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ABSTRACT 

Transmission' electron microscopy o'f tantalum single c~ystals deformed 
'to large strains did not show a cell structure unless the deformed crystal 
was heated in an oxygen atmosphere prior to thinning. 

No difference was observed between as-rolled crystals and thos~ given 
a thermal treatment without oxygen. The res~lts indic.ate ·that the oxygen 
pins the-dislocations and/or modifies their structural arrangement~ It was 
not possible ·to isolate the mechanisrn. 

Tungsten single crystals of very high purity were prepared from 
vapor-deposited .stock by electron-beam flo~ting-zone melting .. Additional 
purification was attempted by solid- state extraction, with inconclusive 
results, and by electrotran.sport, which appeared quite successful. The 
residual resistivity ratio" for a crystal grown using elettrbtransport was about 
twice that of crystals grown hy simple zoning. An indication of true zone 
refining is also apparent in that the resistivity ratio for the last portion of 
the crystal to solidify is ·about one h~lf that of the rest of the crystal. The 
specimens produced have an impurity level near or below the limits of detection 
by chemical or spectrographic techniques. Residual resistivity measurements 
by the potential-drop arid eddy-current methods gave ratios in the range of 
25, 000 to 150, 000. The absolute values in the upper range are questionable, 
however, since tbe measurements were at the limits of detection of the 
measuring apparatus. Measurements of propo:rtional limit and work-hardening 
rate have also been used as an indication of relative purity. 

Two tungsten specimens cut from one single crystal are currently being 
irradiated and will be used for experiments on the recovery of yield strength 
and resistivity with annealing. 

The methods of acoustical spectroscopy and high-amplitude modulus
defect measurements appli-ed to the study of the mechanical state of a metal 
have provided unique insight into the underlying mechanisms that control plastic 
deformation in the refractory bee metals over ranges of purity, strain rate, 
stress, and temperature. 

From the studies it appears that the motion of dislocations in the bee 
tran,sition metals is controlled by thermally activated processes possessing 
an .energy spectrum with a number of broad bands. There is evidence that 
the activation energy of some of these bands may be reduced by the application 
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of stress, i.e., that the thermal activation event may be stress-assisted. 
Furthermore, the highest energy process appears to possess the largest 
rate of energy reduction by stress or activation volume. 

'I'he knowledge of the existence of many components in the network, 
each with its particular mobility and stress concentration factor, provided 
the original incentive for the construction of a ·model of stress~assisted, 
thermally activated, dislocation motion that is no':"" being investigated. 

Measurements of the stored-energy release on annealing·specimens 
of_irradiated and cold-worked molybdenum are in progress, using specimens 
supptied by Hanford Laboratories. Two important release peaks were 
found in the irradiated specimens, in. the vicinities of 2000C and ?oooc, and 

. the -more highly irradiated sp~cimens show possibllities for ·additional 
annealing,peaks. Data reduction is in progres~ and a topical repoxt will 
be prepared. 

·-· 
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I. DEFORMATION MECHANISMS IN BCC METALS 

1. 1. TRANSMISSION MICROSCOPY 

During the course of the present work, transmission electron 
microscopy of deformed tantalum single crystals was performed. A number 
of interestiny :;;nd significant observations were made and have been reported 
previously. ( }-·- It is the purpose here to present only the most pertinent 
portions of the work, which may also serve in part as a summary. 

A number of samples were prepared and inspected by transmission 
electron microscopy. The samples were all prepared in a similar manner 
and with a similar background; i.e. , all specimens were originally single 
crystals of tantalum having had one zone melting pass, and were rolled to 
approximately 90o/o reduction area. Following the rolling treatment, 
samples were electrolytically thinned by standard methods in order to 
make them transparent to electrons. One set of experiments deviated 
from this procedure in that the samples were given different heat treat
ments in order to evaluate pinning effects. 

Many of the observations made on unpinned samples were similar 
in nature to those made by other investigators,( 2 } i.e., a number of tangles 
were found and many prismatic loops were also in evidence (Fig. 1}. 
However, these features have usually been found at low strain values. 
Various models have been proposed to explain the presence of prismatic 
loops, and their observation here simply supports previous studies. 
Several aspects of this early portion of the work, however, were at variance 
with other studies. Principal among these was the pronounced lack of cell 
structure following very large deformations. Cell structure appears to be 
characteristic of deformation and has been observed and reported for both 
fcc metals(~} and bee metals.(2} Keh and Weissman(2} performed a syste
matic study of the influence of temperature and deformation on the disloca
tion · structure in iron and found that the formation of cells was a function 
of both deformation and temperature. 

Two features of the present work were different from other studies: 
(1} the deformations were rather high (90o/o} and (2) the stress-strain curves 
for the tantalum crystals used exhibited a very low rate of work hardening 
(deride= Gll500} compared with the typical rate (deride = Gl630) for the 
iron crystals used by Keh arid Weissman. 

>:cReferences are listed at the end of each section. 
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Fig. 1- -Typical transmission photomicrograph 
of as-rolled tantalurn s.ingle crystal 
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The absence of cell structure in the early work was_notable ·in view of 
other observations on both fcc and bee metals where cell formation was 
always seen with deformation . .:As · a result, pinning experiments were 
undertaken to find an explanation. One tentative explanation offered for 
the lack of cells in the early work was simply that the dislocations were 
able to rearrange themselves during the thinning process . The image 
forces(4) seen by dislocations during thinning have been proposed as the 
cause of the rearrangement. These image forces purportedly approach a 
fraction of the shear modulus for the material. The first experiment to 
evaluate this effect was to anneal a foil in air at 400°C for eight hours 
before thinning . This temperature and time were calculated to be sufficient 
to introduce oxygen throughout the sample . Figure 2~ is a photomicrograph 
of one area observed. It can be seen that this structure is quite different 
from that o f Fig .. 1 in that a cell structure is now in evidence . Figure 2_Q is 
a selected area diffraction photomicrograph of this area and shows the 
misorientation between subgrains to be as large as 4 ° to 5° . It was not 
possible in this sample to find areas where only sharply defined spots were 
pre sent ; rath e r, a spreading of the spots was usual, indicating a range of 
orientations of the subgrains . 

The first thermal treatment provided an indication of the changes 
caused by oxygen and/ or temperature, but did not, of course, define these 
effects. The 400°C temperature used for the first annealing treatment is 
considered to be too low to have caused the rearrangement of the dislocations 
as seen. A possible explanation, however , lies in a suggestion by Lothe(5) 
that the presence of an impurity atmosphere in itself could cause a rear
rangement of the dislocations . Final experiments were performed in an 
effort to evaluate these variables . A single crystal of tantalum was rolled 
to "'90% reduction of thickness and sectioned into three pieces. Two of 
these sections were placed in quartz ampoules, one filled with oxyBen , the 
oth e r with argon . The two quartz ampoules were then given a 400 C 
thermal treatment for eight hours . The third section was used as a refer
ence for comparison . 

The results of transmission microscopy on the three samples are 
presented in Figs . 3 through 5. The fours photomicrographs making up 
each figure were selected to represent the most widely divergent structures 
observed and should form a valid basis for comparison. Figure 3, showing 
transmission photomicrographs of the as-rolled crystal, is typical in that 
it presents exampl es of most of the features previously seen on as- rolled 
crystals . Figure 4, showing the specimen annealed in argon, shows, with 
few exceptions the same general features as seen in Fig . 3. Photomicro
graphs of the sample annealed in oxygen are presented in Figs. 5 and 6. 
Figure 5 was compiled on the same basis as Figs. 3 and 4 ; that is , · the most 
widely divergent observations were selected. Figure 6 shows one area 
taken at three different tilt angles and identif ies the boundaries as such. 
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Fig. 2- - Transmission -=lectron photomi::.:rograph of rolled tantalum single crystal 
after thermal treatment :o pin dislocaLcns, with selectee area diffraction 
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P-2644 (45,000 X) P-2639 ( 33,060x ) 

(a) (b) 

Fig. 3--Transmission photomicrographs of as-rolled tantalum single crystal. 



P-201,4 (c) ( 34, 800X) P- 26.43 
(d) 

(33 ,06 0X) 

Fig . 3 (continued)--Transmi3si::>n photomicrographs of as-rclled tantalum single crystal 
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P-26 30 (34,200x) P-2631 (33,060x) 
(a) (b) 

Fig. 4 -- Transrnission photorr_ic ographs of rolled tanatalurn crystal, annealed 8 hr at 400°C in argon 



P-2631 (c) ( 71)' 0 0 0 >: ) p- 2 6 34 (d) (31,920><1 

Fig . 4 (continued)--Transmission photomic::-ographs of rolled t3.ntah.:.n crystal annealed 8 hr 
at 400°C in argon 
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{a) (54,000X) P-2729 (b) 

F ig. 5 -- Transmission photomicrographs of rolled tantalum crystal anne3.led 8 hr 
at 400°C in oxygen 

(52,200X) 
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(c) 
t57,00J ~ ) P-~311 (54,000X) 

, Fig . 5 (continued )-- Trans mission photco:..crogr3.phs of rolled tantalun: crystal 3.nnecJed 
· 3 hr a -: 400° C in oxygen 
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Fig. 6- -Transmission photomicrograph of rolled 
tantalum crystal annealed 8 hr at 400°C in oxygen 
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The results on the sample annealed in oxygen can be seen to ·s·upport 
those obtained from the first sample annealed in air in that well-developed 
subgrains are present. The lack of this structure for the sample annealed 
in argon would indicate that the effect of the thermal treatment per se does 
not significantly change the structure. These observations do not support 
or reject the model proposed by Lothe(5); however, in the process of pinning 
dislocations in order to avoid their loss during thinning, modification to 
the observed structure is a distinct possibility and should be seriously 
considered. 

l . 2. IRRADIATION EFFECTS IN BCC METALS 

Many studies have been performed on the effects of neutron damage 
in metals. These studies can be broadly classified into two categories. 
A very important part of the studies has been concerned with the gross 
effect of neutron damage on reactor structural materials, and these results 
have obvious and immediate engineeringuse. A second category has dealt 
mainly with the effects of irradiation on pure metals, and the primary 
objective has been to define the mechanisms of various kinds of damage 
caused by high-energy particles. Experiments of this nature can be classi
fied as fundamental in purpose, since the aim is to try to understand the 
kinds of damage to the crystalline lattice on an atomic scale caused by 
various types of particles. Much work has been done in the past to evaluate 
the effects of neutron damage in pure fcc metals. The effects of neutron 
damage in bee metals, however, are not as well understood. A significant 
reason for this is felt to be that relatively pure fcc metals can be obtained 
more easily than bee metals. lt has been the objective of this program Lu 
study the effects of neutron damage to bee metals of such high purity that 
the likelihood of interactions between point defects produced during irradia
tion with interstitial atoms present as impurities would be negligibly small . 
An additional factor overcome with ultra-high-purity starting material i s 
that it has, in the past, been difficult to evaluate irrad1abon e±±ects per 
se because interstitial atoms, such as carbon, nitrogen, and oxygen, are 
thought to affect mechanical properties in a similar manner, thus obscuring 
the effects of neutron damage, particularly at low doses. For this reason, 
major past emphasis has been placed on producing an ultra-pure starting 
material and character1zmg 1t by all the meaiHi available. The rneLhu<.ls 
used to produce and characterize ultra-pure tungsten for the initial studies 
are described in this section. 

The presence of foreign atoms has been known for some time to 
influence measurements of both mechanical( 6) and electrical( 7 ) properties . 
Calculations by Damask( 8) indicate that impurity levels as low as 10-7 are 
necessary to ensure that measurements of annealing kinetics of vacancies 
in bee metals are not influenced by the impurity-vacancy interactions. 

• 
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A number of exp~riments have shown the effects of impurities on recovery 
of resistance during postirradiation annealing. (7)(9) 

The rate of disappearance of carbon from solution in iron due tc>· 
irradiation is about three orders of magnitude greater than the thermal 
rate as reported by Damask. ( 10) One also is tempted to ascribe the many 
different results obtained by investigators measuring property changes due 
to irradiation' at least in part' to the influence of foreign atoms. 

The experimental program planned to elucidate the mechanisms of 
irradiation damage in ultra-pure tungsten includes ( 1) measurements of the 
increase of critical shear stress with neutron dose and its recovery with 
annealing, ( 2) measurements of the recovery of electrical resistance of 
irradiated specimens with postirradiation annealing; (3) stored:-energy 
measurements (presently in progress on irradiated molybdenum in coopera
tion with Hanford Laboratories). and (4) internal friction measu·rements. 

The methods used to obtain and characterize the starting material · 
will be de scribed in detail, but can be summarized briefly. Starting 
material is presently prepared by high-vacuurn floating- zone refining, 
very recently in combination with electrotransport in the liquid state during 
zonins. Characterization of the material is considered of utmost importance 
and 'is presently being done by residual resistivity measurements, measure
ments of the proportional limit and early strain hardening characteristics, 
and internal friction measurements. The latter can, by means of strain 
amplitude measurements, provide invaluable information concerning the 
structural state of the material. 

1. 2. 1. Material Preparation 

·1. 2. 1. 1. Electron- beam Floating- zone Refining. Since an important 
program objective is to perform experiments on specimens u.f 1ua.xim.un'l 
purity, electron-beam floating- zone refining was used as a means of pre
paring single crystals for the studies. Other methods that have been or 
are presently being used to further purify the crystals will be described; 
however, zone refining was the first method used and remains the primary 
method of specimen preparation. An excellent coverage of the principles 
involved in growing crystals by this method is presented by Pfann, ( ll) 
and only the details pertinent to .the present work will be described here. 
The interstitial impurity atoms, such as nitrogen, oxygen, and carbon, are 
thought to have a great effect on the properties of tungsten, and their removal 
by zone refining in normal vacuums ("'Io-6 torr) is far from complete.( 12 ) 
It was felt that a system pressure of ,....10-9 torr during zoning would largely 
effec't. removal of many impurities through volatilization. Recent results 
by Murray, et aL~ ,(13) have since shown a great effect of pres sure on 
residual' resistivity ratio (see Fig. 7.).. Removal of carbon seems to occur 
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mostly through its reaction with oxygen to form CO or C02( 14) and, largely 
for -this reason, a starting material of initially low carbon content was s~ilght. 

The main parameters used as a basis for designing and building the· 
zone refining system were ( 1) .that the vacuum system itself should contrib
ute minimum impurities during operation and ( 2) that the components of the 
t:rave rse system (electron gun, etc.), which are contained within the vacuum 
system during zoning, should be made of low-vapor-pressure components. 
An all-metal bakable system that satisfies the minimum gas-load requirement 
has a total cycle time measured in days. An elastomer- sealed metal or·. 
glass system lias a total cycle time measured in hours, especially if high
speed pumping is used to overcome the higher gas load during zoning. For 
these reasons, a parallel developrnent was started on the two types of 
systems. One was an all-metal bakable system with a 125 -liter I sec ion 
pump. This system was expected to produce the cleanest and best vacuum 
and was planned as the ultimate system. It was felt that the high vacuum 
would warrant the large amount of time involved in a complete cycle. A 
second system with a glass chamber of· standard 6-in. Pyrex· pfpe was 
de signed to provide good visibility of the working chamber and quick cycle 
time. This system was built mainly to provide a simple means of evaluating 
electron. gun designs and other internal components. It is also used for 
weldin_g of end grips to. specimens. The high pumping speeds needed were 
provided by a 750-liter/ sec oil diffusion pump and liquid nitrogen cold 
trap. This combination had a blank-off pressure in the I0- 10 torr r"ange. 

