet occurred times the probability that it will occur in the 
increment At. This is 

P(t)At - 11 - jf"AtP(f)dtMp(0)At 
(8) 

*n) This probability is defined as "conditional" or "prolong 
The velocity over distance 2RQ is given as follows: 

2R0 
V F A < V " t± + l U R o - (9) 

The average velocity over many breaking events is the weighted 
average of Vp^(t^), thus: 

J'Vtt^pct^a^ 
(10) 
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Their computer model for dynamic bow out yielded 6(t) and vFA(tJL) 
values. These data were used to find P(t) and thus to evaluate 
average dislocation velocity (Fig. 6). 

In regard to Fig. 6 it should be pointed out that velocity 
does not actually go to zero but does become very small. 
III. THERMALLY-ACTIVATED DISLOCATION MOTION THROUGH RANDOM ARRAYS 
III-l. Introduction 

The computer simulation investigations of the thermally-acti-
vated dislocation motion through a random array of barriers was 

(Q\ / Q\ 
considered by Dorn and coworkers , and Arsenault and Cadman' . 
The investigations of Arsenault and Cadman will be considered, 
and where differences and similarities occur between the two groups, 
they will be pointed out. The basic procedure is as follows: 
A random distribution of barriers was placed on a plane, i.e. 
the slip plane; and the internal stress was assumed to be zero. 
The minimum separation between barriers was lb. The force distance 
diagram of the barrier was a step function (Fig.-7) . 

Initially, a dislocation enters the slip plane and moves 
at a drag velocity defined by the following equation*®': 

where $ is a drag coefficient and T is the applied stress. Since 
the long-range internal stress is zero, T = T* (the effective stress). 
When the dislocation makes contact with a barrier, a force balance 
is determined by Eq. (1). The bow out between the initial points 
of contact occurs as a circular arc, defined by: 
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R = pb/2T. When the dislocation is bowing out, a search is made to 
determine if contact is made with other barriers. If contact is 
made, then a new force balance has to be obtained at each point of 
contact. Then, again, the dislocation bows out between each barrier 
where contact is made; and once more a search is made. This process 
is continued until em equilibrium force balance is obtained. The 
position of equilibrium is defined as (Fig. 7), and the other 
position of force equilibrium is defined by eqn. 1. When a step function 
is used to define the force distance diagram, the positions of force 
equilibrium are defined directly by the step function. The main 
reason for using a step function, force distance diagram was to reduce 
the computer ti e involved in making the calculations. Other force 
distance diagrams were used for some of the investigations of 
the configuration of the dislocation as it moved across the slip 
plane. However, an immense amount of computer time was required to 
obtain a force balance, because force on a particular barrier was 
dependent on the position of the dislocation on the neighboring 
barriers. 

If the applied force (F^) is greater than the strength of the 
barrier (F_.v), the dislocation is allowed to move over the barrier max 
and the whole process is repeated. Since the strength of the barrier 
is only defined in the Y direction, it is necessary to obtain the 
Y component of the total force as defined in Eqn. 1. This is not 
necessary for point barriers. When a force balance is obtained 
and there are no points of contact where is greater than F^x* 
then the time required to overcome each barrier where contact is 
made is determined by Eq. (5). The activation energy is determined 

l 
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by the following equation: 

AG(t)4 -
2 
F(y) dy - F'• (y--y,) (12) 

where the limits of integration are obtained from the force balance 
and F(y) is defined by the delta function. 

At this stage of analysis, decisions have to be made. If the 
dislocation is in contact with N^ barriers, the question arises which 
one or ones does the dislocation decide to jump. Six different 
selection methods have been investigated and some of these are 
described in detail elsewhere*10'. Dorn and coworkers*8' used an 
accumulated time method. Morris and Klahn*11' determined the mean 
time for jumping N^ barriers, which were in contact with the dislo-
cation, by using exponential probability statistics. Then they 
used a Monte Carlo method to select which one of the barriers the 

(12) 
dislocation would jump. Wynblatt used a Monte Carlo method 
to select the barrier that would be jumped by the dislocation. 
Arsenault and Cadman*13' believe the binomial distribution method 
is the most realistic. 
Ill-a. Configuration Of The Moving Dislocation 