The requirement of low-vapor-pressure components in the system is 
best met by eliminating all oils, plastics, etc., and using only stainless 
steel, copper, tantalum, etc. The elimination of lubricants and plastics 
posed a problem ·because relative motion between the specimen and electron 
gun is necessary to provide the zone motion. In tests performed at a 
chamber pressure of ,...,lo-5 torr, various vacuum greases and oils were 
fmmn to provide sufficient lubrication at the low speeds (""-2 mm/ min)' 
involved. Atultra-highvacuums (""1o-9) they were found unsuitable, especi
ally when the system was baked out. To provide alignment of the specimen 
and the electron gun within the vacuum system, guides and a means of 
moving one component were needed. A magnetically coupled rotary drive · 
was designed and built for this purpose. This required that a rotary-to
linear motion conversion be made within the vac:uum system. A ball screw 
and nut were chosen for this purpose because .of the low operat"ing force 
and minimum cnnta.c.t area betweerr c-omponents. Molybdenum disuifide 
was known to retain its lubricating Eroperties under conditions of high· 
vacuum and high temperature ("'450°C), and was considered for use. A 
molybdenum disulfide coating was applied to the ball screw and the system 

. was cycled in a vacuum of 10-6 torr at "'200°C, with no adverse effects. 
However, alignment problems in the traverse mechanism proved difficult 
to overcome and the entire mechanism ~as replaced with a stainless steel 
bellows having an 8-in. linear travel. 
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The glass system used elastomer seals, and a differentially pumped 
Wilson-type seal was used to transmit vertical motion into the system. 
This was found to work satisfactorily at linear ~peeds of .....,z mm/min. 
Pressure in the system could be maintained at .....,8 X l0-9 torr with this 
seal. In both systems Type 304 stainless steel was used for all internal 
components except for current conductors (copper), insulators (alumina 
and Kovar), ·and portions of the electron gun that operate at temperatures 

0 0 
of 600 to 700 C. The Mark I electron gun was formed largely of tantalum, 
with a tungsten wire filament (see Figs. 8a and 8b). The Mark I gun had 
excellent focusing properties, and a 1-mm- diameter tantalum rod was 
successfully zoned. However, the molten zone of the specimen lies com
pletely within the enclosed bias shroud and the conductance to the vacuum 
chamber was considered inadeqlJate, Th~ RP.r.onn nP. sign, :.hQwn in Fig. 8£_, 
p1·oviueu very good conductance to the chamber and produced sper.imP.ns 
o£ improved purity as evidenced by measurements of the propo~tional limit. 

I 

Focusing is adequate to maintain rt ?.nnP in sp~dm.enli 1. S to 2 mm in 
diameter. This gun is also usec;l to weld molybdenum end grips to the 
tungsten specimens (see Fig. 9). Figures lOa and£ show the specimen 
support with a sped men in place, the Mark II gun, the gun support, and 
the high-current lead wires for electrotransport. 

Experience with both systems soon indicated that insufficient pumping 
speed was available to achieve vacuum levels of lo-9 torr during zoning. 
The chamber walls are cooled by water jackets or tubes and forced air to 
help decrease outgassing, but this is still considered a lrt.re;P. prtrt nf th~ 
total gas load. Titanium sublimation pumping has been used in many 
applications and appears to be. well suited for handling the large amounts 
of active gases resulting from outgassing of hot chamber walls and internal 
components. 

Figure 11 is a drawing of a small (area "'80 cm.2 ) titanium sublimation 
pump that was built and installed in the glass vacuum system. Several 
types of filaments were tried; however, wires made of an alloy of tantal"\lm 
and titanium were most reliable. These filaments can be heated to above 
the melting point of titanium with ~reatly increased ratA s of Ht;;mi1.1m 

vaporization and hence increased deposition on the tantalum wall. Consid
erable success was obtained using this small sublimation pump, and vacuums 
of 5 X l o-8 torr have been attained nnring znning, Thill ~ystt:~m is limited 
owing to heating of the tantalum wall by the filament. For this reason a 
decision was made to incorporate a liquid-nitrogen- cooled cold wall into 
the zoning chamber. It is planned that most of the cold wall will be used 
as a pump as a result of direct deJ?osition of titanium on the w;:~.ll. This 
modification to the system should reduce the system pressure to ....... lo-9 torr 
during zoning. This pressure range is felt to represent the approximate 
limit at which vacuum distillation of impurities can be accomplished. 

, ... 
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Fig. 8--(a) Mark I electron gun; (b) schematic drawing of 
Mark I electron gun; (c) schematic drawing of Mark Ir 

electron gun 



18 

1
1
1

11 II 11j11'1' 111' I '11111 'I~ 1111111 IT" 111 '111 I 

.IDID 1 2 NO.CMSOO 3 THE L-S. 

111111111 111111111 111111111 111111 

Fig. 9--Tungsten specimen welded to 
molybdenum end grips 

1. 2. 1. 2. Solid- state Purification. During the portion of the program 
when all available methods of improving the purity of existing starting 
material were being considered, solid- state purification was irtcluded. In 
view of existing work, it appeared that use of this method might possibly 
effect removal of interstitial impurities from bee metals. Seraphim, 
et al., ( Ei) performed an excellent study of the use of this method to purify 
sm.all-diameter (0. Z5 mm) tantalum wires. They reported values for r, 
the helium temperature resistance ratio, in excess of 104. If one utilizes 
the conversion figures of Seraphim, et al. , ( 16) i.e., atomic-percent 
interstitial contentc ~ 2.7 (1/r), an ·interstitial content of "'2.7 x 10-6atomic 
results. Tantalum wires of small diameter have also been purified, using 
the same concepts, at General Atomic. Resistivity ratios as high as 
6500 have been obtained. 

The application of this method to tungsten for carbon removal was 
(;OH::s.iuered. Work of Becker, et al., ( 14) showed that the reaction of oxygen 
with carbon in tungsten to produce CO and C02 reached a maximum rate 
at "-'2300°K. An obvious disadvantage is that if carbon were present, it 
would have to be redistributed many times in order to react with oxygen at 
the surface. This limits the technique to thin foils or small- diameter wires, 
neither of which is suitable for the planned irradiation experiments. 

Solid- state purification was attempted on a sample of "'1. 5 o::- mm 
diameter (TH-7) utilizing five temperature cycles to within 200°C of th~ 

# 
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Fie. 10--(a) Specimen support with specimen in place, the Mark II 
gun, the gun support, and high- current lead wires for eJ ectrotransporL 
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melting point of tungsten, with each cycle followed by an exposure to an 
oxygen partial pressure of Io- 6 torr at 2300°K. The pressure during the 
high-temperature cycles was 8 X 1 O- 9 torr. This experiment was performed 
in the all-metal system. Resistivity measurements before and after were 
identical ("" 23, 000), which indicates that the re suits are inconclusive. This 
could be caused by the large sample size and/ or low carbon content. It 
does not, at pre sent, appear practical to consider this method for the 
sample sizes required (""2 mm), although a recently .suggested method could 
be used to effectively redistribute any carbon pre sent. This method would 
consist of a zone pass which quite effectively stirs the molten zone, hence 
redistributing the carbon, followed by exposure to oxygen at ""10-6 torr 
and 2300°K. In view of very recent work to be desc.ri.hen in th~ following 
section, it appears that the method of electrotransport in the liquid state 
Inay be mol'e Useful for our purpose. 

1. 2. 1. 3. Electrotransport. The use of an electric field to effect 
mass transport of metal ions in both the liquid and solid state is well known, 
and a recent review by Verhoeven< 17 ) summa.riz.es both past work and 
theoretical features. Electrotransport, in the solid state, has been shown 
to be quite effective in moving impurity atoms, and an excellent example 
is the work of DeBoer and Fast, (I 8) who studied migration of oxygen in 
zirconium. They found that under suitable conditions of temperature and 
electric field, oxygen could be made to move easily through the metal 
lattice as a negative ion. The fascinating aspects of electrotransport lie 
'in the appllcation of this method to the molten state where niffusion rates 
are greatly accelerated. 

. ( 19) Angus, et al. , derived a steady- state solution for the segregation 
occurring at a freezing interface for the case of an added electric field 
and predicted that increases in segregation could be quite large under 
certain experimental conditions. Pfann and Wagner< 20) later derived a 
general relationshil? for the effective distribution coefficient k when a 
direct current is passing through a solid-liquid interface. It was shown 
that k could be varied over wide ranges between k 0 (the equilibrium value) 
and unity. It was shown, as a consequence, that increased efficiency of 
zone refining could result from changes in the distribution coefficient k. 
Some recent experimental re suits< 21 ) co:nfirm.ed these concepts for tungsten. 
The method used to evaluate the changes during zone refining caused by an 
added electric field was measurement of the residual resistivity ratio r, 
and some striking improvements were reported. Although no analyses for 
changes in carbon content were indicated, molybdenum· was shown to 
concentrate at one end, and the average molybdenum content was reduced 
from 20 ppm to 5 to 6 ppm for an electric field intensity of 1000 amp/ cm2. 
Field-aided zone refining (field freezing) has qeen performed on vapor
deposited starting material presently being used, and some preliminary 
results will be presented. The circuit used is essentially the same as that 

·~· 
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used by Hay and Scala.( 21 ) (see Fig. 12). Since the original zone-refining 
apparatus was not planned with this in mind, a standby feedthrough was 
used and, consequently, the current density was limited to about 850 amp/cm2 . 

Preliminary analysis of a specimen (TH-18) zoned at.2 mm/min and 
850 amp/ cm2 indicated a residual resistivity ratio r = 60,000 over most 
of the length of the cryst<il and r = 30' 000 in the final i em, 'which included 
the last part of the specimen to solidify. It would appear that s'ome true 
zone refining occurred. These values may be compared with a value of 
r = 22, 500 for a section of TH- 7 grown under normal c.onditions. However, 
the zone-refining conditions were not identical and the comparison is not 
completely valid. _Resistivity measurements have also been performed on 
a crystal (TH-16) grown under essentially the same system conditions, 
but with~ut the electric field. The results are presented in Table 1, a.nd 
the· differences are indeed striking. The resistivity ratios presented in 

. Table 1 for TH-18 were obtained under the same conditions as· for TH-16. 
The decrease in resistivity ratio for the last section of TH-18 to solid'ify 
indicates that some true zone refining, in addition to volatilization of 
impurties, has occurreq. The increase in resistivity ratio by about two 
times for the case of field freezing is considered extremely encouraging; 
howeve·r, caution must be exercised in interpreting the absolute ratios in 
Table l. The num.bers obtained a:re close to the limits of detection. for the 
equipment being used and could be in error. The comparison between the 
two crystals is considered valid, however, and is in approximate agreement 
with the results of Hay and Scala(21) under about the same experimental 
conditions. At 1000 amp/ cm2, .the resistance ratio after one pass was 
observedto go from r = 23,000 tor= 42,000. Work.is continuing on this 
phase of crystal growth. Measurements of the proportional limit for these 
crystals will be rriade and compared with those for crystals grown without 
the electric field. If improvement in these meci:tanical propertie<s is also. 
evident, future irradiation capsules will contain c :rystals grown by this method. 

1. 2. 2. Material Charactedzation ·.,·· : 

As previously noted, considerable effort has been placed on methods 
of obtaining pure starting material and further improving its purity. An 
immediate problem, of course, arises in how one as~esses specimen 
purity .. ChE:\rnic::r~.l an<ilyses are useful as a general guide, but are not of 
much .us~ in the purity range desired(< 10-7 impurity concentration). Two 
methods arc pre Bently being 1.1 sen ri.S a regular means of detecting differ
ences caused by changing the conditions under which .the crystals are 
grown: . ( 1) electrical resistance measurements and ( 2) mecllqnical property 
measurements. The fir·st is a well-accepted method that is sensitive to 
impurities that scatter conduction electrons (mainly interstitial impurity 
atoms). It consists of measuring the electrical resistance of the sample 
at room. temperature and comparing this with the same meal:>urernent at · 
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liquid-helium temperature .. A detailed discussion of the theory and 
ramifications of electrical resistance measurements may be found in books 
such as that by Olsen. ( 2 2) Measurement of resistance ratios has been 
performed by two methods: ( 1) the potential-drop m.ethod and (2) the eddy
current decay method. The second method of determining relative purity 
is to measure the proportional limit and the work-hardening rate at small 
strains. These measurements are termed mechanical property
measurements. 

Table 1 

RATIO r OF ELECTRICAL RESISTANCE AT ROOM 
·TEMPERATURE TO THAT AT 4°K (R298oK/R4oK)' 

FOR ZONE-REFINED TUNGSTEN WITH AND 
WITHOUT ELECTRIC FIELD a 

Measuring 
Position 

Top 

Bottom 

r x 10-3 

Without Field 
(TH- i6) 

50.9 
61.6 
54.4 
64.4 

With Field 
of 850 amp/ cm2 

(TH-18) 

40.0 
114.0 
100.0 
151.5 

aZone traverse was bottom to top at 2 mm/ 
min. Top electrode was ma.inta.ined at positive 
potential. 

1. 2. 2. 1. Potential-drop Method of Measuring Residual Resistivity 
Ratio. This method of residual resistivity measurement is simple in 
concept but rather difficult in practice at resistivity ratios greater than 
about 10,000. For high-purity samples of a size useful for mechanical 
property measurements, the measured potential drop is of the order of 
0. 05 to 0 . .5 J.l.V at reasonable current levels. When the electron mean free 
path between impurities is significantly less than the boundary dimensions 
of the specimens, the potential drop between two points along the path of 
the constant current flowing axially will be due principally to electron 
scattering by impurities at temperatures low enough to freeze out most 
ofthe thermal lattice vibrations (4. 2°K). Residual resistivity r is commonly 
defined as the ratio of potential drop (298°K) to potential drop (4. 2°K) at 
constant current. 
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The technique employed uses a battery with a series ballast resistor 
to limit and help maintain constant current ("'6 amp), a reversing switch· 
to change direction of current flow through the specimen, and a fixture 
with a low thermal mass and conductivity for immersing the specimen in 
liquid helium. A 0. 0005-ohm precision resistor is placed in series with 
the circuit to allow current measurement by potential drop. A reversal 
of current flow is necessary to allow a subtraction of thermal electromotive 
forces, which are often larger than the potential drops. 

The potential drop at selected points on the specimen is obtained 
by spot-welding 0. 003- in. -diameter platinum wire, which is then soldered 
to copper lead. wire. Low-thermal silver contact switches are used to 
select any two points for potential- drop rneasurement. When the potential 
drop is in excess of 1 v, a Leeds and Northrup K3 potentiometer with 
galvanometer can be used. A Keithly 150A microvolt meter has also been 
used, and this instrument can detect a potential drop of about 0. OS·)..tv. 

1. 2. 2. 2. Eddy-current Method of Measuring Residual Resistivity 
Ratio. This method of measuring the resistivity utilizes the decay of flux 
from a bar situated in an external magnetic field that has been rapidly 
reduced to zero. ( 2 3)_ S·everal measurements (courtesy of M. Merriam, 
University of California at San Diego) have been made on tungsten single 
crystals, and the ratios obtain~d were found to be in agreement with those 
obtained using the potential- drop method. The agreement in this case 
was not felt to be conclusive, since the· decay method was used on an as
grown single crystal of about 1. 5-mm diameter and the potential-drop 
measurement was performed on a specimen of "'0 .. 25-mm diameter that 
was Used for 1nternal tric1b0ri measurements. 

The chief advantage of the decay method is that no electrical connec
tions need be made to the sample: The main limitation is the difficulty_ 
of measuring the long decay times and associated low voltages in speci
mens of high purity. 

Figure 13 presents the experimentally obtained decay of voltage with 
time "for .a· zone-refined tungsten single crystal (TH-7) at 4. 2°K. After a 
relaxation time, shown as tr on Fig. 13, the voltage approaches a simple 
eiponential of the form 

. V(t) = 

·where t , the relaxation time, is 
r 

and t = time, 

K exp( -t/ t ) 
r 

( 1 ) 

(2) 
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p = resistivity in ohm- em, 

p. = permeability, "'1 in a·weakly magnetic material, 

R = radius ... of cross section. 

The relaxation time tr. is obtained by taking the derivative of voltage with 
respect to time (Eq., (1)) and is 

t 
r 

. From Fig. 13 we can obtain 

= 0. 434 6. t 
6. log V 

o:434 -3 
tr ::::. 2.. (273-0) =59 X· 10 ~>ec:. 

Dire~t substitution of this value of tr into Eq. (2) with R = 8 x 10· 2 
em 

yielrls p 4 2 = 2. 35 X 1 o-4 ohm- em. The resistance at room temperature 
p

295 
= 5. '3 p.ohm-cm, (24) and the ratio r = p

295
oK/p 

4
. 

2
oK = 22, 500. 

The resistance ratio for a small (0. 25-mm) specimen zoned under 
similar conditions was found to be "'25, 000. This value may well have been 
limited by surface scattering. 

Bean, et al., ( 23 ) indicate that a lirp.iting resistance of 10-ll ohm-em 
may be expected for a sample "'1 em in diameter. It is not clear yet 
whether this limit is due to difficult:y of measuring microvolt signals at 
long relaxation times or to surface scattering. 

It has not yet been possible to perform. sjze-effect experiments on 
samples :using the potential-drop method. These exper.iments ar.e necessary 
to determine the bulk resistivity and hence the limitati9n due to surface 
scattering. A theoretical estimate of the effect of surface scattering will 
be made. Both methods of measuring the resistance ratio suffer from this 
Ahortr.oming. Even tho-ugh measurements of the resistance ratios may 
approach a limit due to surface scattering, it may yet be possible to detect 
differences in purity by means of mechanie~.l property changes such as the 
proportional limit and strain-hardening rate, which.are felt to be sensitive 
to impurities in the form of precipitated clusters. Re-sistivity measu.rements 
do not seem to. be sensiti-ve to. impurities i.n th.is form: 

1. 2. 2. 3. Mechanical Property .Measurements. The apparent insensi
tivity of resistivity measurements to impurities in the form of precipitates 
formed, in part, the basis for using measurements of the proportional 
limit and strain-hardening rate as an index to crystal purity. These mechan

. ical properties are known to be sensitive to structure and impurities. Strain, 
as measured by cross-head motion, was considered unsatisfactory for the 

·-
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required measurements. For this reason, a clip-type extensometer was 
de signed and built, and is shown in place on a specimen in Fig. 14. The 
sensing elements are resistance-type strain gauges that form two arms 
of a bridge circuit. The remaining two arms are connected to the circuit 
at the Sanborn preamplifier, which supplies the .exciting voltage and pro
vides a signal to the recorder. The strain output is recorded on one axis 
of an x- y recorder and load is recorded on the other axis, providing a 
direct load-extension record. The extensometer is calibrated before and 
after each test on a standard 0. 025 -rom (0. 0001- in. ) calibrating fixture. 

The question of validity of measurement was resolved in various 
ways. First, the extensometer was used to obtain the elastic modulus of 
hardened steel wire. This agreed within 3% with quoted values. Second, 
to check on extensometer averaging, several samples of an aluminum alloy 
were slightly bent before mounting the extensometer, and were pulled into 
the plastic range. The slope of the elastic line was quite sensitive to the 
amount of pre-bending of the specimen, and the elastic modulus was 
obtained only on unbent . wires, indicating that averaging was not achieved. 
Tests performed on t':lngsten single crystals are considered valid when the 
elastic line produced by the extensometer is within a few percent of that 
calculated for the specimen. Figure 1 S shows the load-extension diagram 
for crystal TH- 5, the elastic line obtained from the diagram, and calcula
tion of the elastic modulus. The calculated value, E = 34. 0 X 1 o3 kg/ rom 2, 
compares well with the accepted value, E = 36. 0 X l o3 kg/ mm2 . The 
proportional limit is defined for our purposes as the first deviation from 
a valid elastic line. There is obviously some uncertainty concerning the 
exact value, but since the strain sensitivity is held constant for all .tests, 
it appears to be quite reliable as a comparative measure. 

Figure 16 compares thP. stress-plastic-strain data obtained from 
seve raJ rrystal s grown at General Atomic with data recently obtained from 
East German work. ( 25) The proportional limits and work-hardening rates 
for TH- 5 and TH-7 are quite similar to the East German data, although 
the helium temperature resistance ratio for their crystals is "-'100, 000. 
This ratio as measured by the eddy-current decay method for TH-7 was . 
found to be "-'23, 000 (see Fig. 12). The data plotted for TH-14 show 
hnth M lower proportional limit and a lower work-hardening rate. Speci
mens for the first irradiation capsule were made from TH-14. Resistivity 
measurements will be madP. on the remaining portions of this crystal. 

l. 2. 3. Evaluation of Source Materials 

Two source materials were chosen for evaluation as starting materi
als, one obta inP.il from Westinghouse Electric Corporation, the other from San 
Fernando Laboratories. Tungsten obtained from Westinghoul::ie (Luurtesy 
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Fig. 14- -Clip -on extensmneter 

of H. Sell) was in the form of "'2-mm- diameter rod. This material was 
hot- swaged by Westinghouse from a larger diameter tungsten single crystal 
which had a stated residual resistivity ratio r (R2 98oK/R4oK) of "-'30, 000. 
The interstitial impurity content c was estimated by scattering elections 
a~d using the relationship given by Seraphim,( 16) c = 2. 7 ( 1/r) (r~torn-o/o); 
this estimate yields a value for c of "'9 X 10- 7 (atom-%). This value would 
appear to approach the purities required in the program; however, chemical 
analysi.s(26) has indicated a carbon content of 10 to 50 ppm (wt). It appears 
from this that, at least for the case of carbon, the resistance ratio per se 
is not meaningful. Load-extension curves constructed for two single crystals 
grown from the Westinghouse starting material are shown in Fig. 17. No 
extensometry was available at this time, and the extensions were obtained 
by cross-head displacement and post-test measurements. Noted on Fig. 17 
for TW 2-1 is the st r ess at "-'2% strain (124 kg/m2). 

At about the same time the Westinghouse material was purchased, 
bulk tungsten that was vapor-deposited from hexafluoride gas became 
available from San Fernando Labortories. This material was reportedly 
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quite low in carbon, which is difficult to remove. from tungsten, and it 
was primarily on this basis that vapor-deposited stock was chosen for the 
second source material. Specimens suitable for zone refining were pre
pared from a tube 25 em in length with a 2-mm wall thickness. Figure 18 
presents a load-extension diagram for an early crystal grown with the 
Mark I gun in the electron-beam zoner. The stress at 2o/o strain is indicated 
( 115. kg/ mm 2), but is not vastly different from the Westinghouse tungsten. 
A chemical analysis for the vapor- deposited material before and' after 
one-pass zone refining is presented in Table 2. Within the accuracy of 
the measuring methods used, it can be seen that the carbon content is quite 
low. No resistivity ratio measurements were performed at this time; the 
choice to use vapor-deposited material, however, was made primarily on 
the basis of low initial carbon content. 
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Some qualitative indications of the purity of crystals grown from 
vapor-deposited material can be seen in Figs. 19a, b, and.£· A vapor
deposited specimen was not melted completely through, which resulted in· 
a small surface section of polycrystalline tungsten. This section was quite 
easily bent at room temperature, as seen in Fig. 19a. Figures 19b and.£. 
show a zoned tungsten single crystal that was succe;-sfully rolled to r-.~70o/o 
reduction of area at somewhat above room temperat,ure. 
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Table 2 

IMPURITY ANALYSIS OF VAPOR-DEPOSITED TUNGSTEN 
BEFORE AND AFTER ZONE REFINING 

Content by Weight (ppm) 

Element Starting Material Zone Refined 

Hz 17 <1 
Oz 55 3 
Nz 24 <1 
c 5-6 <3 
Ag N<O. 5 N<O . 5 
Al 8 N<1 
As N<20 N<20 
B N<4 N<4 
Ba N<2 N<2 
Be N<1 N<1 
Bi N<1 N<1 
Ca N<10 N<10 
Cd N<8 N<8 
Co N<l N<1 
Fe 2 2 
Hg N<8 N<8 
Mg 1 <0 . 5 
Mn N<1 1 
Mo N<200 N<200 
Na N<ZO N<20 
Nb N<6 N<6 
Ni N<4 N<4 
Sb N<6 N<6 
Si <2 2 
Sn N<2 N<2 
Te N<200 N<200 
Th N<8 N<8 
Ti N<6 N<6 
Tl N<8 N<8 
v N<8 N<8 
Zn N<20 N<ZO 
Zr N<20 N<20 

NOTE: N <x = not detected, and x = limits of detection . 
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1. 2. 4. Tungsten Irradiation 

A program objective is to irradiate material of highest possible 
purity . The proportional limit and work - hardening rate are felt to be 
indicators of purity. Crystal TH-14 was chosen for the first irradiation 
mainly because of these measured properties. Figure 16 shows the plastic 
stress-str a in curve for this material, and the East German data are 
included for comparison. The single crystal was cut into 3-cm lengths, 
and a 1. 3-cm-long gauge section was ground to a uniform diameter on each 
specimen . The as ~ground crystals were then electropolished in a 2o/o Na OH 
solution . Remov al of 0. 025 to 0. 05 mm f rom the surface was sufficient 
to obtain sharp Laue back-reflection photographs. Tantalum-free molyb
denum end gr ips were machined to fit the crystal, and the grips were 
welded to the tungsten specimen using the same electron gun and traverse 
mechanism as for zone refining . 

Subcapsu les were designed and machined from a low-iron aluminum 
alloy (6063) (see Fig . 20) . To avoid strains induced by differential coeffi
cients of expansion of the tungsten, molybdenum, and aluminum, the sub
capsules were designed so as to contact the specimen only in the gauge 
length, leaving the ends free. The subcapsule rriaterial w_as chosen on the 
basis· that · no high-activity isotopes of appreciable half- lives would be pro
duced. The brass sc r ews holding the subcapsules together have similar 
activation properties . The tantalum-free molybdenum has no undesirable 
isotopes after "'30 days, which is the least time anticipated between reactor 
shutdown and delivery to General Atomic . The tungsten is not expected to 
exhibit an undue hazard from radioactivity when handled without shields or 
manipulators : ( 27) 

The outside subcapsule dimensions, 1 em X 5. 5 em ±0 . 0025 em, were 
chosen so as to be d irectly interchangeable with standard Charpy V -notch 
specimens in the Naval Research Laboratory (NRL) irradiation capsules. 
The experience of NRL indicates that a temperature of 115°C (240°F) is 
not exceeded at any point in the 5 em X 5 em eros s section of the entire 
capsule. No temperature monitors were included, since aluminum has a 
low gamma heating rate and good thermal conductivity compared with 
tungsten, molybdenum, or iron (the major constituent of the Charpy speci
UleH::; filling the remainder of the capsule) . Il"on r~nci titanium monitor wires 
were placed in Capsule 1 and iron wires only were placed in Capsule 2 to 
provide independent methods of obtaining integrated neutron flux. Capsule 2 
contained, in place of titanium monitor wires, a 1 . 5-cm section of tungsten 
single crystal for internal friction studies. Figure 21 shows the capsule 
components before assembly . The subcapsules were shipped to NRL on 
October 16, 1964, fo r placement in an ir r adiation capsule to be inse rted 
into the ' Low Intensity Training Reactor (LITR) on November 15, 1964. 
The expected integrated fast-neutron ilux is "'3 X 10 19 nvt . ( 28) After 
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Fig. 21- -Irradiation specimens , flux monitors, and sub capsule 
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reactor shutdown and before receipt by General Atomic, the various 
radioactive constituents of the capsule are expected to have a total activity 
less than 60 mr/hr at 30 em. Table 3 lists the weights and expected 
activities of the various constituents. No removable contamination is 
expected on the specimen. At the low activities anticipated, it is planned 
to test the specimens in the same manner as uncontaminated ones, with 
the precaution of radiation monitoring of the specimens during the tests 
and of the equipment after testing. Specimens from the present capsules 
will very likely receive the highest dose to be used in these studies . 

Table 3 

CALCULATED RESIDUAL ACTIVITY FOR SPECIMEN 
COMPONENTS AND SUBCAPSULE COMPONENTS 

Material 
Expected Activity 

After Reactor Shutdown 
------.-------I (m.r/hr/30 em) 

Before After 
Irradiation Irradiation 4 Weeks I 6 Weeks 

Specimen 

w182 Ta182 3 2.5 
Mo98 Mo99 18 <l 
Mu95 Nb95 20 16 

Subcapsule and Flux Monitor 

Cu Negligible Negligible 
zn64 Zn65 4 3 
Fe 58 FA 59 h 4 
Ti Negligible Negligible 

Experiments planned for these specimens include recovery of yield 
strength and re s1stivity with annealing. A problem exists in trying to 
perform recovery-type experiments on specimens which do not exhibit a 
yield point as such. It has been our experience with tantalum (r "' 1000), 
and has also been true w1th tungsten, that the classic yield point disappears 
with increasing purity. This is also a characteristic of the tungsten 
crystals presently being grown at General Atomic. For this reason, some 
effort has been made to determine a usable strain parameter such that 
these recovery-type experiments could be performed on a single specimen. 
Figure 22 presents the stress-plastic strain relationship for crystal TH-10, 
and Fig. 23 presents the data in semilog form. Also included in Fig. 23 
is a plot of the slope of the stress-log plastic strain curve, and a distinct 
break in this relationship is found at a plastic strain of ""l O- 3. This 



60 

frJ 
>"· 

OQ 

N 
N ·so I 
I 

(JJ ..... 
t, 
ct 
IX 
IX· 
0 

SPECIMEN UNLOADED (p, 
n- 40 0.0275 ·.-: e = 
I» .... 
::; .......... 

N 
() ~ 

s:: ~ 

" 
....... 

. <!I 
<: ~ 
() -!-+,. 

(/) 30. . 0 
':! 

(/) -~ 
LIJ ..... 

1-3 a:: 
1-::r: (/) 

,_. 
0 

~ 20 r1-

1-1 
•) 
•) 

3 ROOM TEMPERATURE 
:-t- STRAIN RATE 0.001/MIN 
:b. 
j 

'"=' 10 
:1) 

1-1 
Ill 
rt-s:: 
11 
(l) 

0 
0.01 0.02 

PLASTIC STRAI ~! 



,Q 
/ 

/ 

/0 
/ 

SLOPE OF STRESS -LOG PL;STIC STRAIN~ 0 / 

~/------------------------_._ 

/.(f 

,if 
......-

/ 
./ 

,9' 
/ 

>Y 
/ 

)f 

LOG PLASTIC s-~:1.11 

PLAST 1•: STRAIN 

Fig. 23- -Stre s s:-rlastic s·train cu.rve and stress-log plastic strain curve for TH-1 0 at 
room tempe::ature 

0.9 

0.8 

0.7 z 
..:: 
a:: 
1-
V> 

0.6 "' 0 
_J 

0.5 V> 
V> 
w 
a:: 
1-

0.4 V> 

u... 
0 

w 

0.3 a... 
0 
_J 
V> 

0.2 

0.1 
,'j:.: 
N 



behavior has also been observed for several other crystals. A detailed 
interpretation of this strain region may be available from ·the internal 
friction experiments presently in progress. However, a speculation 
concerning this strain is that it represents the region where significant 
dislocation multiplication occurs. If this is so, this type of measurement 
provides a measure of plastic strain which should not be exceeded in the 
recovery of mechanical properties of irradiated tungsten. The reason 
for this, of course, is that straining the irradiated specimen into a region 
where large numbe:r. s of dislocations are generated could complicate the 
annealing behavior of the irradiated sample. 
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II. DISLOCATION DYNAMICS 

The new methods of study of the m.echanical state of a metal (acoustical 
spectroscopy and amplitude-dependent modulus-defect measurements) have 
provided unique insight into the underlying mechanisms which control plastic 
deformation in the refractory bee metals over ranges of purity, strain rate, 
stress, and temperature. 

Through the acoustical study of w~ry high purity Tu, it has Lt:t:n 
deterrnined that the mobility of dislocations under low external stresses must 
be spatially very heterogeneous, resulting in ~onlt: prt:ri·.H l"lf the disiloo;1tion 
network being able to move rapidly in response to an applied stress while 
other parts remain frozen. These results are expressed by tl;le existence 
of a number of very broad energy bands in the dislocation relaxation spectrurn 
of a refractory bee metaL The high-amplitude modulus-defect measure
ments have confirmed that these energy bands most probably correspond to . 
various components of the dislocation network. These high-amplitude 
measurements have also shown that the various energy bands can have their 
energy lowered through the application of ~ufficient stress; and it is generally 
found that the stress coupling factor (or activation volume) of the highe~>t 
energy process is larger than that of the lower ·energy processes. 

As u result of Lhe::;e studies, n. mnrl~J, of ~treoa-aeoi3ted, tl~ennally 

activated, dislocation motion has been developed and is now being investigated. 
The essential idea of this model is that long-range dislocation rnotion in 
these metals is dependent upon the slowest n1oving member of the hetero
geneous dislocation network. The knowledge of the existence of many 
cornponents in the network, eA.r.h with it~ pa.rticula1· l'l'l<")bil.i.Ly c~.nd stress 
concentration factor, provided the original incentive for the construction 
of the multicomponent model of yield and flow. 