There are two possible means by which a dislocation can tra-
verse the slip plane depending on the concentration of barriers, 
the strength of barriers, T and T. If T is large or the tempera-
ture is high, the dislocation moves at the drag velocity and tra-
verses the slip plane as a straight line. If the stress is reduced 
or the temperature is lowered so that the time required to overcome 
some barriers is not zero, then the dislocation line does not remain 
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straighti even though the dislocation motion is still at drag 
velocity. The nature of dislocation motion is not by an "un-
zipping" phenomenon; i.e., it is not like the lateral motion of 
single kinks after a double kink has nucleated. Figure 8 is a 
plot of successive positions of a dislocation as it moves through 
a random array of low strength barriers (4> « 172°). The y-axis of 
Fig.-8 has been expanded to show the actual "bulges" that occur 
when the dislocation moves. Figure-9 is also a plot of successive 
positions of the dislocation as it moves across the slip plane, 
but for higher strength barriers ($> « 89°). In general, the 
dislocation moves by forming a small bulge; that is, the dislocation 
moves by what may be defined as "unzipping" over distances of five 
jumps or five barriers in the x-direction before it moves forward 
in the y-direction. However, after the dislocation has made these 
five or so jumps in the x-direction, it then makes another jump in 
the y-direction; i.e., a bulge begins to form. The dislocation 
bulges out a number of rows (where a row is defined as Y^/N^, where 
My is the average number of barriers in the y-direction and YL is 
the length of the slip plane}. The magnitude of the bulge out is 
defined as the number of rows between the minimum and maximum 
advance of the dislocation. After and during this bulge out stage 
the dislocation begins to move laterally, i.e., "unzipping". 

As the "unzipping" is occurring, the portions of the disloca-
tion, which are moving more or less parallel to the x-axis, also 
advance slowly in the y-direction. The lateral motion of the 
d islocation does not appear to be a unique function of the boundary 
conditions employed; but the magnitude of the bulge out is a function 
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of these boundary conditions and other parameters. However, one 
of the most important parameters is the effective force on the 
dislocation, i.e., the ratio of the applied force to the force 
or strength of the barrier. If this ratio approaches one, then 
the magnitude of the bulge out is large. The parameters affect-

(14) 
ing the dislocation are discussed in greater detail elsewhere . 
However, the observation that the "unzipping" tendency increases as 
the strength of the barrier increases is contrary to the observations 
of Foreman and Makin(1). 
II1-2. Steady State and Slip Plane Shape 

Boundary conditions and parameters that result in a steady 
state condition are the critical factors in determining the i vs 
T relationship and the activation parameters vs t and T relationships. 

The simplest manner by which the steady state condition can be 
defined is as follows: a steady state exists for a given T, T, and 
concentration of barriers if the average velocity (v) does not change 
with an increase in the size of the array. Figure-10 is a plot of 
v as a function of the size of the array, and it is obvious that v 
increases as the size increases. As a further check on the size, 
a determination of AH as a function of size was made (Fig.-ll). 
Therefore, steady state is defined by these conditions of t, T and 
concentration when the width of the slip plane is greater than 5.12p. 

How does the shape of the slip plane affect this? If the 0°K 
case is considered and the t required for dislocation motion through 
the array is obtained by the method of Foreman and Makin*1', then 
as Y- increases the required stress increases to the true value; 
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if the width (XL) increases, the stress decreases. However, in the 
thermally-activated motion case, the critical dimension is width. 
This conclusion is illustrated by the following case in which two 
sites are considered, i.e., 1.28;. and 5.12* for a given defect 
concentration. Por the smaller-site case* if a square slip plane 
is used the number of ba riers is *»1099 and if N different arrays 
are generated then the average velocity for each array will be 
different. However, if the slip plane is 3.84*. or in length, 
the average velocity is almost constant, i.e., s20% of that obtained 
by the average of the six arrays. This is not surprising. If the 
larger size is now considered, with the length one-half the width, 
the average velocity is the same as that when XL » YL. At this 
point it should be pointed out that Klahn et al,(8) and Morris et al.(11) 

originally employed a square array sise of 999 barriers. The effect 
of this small array sise can be illustrated by considering two 
different site slip planes, and by using the binomial selection 
method. In the first case, the slip plane is 0.794m square and 
contains 1089 barriers; the v from six different arrays varied by 
^3 orders of magnitude. If instead of conridering v, the area 
covered by the dislocation as a function of time is considered, which 
has a averaging tendency, then there is no practical difference, as can 
be seen by comparing Pig.-12a and 12b. However, if the temperature 
is increased, which means that the stress decreases, then a more 
linear relationship between distance moved and tine is obtained. 
Now if the larger size slip plane is considered and all of the other 
parameters are the same, then there is almost a linear relationship 
between distance moved and time, as is evident in Pig.-13a. Recently 
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Hanson and et.al.*1^ have redone a calculation for 0eK and have 
shown that i decreases as the array size increases. 

A detailed investigation of "jumps" indicates that the major 
contribution to the total time required by the dislocation to cross 
the slip plane (90% in some cases) was controlled by a few jumps, 
four or five "hard spots". The nature of these hard spots can be 
defined in the following manner: five barriers are in a rectangu-
lar area of 100b in the x-direction and 20b in the y-direction. 
(These dimensions are for a concentration of 143 ppm.) After 
defining the hard spot in this manner a search could be made for 
the hard spots on the slip plane. After locating the position of 
the hard spots, the dislocation was placed at a variable distance 
behind a hard spot and allowed to move. The dislocation was re-
moved from the slip plane when it had jumped the hard spot, and then 
placed behind the next hard spot. A correlation between the total times 
needed to traverse the slip plane by letting the dislocation travel 
completely the length of the slip plane and picking it up and moving 
it from one hard spot to the next could not be found. 

Prom these negative results it appears that there is a difference 
between a "dynamic hard spot" and a "static hard spot". Thus, the 
"circle rolling" technique of Foreman and Makin*1', which was used 
by Hanson and Morris et a l . f o r determining hard spots, would 
not be applicable for thermally-activated dislocation motion. However, 
Hanson and Morris*15* have recently used a different technique. 

In general, in order to have steady state conditions, as the 
stress increases either due to an increasing concentration of barriers, 
decrease in temperature, or an increase in the strength of barriers. 
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the size of the array necessary to produce steady state conditions 
has to increase. After determining the conditions for steady state, 
the activation energy and the activation area can be determined as 
a function of t and T, and the t vs T relationship can be determined. 
(Surprisingly, if the barrier concentration and the strength are 
small, then the computer simulation results of the above relationships 
are in agreement with those predicted by Friedel(16) (Fig.-14).] 

Arsenault and Cadman investigated the effect of barriers of 
two different strengths on the thermally-activated motion of a dislo-

(17) 
cation through a random array of these barriers.* 

The values of the activation energies and activation volumes 
indicate that there is synergistic effect, i.e., a coupling effect, 
between the strong and weak barriers. It was observed that the 
activation energy is not a mean value of the activation energy 
associated with the strong and weak barriers, but is larger than 
that associated with the strong barrier. The stress required to 
maintain a given average velocity also indicates that there is a 
synergistic effect between the strong and weak barriers (Fig.-15). 
Ill-3. The Effect of Barriers On The Lattice Resistance 

Arsenault and Cadman*18' developed a computer model for the 
motion of a dislocation through an array of barriers on a slip 
plane that had an intrinsic lattice resistance. 

If the stress fields of a screw dislocation and an oxygen 
interstitial in the niobium lattice are described by the elastic 
continuum approximation*19' the oxygen concentration required to 
produce the reduction in stress is dependent either on the width 
of the slip plane or the length of the dislocation. The wider the 

i 
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• lip plan* or the longer the dislocation line the entailer the 
oxygen concentration required (Pig.-16). Thus, ii a comparison 
with the experimental data is attempted, it would be necessary to 
define an appropriate slip-plane width. 

If it is assumed that the single kinks are abrupt, then addi-
tion of oxygen does not produce a reduction of the atress but a 
mo notonic increase with increasing oxygen concentration. 

A change in th* type of interstitial, for example a self 
intarstitial with a tetragonal strain of 0.1, produces a large 
reduction in stress: at 77*K the stress decreases from 16 to 

2 

1.3 kg/mm. If the interstitial is nitrogen, than there is no 
reduction in stress, but th*rc is a monotonic incr*as«. 