It is felt that the methods of acoustical spectroscopy and high-amplitude 
modulus-defect measurements, developed over tht:! yP.rlrl> under the present 
contract and applied to the study of the mechanisms of yield and flow in the 
bee refractory metals, have matured considerably during the last year.· 
Thus, with the feeling of an enhanced perspective, the following summary 
review is concerned mainly with a critical evaluation of the models o{ 
u.i.::;locatioh motion evolved by the dislocation dynamics group not only in 
1964 but over the past several years. 
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2. 1. MODELS OF DISLOCATION RELAXATIONS IN BCC TRANSITION. 
METALS 

2. 1. 1. Dislocation Relaxation Versus Point-defect Relaxation 

The defects that cause the mechanical relaxation peaks ( 
1

) must be 
closely associated with the dislocations that produced the plastic flow and/ 
or the defects produced by the plastic flow; e. g., self-interstitials, 
vacancies, divacancies, dislocation dipol~s, etc. 

2. 1. l. 1. Instability of Regular Snoek Effect. Chambers and Schultz(
2

) 
found that the a and f3 deformation-induced peaks are stable at temperatures 
immediately above their peak temperatures for low-frequency measurements 
( 1 to 10 cps). They conclude that any explanation of these peaks which is 
based on a point-defect mechanism must require that the mean time of stay 
(rots) .of the defect for reorientation be considerably smaller than the .rots 
for the diffusion of the defect through the lattice. This conclusion was 
reached by examining the consequences of considering the relaxation.peaks 
to be associated with the stress-induced jumping of point defects by a Snoek
type mechanism(3) where the jumping time of the defects is assumed to be 
also nearly equal to the characteristic time for their migration through the 
lattice. The resulting damping peaks should be unstable at temperatures 
above the peak temperature. For stability above the peak temperature, it 
would be required that (a) the defects are in equilibrium concentration at· 
these temperatures, or (b) their removal rate is ~not diffusion controlled, 
implying that the defects must move over a large potential barrier .to be 
r~ndered ineffective. The equilibrium-concentration hypothesis is not 
reasonable because the peaks would then appear spontaneously; they would 
not require plastic deformation. The second alternative is not probable. 
because most defect-removal (annealing) processes discussed in the current 
literature are diffusion controlled. The observed stability of the a and f3 
dan1.pi11.g pcu.h:o(Z) therefore led t.n the conclusion stated above that for any 

· explanation based on a point- defect m'echanism·,. the rots of the -defect for 
reorientation is considerably smaller than the rots for· diffusion. 

A point defect with just such characteristics,'- which could lead to a 
stable Snoek-like effect, has been considered to exist in fcc metals; i. e. , 
the split, or dumbbell, interstitial, (4, 5) In fcc Ni, the dumbbell interstitial 
is thought to have a relaxation energy, due to rotation. about its center of 
mass, of 0. 81 ev, (n) and a diffusional enP.r.gy, for mass transport, of 
1. 02 ev. Thus in Ni the difference in energy for the relaxation process 
(rotational jumping) and the mass-transfer process is about 0. 2 ev. In 
bee Nb, the .a peak was found to have a relaxation energy not in excess of 
0. 3 ev, while the annealing process had a lower limit of 1 ev. (2) Hence, 
in bee Nb, the. difference between the relaxation and annealing energy is .· 
0. 7 ev, or over three times that observed for Ni. Similarly, fur· Lee Mo, 



the relaxation energy of the 13 peak ·t.s 0. 5 ev with an annealing e:nergy of 
l. 3 ev, yielding a difference of 0. 8 ev. ( 1) From these results it is apparent 
that if one considers point defects introduced during plastic flow as the 
source of the damping peaks in the bee transition metals, then these point 
defects must be endowed with the somewhat unlikely property of having a 
relaxation energy which is 0. 7 ev less than their diffusion energy. 

It is intere·sting to consider, in the light of these observations, the 
idea of constrained dislocations as the source of the relaxations. Chambers 
and Schultz(2) conclude from their observations on Nb that the a peak 
behaves as if it is the result of relaxation of a mobile defect trapped in a 
relatively immobile structure. They identify the relatively immobile 
structure with the disloc:ation network, which is anchoi'eu by nodal inter
sections and point-defect pinning points. Between the pinning points, the 
dislocation is considered to be relatively free t.o mov~. possenA1ng ~

temperature- dependent mobility. They consider the relaxing defect to be 
either (a) the free dislocation loop whose mobility is controlled by the 
generation rate of pairs of kinks, (7) or (b) the free loop whose mobHity· · 
is controlled by the motion of an atmosphere of point defects surrounding 
th:e loop, ( 8, 9) 

The introduction of the dislocation line as the active relaxation element 
thus easily disposes of the problem of the ,large separation between the 
relaxation and diffusion energies that would be needed if a Snock-like effect 
were the relaxation process. Chambers and Schultz(2) proposed that the 
energy for the annealing of these damping peaks is associated with th·e energy 
for diffusion of pinning defects to the dislocation line; the prPRIC'.nce o£ pinning 
defects acts to reduce the dislocation loop length, which dec:reas es the 
relaxation strength of the free loop relaxation process. 

Further evidence against a Snoek-like point-defect relaxation comes 
from the temperature dependence of a,mplitude-nepPnnf;'nt damping. 
Chamber:;;(lO) has shown tha.t the amplitude•Jt:!jJtmdent damping m deformed 
high-purity. Ta•.increase·s with increasing temperature in several well
defined stages. The beginning of each stage corresponds to the temperature 
of the deformation- induced peaks measured in the amflitude- independent 
region at very low strain amplitudes of about 1 x l o- . · 

The amplitude-dependent measurements by .Chambers also showed 
strong evidence of breakaway at amplitudes greater than 2 x 1 o- 5; he 
therefore concluded that the amplitude dependence was due to a hysteresis
producing depinniug of dislocations from pinning points. This component 
of the damping was identified as being due to the motion of dislocations, 
and was observed to be dependent on the temperature in the same way as 
was the low-amplitude (amplitude-independent) component of the damping. 
It was thus concluded that the low-amplitude component was also due to the 
motion of dislocations and not to point-like defects. 
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Further evidence comes from observation of a low-temperature .. · 
deformation effect. DeBatist(ll) claims that plastic deformation at liquid 
nitrogen temperature of "as received'' Nb wire "partly suppresses" a group 
of damping peaks found near 220°K (0. 5 cps). As a result of room
temperature annealing, the peaks partially recover. DeBatist argues that 
the relaxation of intrinsic point defects would not be expected to. lead to 
these results, since one would not expect peaks due to this ·source to be 
suppressed during the movement of dislocations. He therefore considers 
that the damping peaks are associated with either or both of the possibilities 
discussed above. (2) 

In summary, the most convincing arguments against the theory that 
the a or 13 peaks are due to a Snoek-type relaxation of point defects intro
duced by deformation are ((a.)) that both of the peaks are stable at tem
peratures above the peak temperatures, and (b) that the temperature, 
dependence of the amplitude-dependent damping components usually associated 
with the· de pinning of dislocations closely corresponds to the temperatures 
of the amplitude-independent peaks. 

2. 1. 2. Model of Stress-amplitude and Temperature-dependent Dislocation 
Motion in bee Transition Metals 

The following is a treatment of a new model of stress- amplitude and 
temperature= dependent dislocation motion, which may be applicable to 
high-stress-amplitude damping and modulus measurements. This model 
represents a departure from the Koehler(l2)_Granato-Li.icke (KGL) model, 
the Rogers( 13) m~dification of their model, and the Swartz- Weertman(l4) 
model. The acoustical energy loss resulting from high-stress-amplitude 
dislocation n~otion depends, in the KGL model, on an irreversible break
away of dislocations from pinning points during a portion of the first quarter 
of the stress cycle. According to the KGL model and the Rogers modification 
of this model, the breakaway occurs in a short time compared with the 
period of measurement. Thus, the resulting hysteresis is independent of 
frequency; i.e. , the energy loss or internal friction at high amplitudes is 
classed as static hysteresis. (15) 

The assumption in the present formulation of oscillating-stress
amplitude dependence is that all the damping processes are essentially 
reversible; i.e., given sufficient time, any obtainable configuration can 
exist. This is not true under the assumptions of the KGL model, which is 
constructed to be valid only at absolute zero temperatures, whereas the 
present model is based on thermal activation and, therefore, is autmnatically 
designed to work at standard temperatures. 

A more recent £orm1.1ln.l:inn of the amplitude-dependent internal
friction problem by Friedel( 16) takes thermal activation into account, but 
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applies it only to unrestricted dislocation motion. Friedel 1 s model is 
incorporated in the present model as a special case o~ the stiffness coefficient 
C being equal to zero--a case of particular importance at very high stresses, 
as will be shown· later in this section. The follow.ing trep.tment of dislocation 
motion emphas:lzes two important characteristics found in the measurements 
of the damping and the modulus defect of the. bee transition metals: In the 
temperature and frequency range studied .• the damping and ·modulus defect 
in these metals is (a) thermally activated and (b) stress-amplitude dependent, 
i. e. , nonlinear. 

The existence of a wide range of activation energies arranged in broad 

energy bands suggests that dislocations in these metals must mnvf;' by a 
uuudJer of thermally activaterl rate processes with energy barrlt::rs dis
tributed around certain central values. The nature of these energy barriers 
will be d:lscussed in Section 2. 1. 3. 

. 2. 1. 2. 1. Diffusing Particle Representation of Disloc.:l_tiori Motion. 
Weertman( 1 7) represented the motion of a constrained dislocation line 
moving through a number of potential barriers at a finite temperature by 
the thermally activated' motion of a representative partiCle in a multiwell 
potential, as shown in Fig. 24~. The multiwell potential is a superposition of 
a series of equally deep, periodically spaced potential wells and a smooth 
parabolic potential. The periodic potentials represent the short-range 

• 

(a) 

(b) 

(c) 

Fig. 24- -Multi well potential representation of 
dislocation .motion; (a) parabolic long- range 
potential; (b) constant long- range potential; 

(c) double -weil potential 
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interaction of the dislocation line segment with local· internal stresses 
associated with impurities, etc.; the gradient of the parabolic potential 
represents the restoring force developed by the segments interacting at•· 
lo:qg range with themselves (line tension) and other dislocations. 

Weertman showed that the E!quation of motion of such a representative 
particle may be approximated by a simple linear equation: 

or 

l. r 
-x+<.<x=o-b, 
fJ. 

x = fJ. bo- - fJ. Cx , 

where fJ. = mobility, 
C = stiffness coefficient, 
o- =applied shear stress, 
b =Burgers' vector, and 
x = average displacement of the dislocation line normal to its 

axis in its slip plane. 

A more general form of Eq. (lb) is 

x = IJ(o-;; T)bcr - f.l.(o-, T)C(x)x 

Equation ( 1 c) is identical to that of a driven, nonlinear, overdamped 
osc;:illator, i.e., of an oscillator whose viscous damping term greatly 

( l a) 

( 1 b) 

( l c) 

exceeds the inertial term. Such an overdamped oscillator will not oscillate 
when undriven; it relaxes toward its equilibrium position with no overshooting. 
Since there will be frequent occasion to refer to the overdamped oscillator, 
we will call it a 11 relaxator, 11 in obvious reference to its essential charac
teristic, and Eq. ( l c) the "relaxator equat~on. 11 

Several important assumptions are made when the complex motions 
of a dislocation line are reduced to the relaxator equation. First, as 
Weertman initially stated, it is assumed that only the fundamental vibrational 
mode of the dislocation line contributes to the l!lis placement of the line under 
the~mal excitation. Thus~ it is ~ssumed that the cooperative motion of a 
line may be approximated by the motion of only the fundamental vibrational 
mode of the line. It is also assumed that this mode may be represented 
as a particle which diffuses according to the standard rate equations through 
a field of stress barriers, Second, as will be seen, an important restoring 
force is neglected in the above treatment because of the spatial gradient 
of the configurational entr.~py_ associated with the various dislocation 
vibrational modeR, 
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In establishing 'Eq. ( l a), it is assumed that the ·relation between the 
size of the individual well depth and spacing, and the curvature of the' .. , · 
superimposed long-' range potential is such that it is meaningful to separate 
out a mobility term and a stiffness term. In the extreme case for G-. 0,-
/-t may be computed as follows: Consider a particle moving in a uniform 

·periodic potential with well height H (see Fig. 24b); then the velocity·x of 
the particle is given by 

(2a) 

or 

x = 2va sinh (~) exp (- 1!.) 
kT kT ' 

(2b) 

wh!=l't:! v i!:l the attempt frequency, a is the well separation, and v (or 
activation volume) is the rate at which H is decreased by an increasing 
stress, <T; v = 8H/ o<T. 

The first term of Eq. (2a) gives the rate of forward jumps, and the 
last term gives the rate of backward jumps .. In the limit of v<T/kT << l, 
Eq. _(2b) becomes 

( H) V<T x ·, 2va exp - kT · kT ' 
(3a) 

or 

X = /-t( T) <Tb ' (3b) 

whe're 

2vva ( H) 
.I-t( T) : lr.T b exp - _kT (3c) 

In the limit·of the v<T/kT >> l, Eq. (2b) b~comes 

va exp 
... (4a) 

or 

( 4b)_ 

where 

(4c) 

,, 
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On the other hand,. for a given well height H and well separation a·; 
p. and C change as the curvature of the superimposed long- range potential 
becomes greater; for example, consider the. extreme case of a double-well 
potential (see Fig.24$,): 

Let the analog to the displacement x used above be given by 

x=N 
a 

N 
" 2 

(5) 

where Na is the density of particles in wells of type a and N is the den s'ity. 
of particles in type a and b wells combined. Thus, if r ab is the jumping 
rate of particles from a to b, and r ba is the rate from b to a, then the flux 
of particles out of type-a wells is 

- N = (I" · + I" ) N - I" N , 
. a ba ab a. . ba 

(6) 

or from Eq. ( 5 ), 

-(I" - r )N 
ba ab (I" r ) x = ----2--- + ba + ab x (7) 

Comparing. Eq. (7) with Eq. (lb), 

-I" + [' . = 2bp.cr . 
ba ab N ' 

r + r = -p.C 
ba ab 

or 

N~ -I" ba + rab) 
IJ. = 2bcr 

''and· 

(r +I" ) 
c 2bcr ba · ab 

=--
N (I" - [' ) 

ab · ba 

Thus, if 

rab =I' exp [- (H ;Tvcr)J 
0 

and 

[' =I" exp [- (H l;~vcr )J ba . u 



then 

and 
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N r sinh (vo-/kT) exp.., (H/kT) 
0 

M =--------------~----------~-bo-

C = bo- sinh (2vo- /kT) 

N [sinh (vo-/kT)] 2 

Now, ifvcr-/kT<< 1, then 

and 

o H · Nr v ( ) . 
M(T) = -.ib-.k-,T- exp ~ kT ' 

C(T) 
2b kT 

vN 

(Sa) 

(8b) 

··However, if vo- /kT > 1, 'then 

and 

and 

r >> r 
ab ba 

M(o-, T) = Nr 
0 

exp [ -(H .., vo-)/kT] 
2bo-

C(o-) = 2bo
N 

(9a.) 

(9b) 

By comparing the expressions for M and C for the two extreme kinds 
of relaxators considered above, several in~portant features are evident: 

a. The stiffness coefficient for the first kind of rclaxato1· is deriv<;Lble 
from the spatial gradient. of the long- range potential; if the potential 
is parabolic, C is independent of the displacement. 

b. The stiffness coefficient is an increasing function of stress in the 
high-stress limit of the double-well potential. This type of stress 
dependence is characteristic of a hard spring and will be referred 
to as characteristic of a ~e_stri_<:;te_d long-range potentic:tl. The . 
implication of such a potential is, of course, that the displacement 
saturates with increasing stress. 

c. The stiffness coefficient in the case of the symmetrical double
well potential-at low stresses arises from a different physical 
origin than in the first case. In the absence of an external stress, 
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a. particle placed initially in either well a or well b .experiences 
a "restoring force" that tends to. distribute it equally, on. a time· 
average, in both well a and well b. The origin of this restoring 
force is the spatial gradient of the entropy of the system: The 
entropy of the system is increased if the particle does not remain 
in well a but is distributed between both wells. 

The case of the symmetrical double;-weU potential illustrates (at. 
low stresses, for which vo- < kT) a pure case in which the restoring force,. 
and hence the stiffness coefficient C, is determined by the gradient..of · 
entropy; whereas the first type of potential at high stresses illustrates a: 
pure case in which C is determined by the gradient of the potential en~_~g.Y 
of the system. 