The results from this computer simulation model strongly 
indicate that the interaction between the screw dislocations and 
oxygen interstitials in niobium is not a simple elastic interaction, 
because when macroscopic yielding is controlled by the motion of 
screw dislocations, there is a large increase in the macroyield 
stress at 77°K with increasing oxygen concentration (Fig.-17). 
IV. Multiple Dislocation Motion 
IV-1. Uniform Friction 

Rosenfield and Hahn*20' developed a computer model to solve 
a set of differential equations for the positions as a function 
of time of straight coplanar dislocations emitted from a single 
source. The velocity of a dislocation within the group was de-
fined as follows: 

vA - C axp <BTeff) 
(13) 
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where c and B are constants characteristic of the material, i is 
the index number of the dislocation, and is the effective 
stress on the dislocation. This velocity-stress relationship is 
for a viscous drag situation or a frictional drag situation. The 
effective stress is defined as follows! 

where t is the applied stress, -xA is the stress on the glide a ai 
dislocation due to the other dislocations in the array, and there 
is no additional long-range internal stress. This is also defined 
as a linear dislocation array. Rosenfield and Hahn*20* considered 
low speed screw dislocations, so that 

II 

where y^ and yj are the positions of the N dislocations in the array. 
They carried out calculations for different values of parameters and 
a typical result is shown in Fig.-18. The dislocation arrangement 
is that of an inverse pile-up. The intriguing aspect of the Rosen-
field and Hahn relationship is that the dislocations, after traveling 
a short distance, reach a steady state velocity which can be consid-
erably higher than that of a single dislocation. In the case of 
niobium and iron-silicon, this difference in velocity can be two 
orders of magnitude. 
IV-2 Discrete Barriers 

121) Arsenault, Skrovaneck and Cadmanx ' developed a computer 

(15) 

1 
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simulation model for the motion of a group of dislocations through 
a random array of barriers, which were or could be "jumped" by 
thermal fluctuations. 

The motion of multiple co-planar parallel dislocations 
through a random one-dimensional array of short-range barriers was 
examined for three different types of short-range barriers. One 
of the barriers was chosen to represent the dislocation etch pit 
data obtained from Fe-Si (Stein and Low*22'). From this data it 
is possible to obtain a plot of AH vs t , and also a value of x { , A X 

the long-range internal stress. The following expression is a good 
approximation of the AH vs plot of Stein and Low: 

TF- 4 H 0 I 1 - < T / T O ) 1 / V ( L 6 ) 

2 where AHQ » 1.14 eV and T* - 39 kg/mm . In determining the plot 2 
of AH vs it was assumed that T^ • 11 kg/mm and that T^ was 
zero, and also that the change in entropy (AS) was zero and * e f f " 
T
a ~ Ti + • T h e density of short-range barriers was adjusted 

i 2 —6 so that at T. - 12 kg/mm the velocity was approximately 10 cm/sec, 
which corresponds to the experimentally determined velocity at that 
stress. After determining the short-range barrier density, the 
density was fixed at this value and the velocity at various other 
stresses was then determined. The motion of a group of dislocations 
was then considered with this same short-range barrier density. 
The long-short dashed line in Fig.-19 is the steady state velocity 
of the first of 11 dislocations generated. This velocity is approxi-
mately 1.65 times faster than that of a single dislocation traversing 
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a short-range barrier array at 298°K and 2.80 times faster at 77°K. 
The velocity of any dislocation in the group approaches an average 
or steady state velocity wh*n it has travelled two or three times 
the insert distances. (The insert distance is the distance a 
dislocation that has travelled from the source before the next 
dislocation comes into existence at the source.) Figure-20 is a 
plot of instantaneous velocity vs distance of the first dislocation 
generated. The instantaneous velocity is defined as the distance 
between 10 short-range barriers divided by the time required to 
traverse them. There is a local maximum in the instantaneous 
velocity of the first dislocation after it has travelled a distance 

4 
of 10 b, which corresponds to the fact that at this distance the 
second dislocation comes into existence at the source. However, 
when the third dislocation comes into existence at the source, 
there is no discernable local maximum in the instantaneous velocity 
of the first dislocation. 

The second barrier was chosen to represent the dislocation (2 3) 
etch pit results obtained by Guberman ' from Nb. The following 
expression is a good approximation of the AH vs T* plot of the 
Guberman data: 

A H - A H J I - I S " ] 

2 
where HQ « 0.58 eV and rQ = 43 kg/mm , and AH, tj and Td are zero. 
The results obtained from a group of co-planar parallel dislocations 
were very similar to those obtained from Fe-Si. The average steady 
state velocity of the first dislocation emitted was less than two 
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tiroes the velocity of & single dislocation. 

The third short-range barrier was the same as that pre-
viously used in the investigations of the thermally activated 
motion of a single dislocation in a two-dimensional random array 
of short-range barriers. The following is a good approximation 
of the numerical results obtained from AH vs T* (Arsenault and 
Cadman(13))s 

AH - AH 
[ • M l O k . T , . ( 1 8 ) 

2 

where AHQ « 2.67 eV and T* = 3.7 kg/mm , AS is assumed to be zero, 
and and T^ are zero. The average short-range barrier density 
was set equal to the average linear spacing employed in the two-
dimensional simulation of an array that was 7.3 x 10~5cm wide. 2 For a stress equal to 2.4 kg/mm and a temperature of 250°K, the 

-9 
single dislocation velocity was approximately equal to 3 x 10 
cm/sec, which is in good agreement with the average velocity of a 
single dislocation travelling through a two-dimensional array. The 
average steady state velocity of the first dislocation generated in 
a group of dislocations was approximately 2.63 times faster than the 
velocity of a single dislocation. In this case there was a larger 
increase in the instantaneous velocity, approximately oi.e order of 
magnitude, in the first dislocation as the second one enters. How-
ever, in this case the dislocations do not appear to reach a steady 
state velocity. They appear to be slowing down as they move away 
from the source.(Fig.-21). 
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Two planar arrays of different sizes were chosen for the 
two-dimensional investigation. A slip plane with a width of 

—4 
4x10 cm was chosen to determine what effect the other dislocations 
on the slip plane had on the configuration of the first dislocation 
generated. In this particular part of the investigation the more 
detailed approach was used to determine the interaction stress 
between the dislocations. After the dislocation had progressed 
2 to 3 insert distances on the slip plane there were no detectable 
differences in the configuration of this first dislocation and of a 
single dislocation traversing the same area of the slip plane. 
Ideally, this wide slip plane should be used to determine how a 
group of dislocations affect the velocities of the first dislocation 
of the group, but the computer time required is prohibitive. There-
fore, a slip plane that was 7.3 x 10~^cm wide was used to deter-
mine the velocity differences. 

From a consideration of the discrete short-range barriers 
that can be overcome by thermal fluctuations, it is evident that 
the velocity of the first dislocation of a group of dislocations 
emitted by a continuously operating source is not significantly 
different from that of a single dislocation traversing the same 
area of the slip plane. Also, the results obtained from an inves-
tigation of a one-dimensional co-planar model are in very good 
agreement with the two-dimensional model in which the dislocations 
need not remain parallel. Therefore, it is not necessary to 
consider the more complicated and computer time-consuming case of 
the two-dimensional problem. 

1 
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IV-3. Uniform Friction vs Discrete Random Barriers 
To resolve the differences in the data of Rosenfield and 

Hahn and the data of Arsenault et al.*20), the differential 
equations defined by Rosenfield and Hahn*2 ' were numerically 
solved by Arsenault, Skrovanek and Cadman*21' by the Runga-
Kutta method. In the specific case of Nb at 77°K (the data of 

(23) 
Guberman ') the differences in the steady state velocity between 
the first dislocation of a multiple group and a single dislocation 
were less than a factor of two and nearly independent of stress. 
The results obtained from the discrete barrier and the frictional 
resistance simulation were almost identical. 

Also, several other cases were examined, and a general result 
is shown in Fig.-22a&b. The differences in velocity between the first 
dislocation generated by a continuously operating source, when the 
source has generated 7 - 1 0 dislocations, and a single dislocation 
are always less than 3. 
IV-4. Dislocation Removal of Barriers 

(24) 
Arsenault* investigated dynamic pile-up formation for the 

situation where the moving dislocations had a finite probability 
of removing the barriers, i.e., "channel" in neutron-irradiated 
and deformed metals. The evidence obtained in that investigation 
indicates that it is possible to have slip lines form rapidly with 
the process still being thermally activated. The most important 
boundary condition is that the rate of removal of the barriers by 
the moving dislocation must be small, i.e., less than 10%. This 
limitation is to ensure that the same possibility, such as when 
the pile-up forms, remains for the entire stress and temperature 
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range. If the rate of removal Is large, then there is the possi-
bility of discontinuities in the activation energy-effective stress 
relationship. However, there is a lower limit also, for it was 
found that the number of dislocations that leave the sample prior 
to the rapid formation of the slip line must be less than approxi-
mately 120. Therefore, the lower limit is about 2-3%. The presence 
of the dynamic pile-up has only a slight effect on the activation 
energy versus effective stress relationship. 