At very low stresses, even in the case of the first type of potential, 
the stiff.ness coefficient C will depend. largely on changes in the entropy of 
the . .line segment with displacement because the atomic discretenes.s of the 
wells permits the dislocation.to occupy only the several wells on·either side 
of its equilibrium position. For such small displacements, the wells are 
only slightly influenced by the superimposed long-range potential and must 
obtain most of their restoring force from entropy changes. 

We have seen that the symmetrical double-well potential yields a 
stiffness coefficient that ·is proportional to temperature T and inversely. 
proportional to the activation volume v. Therefore one may expect that 
in the general case of a series of periodic potential wells with a smoothly 
increasing symmetrical superimposed potential, C may be expressed as 

where 

for small x, 

i·C 
1 

c -0 
1 

'··· 

( l 0) 

and.' · c
2 

CXkT/v ( ll a) 

and Ccx:kT/v ( 11 b) 

c 1 is obtr1.i.ned from the gradient of the long-range potential and Cz is 
determined by contribution from entropy. It is expected that for a certain 
range of strcGGCS, C1 should be larger than C

2
, whereas for very Small 

displacements from equilibrium, c2 will increase in relative size. 

From Eqs. (3c), (4c), (8a), and (9a), it can be seen that the mobility 
J..l. retains the same dependence on cr and T in both extreme cases of a 
superimposed long- range potential;. i. e. , it is independent of a:. for small 
stresses (v!T < kT) and strongly dependent on T (through the Boltzrnaun 



relation). On the other hand, at high stres.ses (vo: '> kT), p. is stress
dependent as well as temperature-dependent through the activation-volume 
term vrr. 

In the general case of a superimposed long-range potential, the effect 
of the application of a stress· on p., in the stress range vrr > kT, · is difficult 
to estimate .. A more detailed treatment of the balance in rate process~s 
between the .various potential wells is required. In a first approxirnation, 

·it appears that the application of an external stress leaves unchanged the 
relative heights of the barriers between the various wells, changing only· 

·the equilibrium position; i.e.·, although the stress increases the .rate of 
fo·rward jumps, the rate of backward jumps also increases. Thus, the 
at:livation v~lun~e v appears to be small in s11c:-h a case, (18) becoming 
larger as the stress rr increases and satisfies the ·e::ondition vrr > kT. 

If l:,.:.th /-~'awl C a.rti independent o± rr and :x., the relaxator equation, 
Eq. ( 1 c), is identical with the equation for the standard linear solid. In 
Section 2. 1. 2. 2 we discuss the behavior of the internal friction and modulus 
defect associated,with the dynamic solutions to the standar.d linear solid . 
equation as G and p. become dependent upon x and rr, i.e., as a departure 
is made from linearity. 

2: 1. 2. 2. Nonlinear Damping and Modulus Defect.· Equation ( 1 c) will 
first be expressed in terms of measurable quantities. The amount of strain 
e
4 

produced by a length A (in em/ cm3 ) of dislocation moving an average 
d1stance x is given by 

ed = aAbx , 

where a is an orientation constant. From Eq. (12), Eq. (la) becomes 

If the experimental conditions are arranged so that the second term of 
Eq. ( 13) is small compared with the first term, then Eq. ( 13) may be 
expressed as 

( 12) 

( 13) 

( 14) 

Thus, the relaxation time T and the relaxation strength 1:::. are given by 
m 

1 
T- p.C • ( 15) 
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and 

( 16) 

where <T = GE, G being the unrelaxed shear modulus and e .the. elastic strain. 
For dynamic experiments, i.e. , CT = <T 0 eiwt with w the angular frequency, 
the internal friction (if< 10- 1) can be expressed as a phase angle, <j> '(=Q- 1). 
Thus, 

and the .modulus defect 

~M M'- M 
IV1 = M 

-~M 1 = ~ M m 2· 
1 + (wT) 

The inte.rnal friction is a maximum <1> when WT 
m 

w = f..LC· then 
p ' 

~ 
m 

<I>=--= 
2 

( 1 7) 

(18) 

( 19) 

= 1 or whenw=;wp,with: .. 

(20) 

and therefore ~M/M at the internal=friction peak is 

(~M) _ ~m -- ---
M P 2 

(21) 

For comparison with experiment, it is useful- t.o express both <1> and ~M/M 
in terms of temperature, or more conveniently, as a function of 1 IT. In 
Fig. 25 ~oth the internal friction and the modulus defect, expressed in units 
of (a A b · G)/2, are plotted as a function of. H/kT for values of C. 

Fig~re 25 shows that as C decreases, both the internal friction peak 
and the modulus-defect inflection point move to slightly higher temperatur:es 
and the peak and the defect increase their strength. Figure 2 5 also shows 
that increasing f..L will shift the peak in the internal friction and the inflection 
point in the modulus defect toward lower temper.atures. 

The implications of these observations will now ;be examined in terms 
of the type of behr~vinr that r.an be expected of the internal friction and 
modulus defect from this model as the oscillating stress amplitude is 
increased. 
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Fig. 25--Damping and modulus defect versus 1/T curves, showing 
· · effect of magnitude of stiffness coefficient C 
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.First, let us examine the stress-amplitude dependence of Q-l to be 
expected from a restricted type of potential such as the Snoek-effect, double
well potential (see Fi.g. 26a). A o-l versus T curve for increasiiJ.g 
oscillating o- is shown in Fig. 26_£. For small o-, o-l is independent of 
o-; as o- increases, so that vo-"' ·kT, the peak should slowly shift to lower 
temperatures and decrease in height from the stress dependence of p. and 
C shown in Eqs. (9a) and (9b): 

A modified restricted potential which produces more complicated 
stress-amplitude dependence is shown in Fig. 27~. For small stresses, 
o- 1 is independent of o-. As o- increases, the o-1. peak should lose its 1/T 
relaxation strength dependence. At still higher stresses, it should begin 
to rise in strength as the average stiffne.ss coefficient starts to decrease, 
since the .middle part of the potential is a so.f~-spring_ type of potential. 
As o- increases still further, the relaxation strength saturates and begins 
to drop. The stress at which saturation in the peak height begins depends 
on the detailed form of the potential. Also, as the condition vo- > kT is 
fulfilled, the peak begins to shift to lower temperatures (see Fig. 27_£). 

A simple, unrestricted periodic series potential is shown in Fig. 28a. 
For this type potential, C = 0, and thus no peak exists at finite temperatures. 
In Fig. 28b the o- 1 versus T curves for increasipg o- are shown. The 
principal effect is the shifting of the o-1 curves to lower temperatures as 
the mobility is increased by the stress-assisted process, as vo- > kT. 

A superposition of two sinusoidal-type potentials is shown in Fig. 29a. 
The short-wavelength potentials of height H 1 represent local interactions, 
and the gradients of the long-wavelength potential oLaverCt.ge height Hi 
represent long-range internal stress fields from other dislocations, etc. 
At low stresses, in addition to the internal friction peak associated with the· 
short wavelength potentials, there exists another peak, generally at higher 
temperatures and associated with the long-range potential barriers (see 
Fig. 29b). Of course, as the long-range potential-restricting boundaries 
recede to greater distances, this high-temperature peak moves to infinite 
temperature, as in the case of the unrestricted potential. 

As the stress is increased, the low-temperature peak should behave 
like a peak associated with a soft-spring type of potential; i.e., it should 
increase in strength with increasing oscillating stress. At still higher 
stresses, several possibilities exist, depending on the relative sizes of 
the activation volumes v 1 and Vi that correspond to each of the two peaks 
with energies of H 1 and Hi. If vi is larger than v 1, then as the stress is 
increased the high-tep1perature peak will shift to lower temperatures 
faster( l9) than will the low-temperature peak, resulting in an enhanced 
amount of relaxation on the hig·h-temperature side of the low-temperature 
peak. 
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It is important to note that in this example both relaxation processes; 
are series-coupled, so that as the stress is increased, the high-temperature 
peak cannot move to temperatures below the low-temperature. peak. Thus, 
any further shifting of the peaks by·the application of higher osCillating 
stress is determined by the size of the activation volume of the low
temperature peaks. 

Thus, as long as the applied stress o- a is smaller than o- i (a- i will be 
roughly independent of frequency or temperature if the activation volume 
v. is much larger than v 1; furthermore, o-. = H./v.), the dislocation seg-

1 1 1 1 
ments will be restricted to movement within only one of the large wells, 
with a mobility determined by the small well height H 1 and a stiffness 
coefficient dependent on the stress arnplitude and the curvature of the large 
well. As o- a approaches a- i' the disloc.;atiun ·ceases to be "trapped" by th~ 
large well. When o- a> o- i' the dislocation is freed from the well, and its 
motion is determined only by the stress-dependent mobility. This transition 
from motion restricted to the well to motion relatively unrestricted 
represents the transition from short-range dislocation motion in the 
amplitude- dependent internal-friction range to long- range dislocation motion 
representative of the beginning stages of plastic flow. Figure 30 shows 
four curves of internal friction versus temperature (infrasonic acoustical 
absorption sp~ctra) for annealed high-purity Ta with a resistance ratio of 
........ 1850. These measurements were made at ....,16 cps and at the following 
oscillating stress amplitudes: 1 x lo-5G, 1 x l0-4G, 4 x Io-4G, and 
9. x 1 o- 4G. 

At the relatively low stres~ amplitude of 1 x l0-
5

G,u several peaks 
can be seen--Jhea band n~ar 140 K, the 13 1 peak near 200 K. r.tnd th~ !33 
band near 300(

1
K. As the oscillating stres.s increases, the a band increases 

in strength, goes through a maximum near 4 x Io-4G, and then decreases 
with further stress. Also, a slight shift to lower temperatures can be 
seen in the a band at high-stress measurements. 

Perhaps the most remarkable effect of the increasing stress is a 
strong increase in internal friction in the j3-band range: From a stress of 
4 X 1 0-4G to 9 X 1 o- 4G, the large rise in internal friction shifts from above 

0 0 . 
300 K to below 220 K. 

From the proposed model, the rise and subsequent fall of the relax
ation strength of the a band seems t~ fit qualitatively the behavior of a 
representative dislocation partiCle moving in a potential well as shown in 
Fig. 27. On.the other hand, the combined behavior of the a band and the j3 
~and resembles, in several respects, the behavior of particles moving in 
a potential similar to that shown in Fig. 29-. From the strong shift in the 
internal friction rise near the j3-band region, an activation volume· of ..... 40 b 3 

has been determined,· whereas the small shift shown by the a band at the 
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highest amplitudes suggests that the activation volume of this process may 
be small (< 10 b3 ). 

2. 1. 2. 3. Three-well Potential Mode~ Applied to Aging .. The above 
formulation of dislocation relaxation may be considered to represent a 
continuum treatment whereby the effect of a superimposed potential on a 
.series of potential wells is replaced by an effective- stiffness coefficient 
and the short-range potentials manifest themselves in a mobility term. 

The important intermediate cases wherein the change of potential 
from well to well is not·small or the number of wells is not large can only 
be represented by a detailed rate process treatment, even for small applied 
stresses .. Mason(20) has considered the relax~tion equation which results 

from such a detailed trP.r~.t.mPnt of the throe well pote11t.idl, ::;huwn in 
Fig. 31. The central w~ll is separated from th·~ sid~ wells by a potenti;:tl 
bn.rriP'I" of h<iight .H. The p.-:.t.enti.:t.l ua::;e of the two side wells .is A above 
the bottom ~f the centr.al well. Thus the potentiai barrier seen by a particle 
in either of the side wells isH-A for a jump in the direction of the central 
well and infinite in any other direction. Mason has shown that the relaxation 
strength of a relaxator with such a potential diagram is approximateiy pro
portional to e+(H-A)/kT. Thus the height of the base of the side wells A 
plays an important rolE~ :in determining the relaxation parameters of the 
three-well- potential relaxator. 

'~ 

r 
H 

'~ 

1" 
A 

-----_l 

Fig. 31- -Three -well potential. representation of aging; 
energy A increases with impurity concentration 
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If it is assumed that the origin of the potential barrier His some, 
kind of short-range interaction of the dislocation. segment with either the 
lattice or impurities randomly distributed ~ff of the glide plane, then the 
parameter A is a measure of the increase in potential energy of the segment 
as it is displaced a lattice dimensio·n. Calculation of A should be made , 
using kink language (see Section 2. l. 3. 1 ), since such small displacemenFs 
are involved; however, an estimate of the dependence of A on pinning-·point 
concentration may be made for fairly high concentrations by assuming that 
the line tension of the segment supplies a restoring. stress that depends on 
the separation between pinning points;. thus · 

3 
A=~ xE-

4 . £ 
Gb

3 
=-

4
-xc, (22) 

where £ is the average distance between pinning points and C is the linear 
concentration of pinning points. Notice that the interpretation of H and A 
given above differs from that of Mason. It is assumed h~re that H is 
independent of£ and A depends on i, whereas in Mason's treatment, A 
was independent of £ and H depended on £. 

From Eq. (22 ), it fqllows that the relaxation strength D. will depend 
linearly on C: 

-A/kT 
D. ex: e = 1 .A 

- kT 
Gb

3
C = 1 _. --:-=-:=:-

4kT ' 
if~<<. l 

kT 
(23) 

In addition, the relaxation time Twill also depend on C through the 
relation: 

[
H - (Gb \::;/4) ] .. · 

T =TO exp kT 

But since w T = 1 and w = constant, 

3 
H - Gb C ex: kT 

4 p 
(24) 

Thus, in this model both the internal 'friction peak temperature T as well 
as the peak height D. should decrease linearly with increasing pinrfing-point 
concentration, sur.h as that occurring during an anneal. 

2. l. 3. Mechanisms Which Determine Mobility of Dislocations 

As was s~en above, the mobility f.l. may be expressed in terms· of a' 
thermally activated diffusion-like process in which elements of dislocations 
are con.sidered to behave like simple atomic species receiving thermal 
assists over.potential barriers of height H. Donth(2l) and Seeger, et aL ;·(?) 
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treated one aspect of this general dislocation problem mo.re· rigorously 
without resorting to this questionable but simplifying atomic diffusion 
analog. Fortunately, the diffusion analog seem~ to represent the essential 
physical mechanism involved in thermally qSsisted dislo.C,:atiop motion .. 
In the following -description of the various proposed models for thermally 
activated dislocation motion, it should not b~ forgotten that most of the 
models are founded on this simple atomic diffusion analog. 

The ·models can be divided into three classes according to the nature 
of the mechanism which determines the mobility of the dislocation segment. 

a. Intrinsic lattice mechanisms, in which the energy neceAsary to 
move the dislocation configuration will depend, in a periodic 
manner, on the details of the local atomic ~earrangements 
necessary to a·ccommodate the pass·age of th.;: configuration.. f.iinc·e 
local shearing displacements are involved in this process, 
materials which resist shearing atomic. displacements; i.e., have 
strongly directed bonds, can be expected to manifest the largest 
energy barriers to the motion of dislocation segments. The 
elementary .jumping of geometric~! kinks and the generation· of 
the double· kinks over the Peierls potential barrier determines 
the mobility in this class of intrinsic mechanism. 

b. Static (or fixed) point defects which act as a barrier tu dislocation 
motion and hence determine the dislocation mobility. The elastic 
strain field surrounding a point defect fixed in the lattice can (

22
) 

provide a substantial energy barrier to the motion of a dislocation. 
ln some materials, other types of interaction best described as 
electrical can be important (in addition to the elastic interaction) 
in determining the. size of this kind of barrier. 

c. Mobile point defects, which, interacting with dislocation segments, 
can determine the mobility of the se.gment. If a. sufficiently large 
force is acbng between th.e di::;location and the point defects,:so that 
moving the point defects along with the dislocation becomes 
energetically easier than 'freeing the dislocation from the defects, 
the activation potentic;tl for dislocation movement can be considered 
to be closely related to the diffusion energy of the defects iu th~;:: 

combined strain field of the dislocation and the lattice. 