As a result of the removal of barriers, a dynamic dislocation 
pile-up forms; and if the rate of removal is small, the pile-up will 
form after a finite number of dislocations have exited the sample. 
However, once a dynamic pile-up forms, the further deformation on 
th*t slip plane is controlled by the rate of motion of the pile-up, 
which is nearly the velocity of sound (Fig.-23). A consequence of 
the deformation being controlled by the formation of dynamic dislo-
cation pile-ups is that the pre-exponential term should be large, 
which is in agreement with the experimental results. 
V. Concentrated Solid Solutions. 
V-l. Background 

(25) 
Kuo and Arsenault are investigating the 

possibility of developing a computer simulation model of concen-
trated solid solution strengthening and weakening. The input 
parameters are: the size difference, the modulus difference, the 
modulus of the solvent, and the temperature. Hopefully it will 
be possible to obtain the yield stress as a function of temperature. 
There are several different ways to model the dislocation motion 
in a concentrated solid solution. 
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An initial investigation of solid solution strengthening was 
undertaken to study the case of a dislocation moving in a rigid manner 
and interacting with solute atoms due to the size difference between 
the solute and solvent atoms, and to determine directly the yield stress 
of solid solutions at 0°K with randomly distributed solute atoms. 
V-2. Simulation Procedures 

In order to move the dislocation through a three-dimensional 
block, it was first necessary to generate a crystal lattice (simple 
cubic) that contained a random array of solute atoms. To determine 
the influence of dislocation line length and solute concentration 
on the interaction forces between solute atoms and dislocation, a 
model crystal with various solute concentrations was developed. It 
was assumed that the solute atoms produced a dilatational strain 
and that this simple cubic lattice model was also surrounded by 
an elastic continuum of the same modulus, so that there were no image 
forces. 

As a first order approximation there can only be a size-inter-
action between an edge dislocation and the solute atoms. Therefore, 
an edge dislocation was introduced into the model crystal along the 
Z-direction on the XZ-plane. The total force in the x-direction, 
F , due to solute atoms on the various dislocation segments at 

8 X 

different positions on the slip plane (XZ-plane) was then calculated 
by assumming the interaction forces due to each solute atom 

on dislocation. In order to find the total interaction force, psx» 
between the solute atoms and a dislocation, it is necessary to start 
with the interaction force, f^, between an individual solute atom 
and a dislocation. Weertman and Weertman*26* give the interaction 
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force, f., between a straight edge dislocation and a solute atom: 

where f^x is the component of interaction force in the slip direc-
tion and 

where r„ is the radius of the solute atom, e is the strain due to 
the size difference between solute atom and solvent atom, and w is 
the shear modulus of the solvent crystal. The origin of the 
coordinate system is placed at the site of the solute atom. The 
edge dislocation runs parallel to the Z-axis, and the Burger's 
vector of the edge dislocation points in the direction of X-axis. 
Thus, the slip plane is on the XZ-plane. From equation (20), it is 
noted that the interaction force between an individual solute atom 

-4 
and dislocation falls oif rapidly with X, Y and Z according to X , 
-4 -5 

Y , Z relationships, respectively. In order to determine the 
required search radius around the dislocation within the solute 
atoms are to be considered the interaction forces per unit length 
b at a given position were calculated with search radii ranging 
from 3b to 55b, as the search radius increases, the interaction 
force becomes constant. At a search radius of 4b the interaction 
force was within 10% of the constant. Therefore, in the total force 
calculation, only the solute atoms within 2b <X<, 4b, 2b<y<4b were 

(19) 

t x y • «yer* xy(x2+y2+z2)'5/2 
(20) 
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considered. The inner cut-off distance is introduced to prevent 
the singularity of the dislocation core. By using a search radius 
of 4b, the computer time was cut down drastically in the calcula-
tions of solute-dislocation interaction forces. 