2. l. 3. l. Intrinsic Lattice Mechanism 

Barriers to Kink Motion. The most elementary. dislocation segment 
or element is the free or single kink, (23) which is a dis location segment 
that connects two straight dislocation lines.lying on a common slip plane 
but separated by a potenJial ridge between them. The potential ridge 
separating the two straight dislocations is referred to as the _Peierls 

.. 
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potential. As slip progresses, the kink moving along th~ potential ridge 
results in the straight segments of the dislocation moving perpendicular to 
themselves. The kink should, in general, encounter a periodic potential 
barrier as it moves along the ridge; ( 7) the size of this potential barrier is 
at present very difficult to estimate, but it is thought to be quite small in 
fcc metals and may be large in directed bond crystals like silicon; it may 
not be insignificant in some of the refractory bee metals. Lothe and 
Hirth(24) and Lothe(25) point out that because of the small dimensions of· 
a kiri.k, its motion should thus be thought of as diffusing along the potential 
ridge, even in the absence of any kink potential barriers. Brailsfo~d(26) 
hypothesizes that the kinks are abrupt, i.e. , only one atomic distance wide 
and noninteracting; he a'ssumes that there is a moderately substantial energy 
barrier over which they must jump. An ~mportant consequence of this 
extreme formulation of kink motion is that all dislocation motion under 
even relatively large stresses wili cease at 0°K; i.e., the modulus defect 
would be zero until the temperature was increased to where the kinks could 
traverse the nonzero potential barrier at a rate determined by the measur-
ing frequency. Also, since all kinks in this model require ·thermal activation 
for motion, the effective activation volume will be very small ("'L b~rn3 ) and . 
thus application of very high stresses will be required to provide effective 
stress-assisted motion at very low temperatures. 

Seeger and Schiller (Z 
7

) introduced interaction betw~en kinks in the 
form of a coulombic elastic interaction potentiaL Southgate and Attard(ZS) 
combine the nonzero kink energy barrier of Brailsford with the kink-kink 
interaction of Seeger and Schiller and show that when the kink density is 
moderately high, a dislocation· composed of kinks all of one sign behaves 
much like the usual string. model of Koehler and Granato-Lucke, with a 
strongly temperature- dependent damping term depending exponentially on 
the size of the kink barrier H. 

Coupled Kink Motion. The above mentioned treatments of elementary 
kink motion all assume that individual kinks interact with thermal waves, 
and individual kinks make jumps over potential barriers, whereas Mason(29) 
discusses the implications of coupled kink motion. 

If these coupled kinks or 11 super-kinks 11 are stable, then the activation 
energy for their coupled motion will be proportional to their length, leading 
to a wide spectrum of activation energies. According to Mason , this 
spectrum could account for much of the relatively frequency-insensitive. 
damping seen in many high-purity specimens; such a frequency insensitivity 
would then not be distinguishable from an amplitude.:. independent static 
hysteresis damping mechanism. 
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Nucleation and Growth of Kink Pairs. A straight dislocation parallel 
to the Peierls ridge must nucleate and expand a pair of kinks in order to : 
pass over the Peierls potential barrier. Seeger<30) and Seeger, et ~t., (7) 
have extensively examined the statistical mech.anics associated with thi~ 
type of dislocation motion. (23) · 

Conservative Jog Motion. If the dislocation lies on several slip 
planes, the jogs connecting the dislocations in the different planes may 
encounter a periodic lattice potential barrier that must be surmounted 
before conservative motion is possible. Hirsch( 3 l) has inferred the 
.existence of such barriers on the basis of the behavior of much larger 
jogs (super-jogs) frequently observed in electron microscopy. If the 
energy barners inhibitin~ kink mntinn ::~.re ~mii.ller than thooc i11hibiting 
jog motion, then the application of stress can pile kinks up behind a jog 
and help lower the energy ~f the barrier over whir:h the ,iog m14s~ j:ump. 
In this example, the existence of both kink-kink 1nteraction and free-kink 
motion leads to a relatively large activation volume for stress-assisted 
thermal activation of the conservative jog. Feltham(32) has discus.sed the 
possibility that thermally activated conservative jog motion is responsible 
for the Bordoni peak in fcc metals. 

. ( 3 3) 
Nonconservative Jog Motion. Schoeck has proposed that the non-

conservative motion of jogs may be the rate-controlling process for dis
location motion in bee metals. Such motion requires the production of 
point defects, and thus the energy barrier is closely connected with the 
energy of formation of point defects in the vicinity of a dislocation. 

2. 1. 3. 2. Static Point Defects 

String Models. In most of the intrinsic barriers mentioned above, 
the potential energy is "polystable, " i. e. , a number of nearly equal 
potential energy positions are made possiQle by a small tr;:mslation of the 
dislocation. The intrinsic barriers thus provide a ''fine-grained" corrugated 
energy surface over which dislocation segments must move .. Such an 
energy surface will allow the motion of the dislocation to be treated in the 
manner discussed in Section 2. 1. 2, where forward and backward thermally 
activated jumps of dislocation segments are almost equally likely under 
srnall applied stresses. It will be recalled that under these conditions the 
average velocity of the dislocation is proportional to the applied stress 
acting on the dislocation, thus allowing the motion of the dislocation to be 
treated as if it were moving in a viscous medium whose viscosity is 
characterized by an activation energy H and a temperature T. 

If the energy barriers are not polystable, the resulting retarding 
forces are not generally expressable in such a simple fashion and thus 
would not be expected to give rise to linear relaxation effects. An 



69 

important example of a fixed-point-defect-type barrier which, in the 
absence of intrinsic barriers, will not give relaxation effects is the Koehler
Granato-Lucke pinned dislocation string model, in which exist isolated 
point defects with attractive potentials. In this model, the dislocation has 
a unique low-energy configuration at low stresses; only at high stresses-
do other positions of the dislocation become energetically favorable. Thus, 
the isolated fixed-point-defect barrier with an attractive potential will give 
relaxation effects at low stresses only when the pinned dislocation is under 
a constant stress bias, which serves to introduce bistable or polystable 
states. On the other .hand, if the point defects exist as a random dis
tribution of positive and negative strain centers, then polystable positions 
are available at low stresses. This kind of fixed-point-defect barrier has 
been used, together with a string model, for dislocation damping at high 
temperature by Weertman. (1 7) 

It is intere·sting to note that in contrast to the case of isolated fixed 
attractive -potentials, isolated fixed repulsive potentials should produce 
relaxation effects at low stresses. Another interesting variation using the 
string model of the dislocation is Bruner•s(34) disassociated .dislocation 
interacting with an attractive point-defect potential. This model is bistable 
for certain orientations of the total dislocation. 

One of the most serious objections to any string model of relaxation 
effects, i. e. , any model which neglects the Peierls lattice potential, is 
that many of the relaxation peaks have been measured using stress amplitudes 
which correspond to elastic strains of ,..,1 x 10-8 or less, which in many 
cases implies that the average displacement of a dislocation is considerably 
less than an atomic distance. This is particularly serious for a fixed
point-defect-barrier model of relaxation effects, since in some cases the 
average distance between fixed point defects is probably not less than 30 
atomic distances. 

Kink Models. If the interaction of a dislocation with the lattice is. 
taken into account, an arbitrarily curved dislocation contains a certain 
kink density. Wh·en this kink density is low, a very small displacement 
of a dislocation parallel to itself is accomplished by the movement of the 
few kinks over considerable distance. Thus, if a static-point-defect 
barrier is assumed, the kinks can diffuse between the widely spaced point 
defects creating the relaxation. Hasiguti(35) has proposed such a model 
to explain the damping peaks found above the Bordoni peaks in fcc metals. 
·Hasiguti neglects kink-kink interactions and assumes that the kinks diffus-e 
along· the dislocations in the manner considered by Lothe and Hirth. (24) 
Hasiguti also assumes that the point-defect interaction is repulsive and 
considers that the activation energy measured is the repulsive interaction 
energy of the point defect with the kink. With very low kink density, the 
restoring force for the relaxation process will be the configurational entropy, 
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as was seen in Section 2. l. 2. 2. For other orientations of the dislocation, 
the kink density will increase and the kink-kink interactions will determine 
the res~oring force; also, the stress acting on a kink attempting to penetrate 
the point-defect barrier will increase, owing to the increased stresses from 
the kinks piled up behind it. This kink-kink interaction should lead to an 
increase in the activation volume for· stress-assisted relaxation. 

2. 1. 3. 3. Mobile Point Defects 

If the interaction between the dislocation and the point defects is 
strong enough, the dislocation will· drag the point defects along· with it, 
limited by the rate at which the defects can diffuse and by the restoring 
force 'acting on the dislocation. Once again, either the string or kink 
model may be considered to describe the behavior of the dislocation. 

Stnng Model. Cottrell and Jas~un(.'%) considered the dragging effect 
of a dilute atmosphere of impurities on the motion of a dislocation string. 
Kessler19): considered the effect of a cloud of vacancies on the mobility 
of dislocations in germanium. Schoeck(37) has considered the stress-induced 
ordering of a Snoek atmosphere of interstitial ip1pur.ities surrounding a 
string-like dislocation in bee metal, in an attempt to explain the Koester 
(cold-working) peak. 

Kink Model. Okuda and Hasiguti(
3

S) think of the mobile-point-defect 
barrier as consisting of a two-step process: (a) a double kink is nucleated 
by breaking away from a point defect, and (b) the point defect later diffuses 
after the double kink and pins it down. 

2. l. 3. 4. Dislocation Lines 

Gilman( 39 ) proposed the dislocation dipole .as a dislocation relaxator, 
to explain the Bordoni peaks. He points QlJt th~t two dosely spaced edge
dislocations of opposite sign, resulting from a dislocation cross-slip 
reaction, are bistable and thus should produce a relaxation. The activation 
energy barrier appears to be due to the elastic interaction o£ the two 
parallel dislocations and does not involve any intrinsic lattice interactions. 
However, the energy does depend on just how the dipole flips into its 
alternative position. If it is assumed that it starts out in a twisted two-
state position, then the energy for moving the twist down the dipole is 
negligible unless it is assumed that there is an additional point-defect 
barrier to cross. The stability of closely spaced edge dislocations is 
questionable, since they are equivalent to a line of vacancies or interstitials . 
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2. 2. DISCUSSION OF EXPERIMENTAL RESULTS AND MODELS OF 
DISLOCATION RELAXATIONS IN BCC TRANSITION METALS 

In Section 2. l. l, evidence was presented which suggests that- the 
damping peaks and associated modulus defects found at low oscillating
stress amplitudes in plastically deformed bee .transition metals 'arise: fr'om 
a type of defect which possesses the following properties: 

a. ·The time constant associated with its annihilation as an active 
relaxator (as in the aging experiments) is very long compared 
with its mean time of stay. This property is foreign to most of 
the point-type defects. 

b. The close correlation between the temperature of the amplitude
independent damping peaks and the temperature of the changes 
in amplitude-dependent damping suggests that there is a connection 
between the two phenomena. Since nonlinear stress-amplitude 
dependence is to be expected from the mechanics of constrained 
dislocation motion, whereas only linear behavior is expected of 
point-defect motion in realizable stress regions, the above 
mentioned correlation suggests that the amplitude-independent 
damping and modulus defects are associated with dislocation 
relaxations. 

Observation .(a) is consistent with the conclusion reached in (b), . and 
therefore the dislocation relaxator is probably responsible for most of the 
damping and modulus-defect phenomena in the frequency and temperature 
ranges investigated for the refractory bee transition metals. 

2. 2. l. Dislocation Relaxation Activation Energy Spectrum 

( 40, l) . 
It has been shown that two of the most promment peaks, a 

and 13, in the temperature versus damping curves of deformed '!'a, Nb, 
Mo, and W obey an Arrhenius relation, even though neither of the p~aks 
represents a simple relaxation process with a single relaxation time. In 

· fact, in Ref. l it is shown that a distribution in both energy and pre
exponentials is generally necessary to explain the peak shapes; ~t is thus 
perhaps more appropriate to refer to the peak energy as the 2eak-energy 
band. As the entire temperature range from 4. Z°K up to 500°K is studied 
more carefully, it becomes apparent that many more energy bands exist, 
each seemingly associated with some special mode of motion of the dis
location network, At present, in addition to the more carefully studied a 
and 13 energy bands, there appears to be an a 1 .band and an a 11 band(4l) 
in deformed Nb, with energies lower than that of the a band. Little is 
known .about either at present. except that the a 11 band is extremely wide 
in cmupar il>UH· with th~:: a band. · 
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. There is evidence of a y band of energies lying above the 13 energies. 
Most of the measurements on the energies and pre...:exponentials of this 
process have been made at high oscillating-stress amplitudes( 42) and give 
values of E > 0. 9 ev and log f "'9. 

y y 

A detailed study of Nb(42) has recently shown at least three damping 
peaks which responded quickly to aging treatment in the. 400°K temperature 
range. These three peaks have been labeled 131' 13 2 , and 13 3 , in order of 
increasing temperature. Little is known at present concerning the values 

of Ef3l' E13 3 and f13 1 , f13;3; however, the 132 peak temperature seems to be 
consistent with the earher measurements of the 13 peak in Nb. (1) 

From the above, it is evident that the dislocation relaxation activation 
spectrum in the most carefully studied bee metals, Ta and Nb, is indeed 
complex. More than seven broad energy bands exist with P.nergies st;;t..;rting 
with hundredths of electron volts in the a 11 band and extending up to at 
least l ev in they band range.· Unfortunately, many of these processes 
are so broad that very large frequency shifts must be employed to measure 
them. adequately. 

2. 2. 2. Conditions Necessary for Observation of Dislocation Relaxations 

Well-annealed specimens of high-purity Ta, subject only to mounting 
stresses, show rather well-defined damping peaks and their associated 
modulus defects. (42) Furthermore, these peaks are enhanced by the 
application of increasing oscillating stress. Thus, gross deformation is 
not an essential condition for the observation of dislocation relax:ations as 
long as the observations are made at sufficiently high oscillating-stress 
arnpl.i.luue. The effectiveness oi high oscillating- stress amplitude in 
increasing the relaxation strength of the dam.ping peaks is particularly 
evident in cases of specimens which have been sufficiently aged in situ 
to eliminate the peaks for measurements made at low stress amplitudes 
(< 10-6 G). 

From these observations it appears that the total modulus defect 
of a specimen measured ~t sufficiently high oscillating-stress amplitude 
is relatively independent of the state of deformation in the range of small 
ueformations, includmg the well-annealed and aged condition. 

This. result follows from the assumption that at high amplitudes the 
only constraints acting upon the dislocations are those due to dislocation
diolocation inte:ca.d.i.on, i. e. , from nodal interactions o£ the disloc;:ation 
network. The consequence of this is that the resulting modulus defect is 
expressable by the Friedel relation; L e. , the dislocation dl.splacement is 
governed by the stretched- string model, which leads to 

M 
-2 

where a ""'5 x 1 0 , . (25) 
.6.M 
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with A the total active dis location density and LN the average nodal network 
length. For dislocation networks of generally cubic structure, AL~ "'1; 
whereas for networks with dense walls, AL~ <<1; and for networks with 
looser construction than cubic, AL~ >> 1. 

Thus, if the structure parameter AL~ remains relatively unchanged 
from the annealed to a slightly··deformed specimen, th,e high stress
amplitude measurements should not show significant changes in the total 
modulus defect (i.e., the modulus defect as measured at a temperature 
above all the relaxations) .. · This lack of change would then result in the 
observed lack of sensitivity of the peaks to deformatio~ for low amounts 
of deformation and measurement at high amplitudes. On the other hand, 
one would expect AL~ to change with large amounts of deformation, espe
cially when large amounts of cross-slip and tangling develop. 

Thus, it seems probable tha.t the beginning of cell structure formation 
should be observable in a decrease of the modulus defect as measured·at 
high oscillating-stress amplitudes. 

2. 2. 3. Comparison of Hasiguti and Bordoni Peaks in fcc Metals with 
Deformation-induced Peaks in Refractory bee Metals 

Hasiguti and his associates have made extensive studies of the damping 
peaks which oct.ur at temperatures above the Bordoni peaks in plastically 
deformed fcc and hcp metals. In general, these peaks are less stable than 
the Bordoni peaks; occur in pairs or trios; have energies which lie in the 
range 0. 2 to 0. 6 ev and are roughly linearly related to the melting point 
of the metal; and have attempt frequencies which are several orders of 
magnitude smaller than those usually associated .with simple atomic 
diffusion processes. The most ·detailed studies of this class of peaks 
have been the work of Okuda, (43) Okuda a~d Hasiguti(38) in Au and Cu in 
the 1 cps frequency range, am.l Ku.iwa and Ua.siguti. (44) 

Deformation of Au at 77. 3°K produced a very large 'fq.fr!· "'1 x 10-
2 

for 15 percent deformation) and unstable peak P 2 , _which has ail energy of 
..... o. 3 ev and an attempt frequency of "'3 x l o9. sec-~. Isothermal measure
ments at the peak temperature, "'180°K ( 1 cps), showed that the peak first 
grew following deformation and then decayed, finally disapp;earing com
pletely. Simultaneous with the growth of P 2 was a partial decay of the 
strength of the Bordoni peak. With the subsequent decay of P2, the Bordoni 
peak began increasing while two new smaller peaks, P1 and P 3 , appeared 
on either side of the temperature of the P2 peak. The maximum internal 
friction of P1 never exceeded 1 X l o- 3 for as much as 60 percent deformation, 
while P 3 reached a maximum of "'2 x 1 o- 3 for ....... 15 percent and decreased 
for larger amounts of deformation. 
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With further annealing at 300°K, P1 grew. at first and then began 
to decay, while P3 decayed from its first appearance .. 

Okuda and Hasiguti(
3

S) found that the in~ernal f~iction peaks in Cu 
deformed at 77. 3°K behaved essentially in the same manner as those 
found in Au. 

In both Au and Cu, the modulus is observed to increase irreversibly, 
first with the growth of P 2 , and then again with the growth of P 1 . Okuda 
and Hasiguti interpret this modulus increase to mean that dislocation 
pinning occurs during the growth of the peaks. They therefore associate 
the source of the mechanical relaxation responsible for P 1 and P 7 with the 
interd.dion between point detects produced during the pl;;\Btic defo"i-mation. 
and dislocations. In the terminology used in Section 2. l. 3. 2, these peaks 
could be considered to have either static or dynamic point-dcfe<;:t ban·itas. 
Okuda and Hasiguti( 38) assumed that the barriers are dynamic, whereas 
Hasiguti( 35 ) favors the static point-defect barrier. 

Additional experimental evidence for the point-defect barrier (
44

) 
hypothesis (either static or dyna:i:nic) is claimed by Koiwa and Hasiguti, 
based on the observation that if, after P1 or P 2 has grown to almost maxi
mum peak height, the specimen is further deformed at 77. 3°K, the height 
of these peaks is considerably reduced; the peaks then appear again after 
aging at or a little above room temperature. Hasiguti interprets these 
re ~ulL~:; d.l:l meaning that tl'le dislocations are pulled.:. away frnrn th€' pinning 
points by the plastic deformation, resulting in free dislocations and free 
point defects, neither of which, by it~elf, will c:nntrihntP to the p~:-.ks in 
the giveu Leu1peratu:re ·range. During the aging at room temperature, the 
free point defects and dislocations migr.ate together and again foDm the 
dislocation-point-defect relaxator which produces the relaxation peaks. 

The only amplitude dependenc:e rF~pnrt~d by th~se \vorh:.cro io thELt 
of the peak P3' They found that the height of P 3 decreased slightly on 
increasing the strain amplitude from 2 x 10-6 up to 7. 5 x l0-5; the peak 
also shifted (not more than 5° C) to lower temperatures. 

(43) . 
Okuda measured the effects of a series of low-temperature "l.nneals 

on the size and shape of the Bordoni peaks, following plastic deformation 
at 4. 2°K. He found that there are three annealing stages based on the 
occurrence of irreversible modulus increases as the temperature is raised. 
The first large modulus increase occurs in the temperature region from 
75°K up to 120°K, which corresponds roughly to the high temp~rature side 
of the Bordoni peak as measured at 0. 5 cps.·. This first annealing stage is 
attributed by Okuda to the rearrangement of dislocations which were 
"quenched" into high-energy positions during the liquid-helium deformation. 
At temperatures in the vicinity of the high-temperature side of the Bordoni 
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peak, dislocation segments can generate double kinks according to the 
Seeger model and escape over the entrapping Peierls potentials, thus· 

. accounting for the first annealing stage. The second annealing stage occurs 
between 150° and 200°K and again slio:ws an irreversible· increase in the 
modulus. The rapid growth of the internal friction peak Pz occurs in this 
temperature interval and is presumably closely connected with the mech
anism re~ponsible for this second stage. The thi"rd ·stage occurs near 
2 70°K; the growth of peak P 

1 
starts in this temperature· interval and is also 

presumably connected with the mechanism responsible for the third 
annealing stage. 

Further annealing at 300°K and above reverses the modulus increases 
and results in the Bordoni peaks increasing in size and reaching internal 
friction values of nearly 1 x 1 o- 2 following anneals at 500°K for several 
hours. Finally, as the background internal friction increases with anneal
ing near and past the recrystallization temperature, ( 45) the peaks lose 
their characteristic shape. 

Okuda considers both the second and third annealing stages:. to~. be ·due 
to the deformation-produced point defects migrating into dislocation lines, 
pinning them, and producing the modulus increases. He considers the 
second stage to be due to the migration and resultant pinning of dislocations 
by Au interstitials, and the third stage to be due to the migration of vacancies. 
The reversing of the modulus increases with higher- temperature anneals 
may be due to further rearrangement of dislocations( 43) or perhaps to a 
redistribution of pinning points along the dislocation, forming clusters of 
vacancies, etc. , ( 46) thus effectively reducing the pinning- point density 
along those dislocations which contribute to the Bordoni peaks. 

An examination of the available en-ergies for both the Bordoni and 
Hasiguti peaks shows that there is a tendency toward the high-melting
point metal having high energies for their Bordoni and Hasiguti peaks. 
Thus, since the refractory bee metals possess very high melting points, 
it seems reasonable to expect that if these metals have counterparts to the 
Bordoni and Hasiguti peaks, the energies of these peaks may be higher than 
those found in the close-packed 1netals so far examined. 

If the correspondence ·between the two metals holds, the a peak of 
Nb should rise stro!}gly following deformation at liquid-nitrogen temperatures, 
analogous to the rise of the Bordoni peak in Au following deformation at 
liquid-helium temperatures. This expected result is confirmed, as dis
cussed in Ref. 42. As the temperature is raised through t~e high-temperature 
side of the a peak, an increase in the modulus should be found correspond-
ing to the first annealing stage seen in Au. This result is not found in Nb 
(see Ref. 42). Continuing the annealing to higher temperatures should 
result;in the growth of one of the j3 peaks, and according to the Au and Cu 
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results, the analog to the P 1 peak should not yet be found .. Contrary _to 
this prediction, all of the 13 peaks and the y peak in Nb appear to have formed 
upon deformation. All of the 13 peaks have been observed to decay upon 
reaching the temperature region fro~ 350°K up to 420°K, or in the case 
of high purity Ta they remain relatively unchanged. 

Koiwa and Hasiguti(
44

) found that in Cu, P 1 and P 2 are reduced in 
height by deformation at 77°K, and the peaks appear again after aging at 
300°K or slightly above. In contrast to these results in Cu, the .132• 133• 
andy peaks in Nb are enhanced by low-temperature deformation. 

(47) . 0 
Swartz deformed Cu 5 percent, then annealed 1t at 450 K to 

eliminate P1 and P2; the specimen was then strained. 0. lo/o at 180°K. This 
deformation produced a large increase in the Bordoni peak, but failed to 
introduce either P 1 or P~. C.harnbers, .et al. 

6 
( 42) defo.rmeq Nb 25% at 

room temperature and then annealed it at .500 K, which greatly reduced 
the a peaks and virtually eliminated the 13 and y peaks. The specimen was. 
then deformed 0. 25% at 78°K. This deformation p'l:'oduced a large increase 
in the a peak as well as a large increase in both the 13 and y peaks. 

) 

. The Bordoni peaks grow with annealing at temperatures up to near 
the recrystallization temperatures, whereas the a peaks in Mo (see Ref. 1) 
are strongly reduced by anneals up to 800°C. The a peaks in Nb and Ta 
are likewise reduced by anneals up to temperatures at least as high as 
500°C. 

Thus, although the correspondences between thP. Rnrnnni <~.nd Hiil.iiguti 
peaks in fcc metals and the deformation-induced peaks of the bee metals 
appear reasonable on the basis of the distribution ·of the energies of the 
various peaks, the details of annealing are quite distinctly different in · 
the two groups of metals. 

On the strength of these diffe:i:~Hce::; in annealing behavior, it appears 
then that the 13 andy deformation-induced peaks have their origins in mech
anisms that are probably not the. same as those responsibl7 for the P

1
, P 2 , 

and P 3 peaks found in Cu and Au. 

Martinet(
4

S) has found a series of unstable damping peaks in the 
vicinity of 350°C for 1 cps mec;;_surements in plastically deformed W. Some 
of these peaks appear to grow and decay with various annealing treatments 
w}:lich are analogous to the Hasiguti peaks in fcc metals. 

If this obsel:"vation and classificationis valid in W, then similar peaks 
sho.uld be found in the other refractory metals above the y peaks. 
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2. 2. 4. The Significance of Aging Phenomenon 

In the early studies of the Bordoni peak effects 1n fcc metals, the 
point was made that the temperature of the peak ~as insensitive to the 
existence of impurities on dislocation lines. It was mainly this point that 
cast doubt on one of the earliest models of th~· Bordoni peak,. (20) since this 
model explicitly expressed the energy of the peak in terms of the concen
tration ·of impurities on dislocation lines. The· Seeger double -kink g~neration 
model was an attempt to provide a dislocation relaxation mechanism. which 
was essentially free of the dependence on impurities. However, with more · 
detailed study of the Bordoni peaks in the fcc metals, small impurity .effects 
become apparent. (49) 

In contrast to the small dec~eases in the temperature of the Bordoni 
peak of fcc metals, resulting from interaction with impurities, the a peak 
in bee Mo is decreased more than 50°K, from l22°K down t~ 70°K, through 
aging (see Ref. 1), while the peak height is decreased from 300 to 50 x 10"'5. 
In sin~le-crystal Nb, aging results in the a peak shifting from 180°K down 
to 130 K, while the peak height decreases from 200 to 2 x 1 o- 5 From these 
two examples, it is clear that if aging in the bee metals is _due to the inter
action of impurities with dislocations, then the a damping peaks in bee 
transition metals and the Bordoni peaks in fcc metals differ significantly 
in their response to impurity interactions. It can be. seen from these argu
ments that it is particularly important to establish the mechanism respon
sible for the aging seen in the bee transition m·etals.· 

Three different models have been proposed to explain the reduction 
of the height and the temperature of the damping peaks in bee metals with 
aging: 

a. The mutual annihilation of dislocation segments, together with a 
change in the Peierls potential through impurity interaction, 
proposed by Bordoni. (50) 

b. The annihilation of drag- producing vacancies which are attached 
to dislocation segments. The annihilation is accomplished by the 
diffusion of self.-interstitials to the vacancies, where they com
bine with them. to leave the dislocation free of the vacancy dragging 
points. This model is proposed by Martined48) to explain the 
decay of a deformation-induced damping peak found. at 300° C 
for 1 cps in W. 

c. The pinning of dislocation segments by the diffusion of impurity 
interstitials and deformation-produced point defects to the dis..: 
location line, proposed by Chambers and Schultz. ( 40, 2, 1) It is 
assumed in this model that the mobility of dis'Iocation segments 
is determined by some kind of periodic, intrinsic potential-barriers 
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which determine the peak temperature. The peak height and, 
to a lesser degree,. the peak temperature are determined by an 
average restoring stress which depends on the concentration and 
strengths of pinning points. 

The first model is inconsistent with the evidence presented on Nb 
(see Ref. 42), in which a spe~imen that had previously been deformed 25%. 

. 0 
at room temperature had the a peak reduced by aging at 500 K for 1/2 hr. 
The specimen was then deformed a small amount ("'0. 25%) at 78°K, which 
re·sulted in restoring the peak to nearly former strength. The size of the 
rest~red peak is much too large to be attributable to the 0. 25% deformation 
alone; thus, the specimen appears to possess a ''memory" of its previous 
20"/o uefurmation, which was not destroyed hy the aging treatment. 

It has been shown(
42

) that the application of high oscillating-stress 
c~..Luplllude reveals a large damping peak ~nd modulus defect, even in 
specimens which had received anaging treatment. Such measurements 
are reversible in that following measurements at high amplitudes, the 
xneasurements made at low amplitudes still show the reduc~d peak heights 
due to the aging treatment. Thus, the application of high measuring 
amplitudes does not significantly alter the dislocation state. If the first 
model of aging were corre~t, it is difficult to see how the application of 
high oscillating-stress amplitude can recreate thy dislocations annihilated 
during the thermal treatment, when the measurements are made at the 
low temperature of the a peak and the measuring stress is "'1 I l 0 the yl.eld 
stress at that temperature. It is also difficult to see how dislocations· are 
then apparently ";:~.nnihilated" upon making low~an:1pl.itude measurements. 

According to the second model of aging, annihilation of the draggi;ng 
points (vacancies) on the dislocation lin~ by the diffusion of self-ir.Lte:J:~Litiah; 
to the line should result in the suppression of the damping peak associated 
with the dragging process; however, the total mod'IJ~'US defect shnuld 
mcrease since the dislocation lines are now freer to niove in phase with 
the applied oscillating stress. Instead, the modulus defect is seen to 
decrease on aging. (48) 

According to the third model of aging, the reduction of the relaxation 
strength is attributable to point defects (such as interstitial impuritie$) 

I 

diffusing to dislocation segments and pinning them. According to the three~ 
well-potential model of aging outlined in Section 2. l. 2. 3, the addition of 
pinning points to the line segments increases .. the size of the side-well 
energy A, which decreases the relaxation strength as well as the effective 
activation energy H-A for motion of the segment. The effectiveness of 
pinning on the size of .the side-'I,Vell energy A depends on the strength of 
pinning. For example, if the interaction between the pinner and the dis
location segment is small, as depicted in Fig. 32~, the dependence of A 
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(a) 

(b) 

· Fig. 32- -Depiction of interaction between· pinner and dislocation line: 
(~) loosely pinned; (b) tightly pinned 
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on the concentration C of pinners is weak; whereas if the interaction is 
large (Fig. 32E.). then the dependence of A on Cis relatively strong, and 
is given in.Eq. (22). Thus, since impurity-dislocation interaction energies 
are generally almost an order of magnitude larger in bee transition metals 
than in fcc metals, it is reasonable, from this model, to expect considerably 
larger dependence of the peak temperature on aging treatment in the damping 
peaks of the bee transition metals than is found in the Bordoni peaks of the 
fcc metals. Another consequence of the pinning model of aging is that the 
amplitude-dependent effects become reversible, as described above, by 
making use of the soft-spring potential analysis of amplitude dependence 
(see Section 2. l. 2. 2). · Thus, the pinning-point density in the aged state is 
high, making the relaxation strength, as measured at low oscillating- stress 
amplitudes, very small. As the amplitude of the oscillatin~ stress is 
increased, the effective-stiffness coefficient of the average pinning potential 
decreases, allowing the relaxation strength to increase, which, in turn, 
leads to an .enhancement oi the relaxation peak. Upon reducing the ampiitude, 
the effective-stiffness coefficient of the potential returns to its former value 
and the relaxation peak becomes small again. Of course, if the amplitude 
and the temperature of measurement are each high enough to allow diffusion 
of the pinning points along the dislocation line, a redistribution of these 
points may take place along the line( 51)>:< and change the pinning state of 
the sample. This could result in the damping peak becoming larger for 
small measuring amplitudes following a high-amplitude measurement. 
Such irreversible amplitude-dependent effects have been observed inN"!:> 
by Chambers, et aL (4Z) 

In the aging of Mo (see Ref.. 1 ), there is evidence that the higher 
temperature components of the a peak age faster than the lower temperature 
components. This observation suggests the general possibility of non
homogeneous aging, whereby pinninfl r~act:i,on~ redlJce the relaxation 
strength of some relaxation components faster than they do others. 

Thus, it is evident that very careful me.asnre.ment.s nf t.hP. rlamping 

and modulus defect over large ranges of frequency, and preferably using 

~:c 

The application of relatively high-amplitude oscillating stress may 
result in a change of state of pinning if the pinning points posse~s a high 
enough mobility along the dislocation line. Several authors have proposed 
(.J. Weertman, private communication, 1955; and J. Marx, quoted in the thesis 
of D. N. Beshers, University of .-Illinoi.s,, 1955) that oscillating stress may 
result in a sideways redistribution of pinning points into groups of clusters 
along the dislocations. G. Alefeld (private communication, 1964) has suggested 
that the resulting increased pinning-point density at certain points on the 
dislocation would favor the emission of s orne of the pinning points back into 
the lattice, thus resulting in a net decrease in pinning points. Thus, some of 
the time effects resulting from high-amplitude oscillations in the bee tran,... 
sition metals may have the same origins as the time effects seen in fcc and 
hcpmetals (see Ref. 51). 