Since the dislocation is assumed to move as a rigid unit, the 
shear stress (ig) due to all the solute atoms on a straight edge 
dislocation in the direction of dislocation motion (along X-axis) 
is 

N 
T« ' Fsj/bL * J / i x / b L 

i-1 (21) 

where N is number of solute atoms in the discrete block, and L is 
the length of dislocation line. 
V-3. Results of The Computer Simulation 

A straight edge dislocation was initially placed at the 
position of X = 4b, Y « 4b and along the Z-axis. F was then de-sx 
termined. Then the dislocation was moved to X » 5b, and again F s x 

was determined. This process was continued until the dislocation 
reached a position of X * 114b, Y = 4b. In order to determine the 
maximum opposing force (Fsx x) it would be advantageous to have 
the dislocation move along the slip plane, over a distance always 
comparable to this length L. However, due to a limitation of com-
puter time and memory space of the computer, X was confined to 114b. 
In order to simulate a large value of X, four different random arrays 
were generated for each solute concentration. The maximum opposing 
interaction force (F_„ __„) was then selected from these four 
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different arrays. The maximum value of L (the Z dimension) equals 
2617b. The maximum opposing forces for shorter L's were obtained 
by varying the integration limits in equation (19). A typical 

1/2 curve of the maximum opposing force (F.„ versus L is sx max 
shown in Figure-24 for 0.1 at.t solute concentration. Only at this 
particular solute concentration, two sets of data points were cal-
culated in order to check the reproducibility of the linear 
relationship between (Fax m a x) and L1^2. 

The average maximum interaction force was taken as the average 
value of the maximum interaction force at a given L, and is denoted 
as follows: 

(Fsx>«ax " P O l V 2 •x max w ( 2 2 ) 

where Frt is the slope of the plot of (F„.„ „ ) vs L 1^ 2 data curve, o * sx max 
"FQ" has been determined at various solute concentrations. Figure-25 

shows that F Q varies as tC(l-c)J1/2. The unit of F c is 2ycb3/2. 
According to equation (22) the corresponding average maximum shear 
stress required to move the dislocation through the array is simply: 

t, - 2jieb1/2Ic(l-c)]1/2L-1/2 (23) 
bL 

where the line length of the dislocation L is the parameter to be 
determined. In general, the yield stress Ty*Tg. 
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V-4. Discussion 
The numerical results obtained in the present calculation of 

solid solution strengthening are for materials which have zero 
intrinsic lattice resistance to dislocation motion, and as a re-
sult solution weakening can not occur. Also, it was assumed that 
solute atoms are located randomly in the solvent lattice, which 
means any strengthening due to short-range order is not accounted 
for. These assumptions or boundary conditions are essentially 
those employed in the development of most of the previous theories 
(27-34). These relationships are in agreement with Boser's pre-
dictions. 

The magnitude of the solid solution strengthening due to 
solute atoms can be determined directly from the numerical results 
provided the dislocation line length that moves as a unit is speci-

(27—28) 

fied. Boser1 ' suggested a dislocation line length of 3x.O cm, 
and assuming this length, it is now possible to compare the experi-
mental measurements for solid solutic- strengthening at 4.2°K with 
numerically determined values at 0°K. The experimental data of Ag-, 
Au- and Cu- based alloys were used in this comparison. The shear 
modulus used is that of the solvent single crystal. Table I 
lists the experimentally and numerically determined values of 
It is apparent that the calculated results are in fair agreement 
with the experimental results. 

The results also suggest that the size interaction due to solute 
atoms on the edge dislocation accounts for most of the solid solution 
strengthening in f.c.c. crystals. 

The present computer simulation is a beginning, the next step 
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is to consider the case of a flexible dislocation, and then to 
consider thermally-activated motion. 
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Conclusion 
From this review several observations can be made: 
1. The computer simulation investigations of dislocation 

motion through a random array of dilute short-range 
barriers have been very thorough, and definitive and con-
clusive results have been obtained. If the strength and 
concentration of the barriers are small, the numerical 
results are in agreement with Friedel's analysis. The 
conditions required to obtain results that represent steady 
state have been well-defined. Also, the activation energies 
of dislocation motion correspond to the area under the 
force distance diagram. The dislocation does not in general 
move by an "unzipping" process. 

2. The motion of a group of dislocations from a source has 
been analyzed and it was found that velocity of the first 
dislocation generated was less than a factor of 3 faster 
than a single dislocation traversing the slip plane under 
the same conditions. 

3. The computer simulation of dislocation motion in concentra-
ed solid solutions is in its infancy. The simulation of 
thermally-activated dislocation motion may not be possible 
due to limitations of computer time and memory space. 
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TABLE 1 
Comparison of Experimental and Numerical Results 

Calculated 
0°K 

Alloy Ftrain at, % 

Experimental 
measurement 
J at 4.2°K 

s " -4. for L = 3 10 cm Ref. 

Au-Ag 
n 

.00562 
ii 

1 
3 
5 

7.6*10 
9 .5*10 
1.2*10 

-5 
-5 
-4 

2.5*10 
4.4*10 
5.5*10 

-5 
-5 
-5 

35 & 36 
•I 
•i 

Ag-Au 0075 
ii 

1 
3 
5 

6.4*10 
8.9*10 
1.1*10 

-5 
-5 
-4 

3.4*10 
5.8*10 
7.4*10 

-5 
-5 
-5 

Ag-Al -.0313 1 
2 
3 
4 
6 

1.5*10-4 
2.4*10-4 

.-4 3.1*10 
3.9*10 
5.5*10 

-4 
-4 

1.4*10 
2.0*10 
2.4*10 
2.8*10 
3.4*10 

-4 
-4 
-4 
-4 
-4 

36 37 
ii 
ii 
ii 

Cu-Al 0.068 0.2 
0.5 
0.7 
1 
2 

4.7*10 
7.2*10 
1.0*10 
1.2*10 
2.1*10 

-5 
-5 
-4 
-4 
-4 

1.3*10 
2.0*10 
2.4*10 
2.9X1G 
4.lx10 

-4 
-4 
-4 
-4 
-4 

38 & 39 



Fig. 1. A schematic of a dislocation in contact with several 
barriers. 
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Fig. 2. Typical variation of stress with maximum penetration 
distance of a dislocation into a random array of width 
100 L (L is the average spacing between barriers) (10° 
breaking angle); broken line is for array of 10,000 used 
in computations. A well-defined "yield point" is charac-
teristic of all arrays and barrier strengths, and occurs 
well within the limit set by a square-shaped array. 
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Variation of the critical shear stress T with breaking 
angle • for a random array of 10,000 barriers with 1% 
stress increment (solid circles), and for an array of 
1,000 barriers with 2% increment (open circles). Error 
limits show the range ol values from a series of different 
arrays of 1,600 barriers. The square lattice stress T , 
Friedel stress Tf, and empirical result t . 
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4. Diagram illustrating the bowing of a dislocation be-
tween barriers P-P, the bow out angle e, and the way 
in which the velocity v = 2R /(tj + t2) was calculated. 
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Fig. 5. Dislocation velocity at 0°K as a function of stress 
for various strength barriers. 
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Fig. 6. Thermally activated dislocation velocity v plotted 

against stress in units of T The quantity AG 
describes the strength of the obstacle. A disloca-
tion can move rapidly through a field of weak ob-
stacles AG/=t50 at stress levels below Tcrit» b u t 

strong obstacles (AG/kT = 500) can only be cut at 
— « r a h o v e t . . . 
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Pig. 8. The successive positions and configurations of the dis-
location as it moves across the slip plane. The dif-
ferent types of lines represent the different locations 
of the dislocation. 
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Fig. 9. The successive positions and configurations of the dis-
location as it moves across the slip plane. The dif-
ferent types of lines represent the different locations 
of the dislocation. 
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Pig. 10. The average velocity vs the width of the slip plane. 
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Fig. 12. (a) The distance traversed by a dislocation as a 
function of time. 



Fig. 12. (b) The area swept out by the dislocation as a function 
of time. 
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Fig. 13. (a) The distance traversed by the dislocation as a 
function of time. 
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Fig. 14. The stress required for a given dislocation velocity 
(10"* cm/sec) as a function of temperature. 
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Fig. 15. The stress as a function of temperature at a given 
average dislocation velocity, where 4 is a measure 
of the strength of the barriers. 
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Fig. 16. The stress required to maintain a given average velocity 
as a function of oxygen concentration. 
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Fig. 17. The resolved shear stress for yielding Nb at 77 K as 
a function of oxygen concentration. 



Fig. 18. Movement of some individual dislocations emitted by 
a source. A total of 20 dislocations was generated 
during the calculation (Ret. 19). 
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Fig. 19. The steady velocity vs applied stress. 
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Fig. 20. The instantaneous velocity of the first dislocation as 
a function of distance from the source. 
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Fig. 24* Total solute-dislocation interaction force versus (L) ' 
for 0.1 at.% solute concentration; L is the dislocation 
line length. 
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