• 
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the same measuring-stress distribution over the sample, are required to 
give information as to the details of the pinning mechan:lsm responsibl~ ·, 
for the temperature shifts on aging in these metals. · 

The impurity responsible for the aging in the Nb and Ta experiments 
seems to be interstitiaLoxygen, since little aging is present in Ta speci
mens whiCh exhibit no oxygen Snoek peak, whereas significant aging effects 
are evident when the oxygen Snoek peak is observable. In heavily deformed 
high purity Ta, there is some evidence that the defect responsible for· 
recovery of resistivity{52) may also contribute to the irreversible modulus 
increase. 

2. 2. 5. Discussion of Amplitude Dependence 

In Ref.s.:2~and 42, it has been shown that the oscillating-stress
amplitude dependence in the bee transition metals is influenced by aging 
treatments. Aging at 500°K for l/2 hr, for example, can increase the 
stress amplitude at which .a rapid increase in damping and modulus defect, 
or breakaway, occurs by as much as 20- fold in Nb. Since pre straining 
by very :sm.all amounts restores the original amplitude dependence, it 
seems reasonable to assume that aging serves to introduce pinning points 
on dislocation lines, while the application of stress serves to free dis
locations from pinning points, or create new, relatively impurity-free 
dislocations. The pinners in Nb and Ta appear to be either self- interstitials 
or deformation-induced point defects,. or both {see Section 2. 2. 4). The 
evidence described above concerning amplitude dependence in the bee 
transition metals appears to be explained by two different kinds of amplitude
dependence models. The well-known Koehler- Granato- Lucke {KGL) model 
and its modifications{53) may offer an explanation of the amplitude dependence 
seen in the high-temperature ranges {e. g., above ""350°K for l cps measure
ment in Nb ); however, this kind of model is unable to account for the 
amplitude dependence existing at lower temperatures. The amplitude 
dependence which exists from liquid-helium temperatures up to ""350°K for 
rnea.surements .. made, at ""l cps to resemble stress-enhanced relaxations, 
rather than the quasi-static hysteresis mechanism involving the catastrophic 
breakaway of dislocations from pinning points and their subsequent repinning. 
The main evidence against the application of the breakaway model to the 
low-temperature data is the size of the ratio of the amplitude-dependent 
modulus defect to the amplitude-dependent damping. . . 

The KGL breakaway model predicts that this ratio is of the order of 
unity, whereas for Nb and Ta it is regularly between 5 and l 0 at temper-

a o 
atures between 100 K and 350 K. On the other hand, the stress-enhanced 
relaxation model of amplitude dependence discussed in Section 2. l. 2 pre
dicts such a ratio if the high-amplitude damping is identified with the 
thermally activated relaxation damping measured at low amplitudes. In 
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·that model, the high oscillating stress serves to decrease the effective 
restoring stress of the relaxators, which in turn results in increased 
relaxation strength and hence increased damping and modulus defect. 
Another prediction of the stress-enhanced relaxation model is that the 
damping on the high-temperature side of an enhanced peak is smaller than 
at the peak, whereas the breakaway m.odel predicts a monotonic increase 
of high amplitude damping with increase in temperature. Much of the 
amplitude-dependent data in the vicinity of. the a peaks does, in fact, show 
a slight red~ction in the damping on the high temperature side of the peak; 
the reduction cannot, however, be expected to be a large effect since the.l3 
peaks tend to occupy much of the high temperature side of the a peak. 

0 
At temperatures above ...... 350 K for measurf!mP.nt.s m :::~de at "'l cps 

in Nb and Ta, the ratio of the amplitude-dependent modulus defect to the 
damping approaches unity, suggesting the application of the KGL model in 
this ternperature region. However, in all temperature ranges, both the 
damping and the modulus defect show the strong frequency dependence 
characteristic of thermally activated processes. Thus, the static hysteresis 
rnechanism cannot be· applicable without modification to include thermal 
activation. ]furthermore, the absence of butterfly-shaped microstress
strain loops(~ 4) suggests that the simple breakaway and repinning cycle 
assumed by the KGL model is not applicable to these metals. 

One of the most interesting amplitude-dependent phenomena seen 
in the bee transition metals is the existence of saturation in both the 
damping and modulus defect, with increasing stress amplitude, at tem
perature below "'250°K for measurements made af ,.,1 ·cps. 

. -4 
Furthermore, for large enough amplitudes (> 4 X l 0 G), both the 

damping and modulus defect decrease with increasing amplitude. The 
reduction of the modulus defect is considered to be particularly interesting 
since it suggests the existence of some kind of barriers restricting the 
amount of the motion of certain parts of the dislocation network. The 
reduction in the relaxation strength of the a peak with amplitudes in excess 
of 4 x 1 o- 4 is clearly shown in Fig. 30. for high purity. Ta. The shifti~g 
of the peak position toward lower temperatures suggests stress-assisted 
reduction of the activation energy of the a peaks. Perhaps the clearest 
evidence of restricted dislocation motion is shown in Fig. 33 for deform~d 
Nb. The normalized dislocation strain obtained by the constant-temperature
rise strain-relaxation method shows a reduction for increasing stre·sses 

0 . 0 
in the temperature range 120 K to 200 K. Only when the stress becomes 
so large that the 13 process is stress-assisted to temperatures near the a 
process does the modulus-defect stiffening effect disappear. 

Thus, the restricting barrier for a dislocation motion appears· to be 
the 13 process; at low stresses, only short range a dislocation motion is 
possible at temperatures below the 13 process. At sufficiently high stresses, 

• 
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longer range dislocation motion is possible since the ~ process no longer 
acts as a barrier to a dislocation motion. Thus long range dislocat~on 
motion appears to act like a flow process through resistive eleme11;ts con
nected in series, wherein the slowest process effectively determines the 
total flow .. In the refractory bee metals Nb and Ta, it appears that the· 
most resistive element in the room-temperature range is the ~ proce~s. 
while below liquid-nitrogen temperatures, the most resistive element is 
the a process. This follows from a two-component-series flowmodel in 
which the rate of flow (strain rate) of each component is determ.ined by a 
stress-assisted mobility term such as given by Eq. (9~) where Ha <; H~ 
but va << v~. Thus, at temperatures below the a process, even though 
the a process possesses a lower energy than the ~process, the lar.·ger 
stress coupling factor (activation volume v~) of the~ pJ~oc:P.ss P..nr~'bl~B the 
applied stress to make the effective energy of the ~ process smaller than 

. the a process. 

2. 3. c.CONCLUSIONS AND SUGGESTIONS FOR FURTHER INVESTIGATION 

From the foregoing relaxation studies it appears that the ~otion of 
dislocations in the bee transition metals is controlled by thermally activated 
processes possessing an energy spectrum with a number of broad ba.nds. 
The;re is evidence that the activation energy of some of these bands may be 
re.duced by .the application of stress, i.e.,' that the thermal activat.ion event 
may be stress-assisted. Furthermore, the highest energy process .appears 
to possess the largest rate of energy reduction by stress or activa,t.ion 
volume. 

The interstitial impurity, oxygen, in low concentration (< 1 at. ppm) 
can effectively immobilize or pin dislocations in Ta and Nb. The 'effective
ness of pinning on various parts of the energy spectrum is not uniform; 
the lower energy parts of the spectrum are more resistant to pimiing.· 

If the results on high purity Ta are representative of the other bee 
·transition metals, deformation is not essential to produce dislocati!=>n 
relaxations in these metals. Ta annealed at 2500°C for one hou'i sho'ws a 
dislocation-relaxation spectrum if measured in the stress-amplitude
dependent region. Prestraining enhances the saturation relaxation strength 
of the lower-temperature relaxations (a• and a) by a factor of only 3. or 4; 
and extensive prestraining can strongly reduce the relaxation strength of 
these processes. 

The amplitude dependence observed in these metals cannot be 
explained by a static hysteresis model. Most of the available evidence 
indicates that the stress-amplitude-dependent part of the internal friction 
and modulus defect is a stress-enhancement of the amplitude-independent, '-· 

' 
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thermally activated relaxation process. The stress serves to decrease· 
the effective stiffness_ of the dislocation relaxation, thus increasing the 
relaxation strength. The multiplicity and broadness of the stress- enhanced 
dislocation relaxations tend to make the amplitude-dependent internal 
friction and modulus defect appear to be frequency independent. However, 
careful examination over five orders of magnitude of frequency shows that 
the ~.nonHnea:n: components are indeed frequency dependent and can be 
expressed as broad, thermally activated, and, at high stresses, stress
assisted relaxations. Also, direct examination of the microstress-strain 
loops(54) has failed to show any evidence of the ''butterfly'' loops ,.predicted 
by a breakaway model based on static hysteresis. (55) 

In all cases of annealed or deformed specimens, the a 1 and a parts 
of the relaxation spectrum behave like constrained relaxators, i.e., both 

.. the internal friction and the modulus defect saturate and decrease with 
increasing. oscillating stress; whereas the higher energy parts of the 
spectrum, 13 andy, behave more like unconstrained relaxators, i. e., the 
internal friction appears to increase monotonically with increasing stress. 

It is felt that the constrained behavior of the lower energy processes 
provides an important clue to the nature of the dislocation mechanism 
associated with these processes. If the a 1 and a dislocation processes are 
coupled in series with the 13 andy dislocation processes, the motion of 
the lower energy proce::>ses will be limited by the motion of the higher 
energy processes. Thus, the restricted nature of the a' and a relaxations 
follows from such an assumption, because at a temperature and frequency 
at which the 13 andy relaxators are frozen, the a 1 and a relaxators can 
undergo limited movement; but the frozen 13 andy processes provide barriers 
to extensive motion. Therefore, the stiffness of the a 1 and a processes 
will increase with increasing displacement, requiring higher stresses for 
further motion until the stress becomes large enough to "unfreeze" the 13 
process through the stress-assist mechanism. .., 

The CTRSR measurements show that long-range dislocation motion 
is governed either by the highest energy 13 relaxations or the y relaxations. 

Using these observations, it is useful to investigate the consequences 
of certain models. 

a. Assume the a peaks are analogous to the Bordoni peaks in fcc 
metals and the Bordoni peaks represent double-kink generation 
in edge and screw dislocations. If this assumption is made, then 
it follows from the above observations that the long-range dis
location motion in bee transition metals at intermediate tem
peratures is not determined by the Seeger mechanisn~ •. as 
Conrad(56) and others have stated. Some other process. or 

) 
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processes, such as conservative jog motion, will determine· the _.·: 
long range motion. 

b. Assume a peaks represent double-kink generation in edge-:-type 
dislocations only; and the !3 peaks represent thermally activated 
processes associated with the motion of screw dislocations. 
LoJ?-g- range dislocation motion would require that the a and !3 
processes be series-coupled since no dislocation multiplication 
could take place until the screws could move. 

A number of other possibilities exist, based only on the observation 
of the restricted nature of the lower temperature processes. The _annealing 
behavior of the various peaks, sensitivity to deforruation, frequency 
de pen.Jt::uct::. of the relaxation strength, and pre -exponenhr1.l size· should 
provide additional useful information about the details of the ·dislocation 
mechanisms Qperating in these metals. 

It is clear that relatively little is known about those parameters that 
can be measured, such as the energy and pre-expon·entials· in the same · 
deformed and aged specimens, as well as the frequency dependence of the 
relaxation strengths. These measurements are very difficult'to make, 
:r:equiring wide frequency ranges because of the multiplicity of rela~ation 
times involved and the necessity of having the stress distribution essentially 
the same as the frequency is varied. Very low frequency measurem~hts 
using high- sensitivity detection methods can be used to particular advantage 
in·these measurements. 

M1H:-h t:::\n be lea.rnod from. con"ibiu.iug luw arnplitude with high ampJitude 
m.easurernents, and especially by combining them. with some kind of 
measurement that involves long-range dislocation motion such as .creep. 

Especially needed are acoustical experiments using well-defined 
dislocation arrays, such as can·be produced by controlled bending' of single 
crystals. Such measurements should be of great help in learning to recognize 
the. type of rela:>ea,tion signal to be expected from a known type and con
figuration of dislocation. 
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III. STORED-ENERGY RELEASE IN IRRADIATED MOLYBDENUM 

An effort has recently been undertaken to measure the stored-energy 
release in specimens of irradiated molybdenum supplied by Hariford Labora
tories. Four stored-energy-release experiments on irradiated specimens 
have been conducted with emphasis on extending· the measurements to tem
peratures of 700°C or higher. Data reduction is currently in progress, 
and the following report provides an indication of res-qlts as they a1·e 
presently in hand. 

3. l. EXPERIMENTS 

The calorimetric 1nethod uf quantitative differential thermal analysis 
(QDTA) employed in these investigations has been treated iri a recent 
publication( 1) and has been described in greater detail in .a previous 
report. (2) The modifications made to extend the technique to the temperatures 
required to observe the stored energy of recrystallization in cold-worked 
iron were given in the last annual report. (,3) In the present work the emphasis 
on extending the measurements to higher temperature is continued in order 
to observe as many thermally activated defect reactions as possible. 

A theun!lical analysis of the QD'l'A method shows that the sensitivity 
is directly dependent on the thermal lag of the specimens behind the calo
rimeter block and that the precision is directly dependent on the degree to 
which the block temperature measurement is accurately representative of 
the temperature distribution over the interior surface of the block. The 
first step in extending the QDT A method to higher temperatures was to 
replace the copper calorimeter block by a molybdenum block of slightly · 
sm.aller dirnensions. In view of the lower thermal conductivity of molyb-: 
denum, it was necessary to place taps on various segments of the block· 
heater in order to trim the power· input to give a more uniform temperature 
distribution. This trim was adjusted to ~ive T w - T r = 0 (where 'J' w is wall 
temperature of the block as sensed by a Chromel-Alumel thermocouple 
junction placed halfway up the interior surface of the calorimeter block, 
and T r is the temperature of the reference specimen) at the inaxirimm block 
temperature of 1000°C. 

No attempt has been made as yet to calibrate the specimen inter
coupling factor f with the cell geometries employed in the present work. 
The results reported below employ the value f = 0. 075, derived from the 
previous work on stored-energy release .in deformed copper and iron. 

90. 



.: 

--· 

Two irradiated molybdenum specimens were supplied by Dr. H. E. 
Kissinger of Hanford Laboratories. A vendor's analysis of the material 
is given in Table 4. The specimens were irradiated to fast-neutron 
exposure (E > l Mev) of 1018 nvt and 1019 nvt at temperatures of about 
40°C. Cold-worked and annealed specimens were provided for preliminary 
test runs and·for the annealed reference specimen. No calorimetric diffi
culties were encountered in working with the specimens at the modest levels 
of radioactivity displayed by these specimens. 

Table 4 

ANALYSIS OF MOLYBDENUM SPECIMEN 

Concentration Concentration 
Element (ppm) Element (ppm) 

Al <10 Mn <10 
Ca 20 Sn <10 
Si 10 Mg <10 
w 100 c <10 
Fe 10 Oz 6 to 11 
Cr <10 Nz 4 to 8 
Ni <10 ' Hz 1 to 2 
Cu ·1 0 

The specimens were provided in the form of rods 2 in. long and 
:3/8 in. in diameter, with hemispherical ends. Because this specimen 
geometry is unsuitable for direct use in the differential calorimeter, the 
specimens were cut into two nearly identical bullet-shaped specimens 
1 in. in length. Calorimeter cells were prepared to accept these specimens 
with the hemispherical ends facing up and with the flat ends directly in 
contact with the thermocouple junctions. In order to minimize the thermal 
inertia of these relatively small cell-specimen combinations, the hemi
spherical top of the specimen was not enclosed by the cell. 

3. 2. RESULTS 

The results for two stored-energy-release experiments are given 
in Figs. 34 and 35 in terms of the Q' function, which is a convenient 
plotting function defined by 

1 
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where dEs/ dT r is the stored-energy release as a function of the temperature 
bf the reference specimen and f3' is the base-line difference in thermal 
couplings of the reference and test specimens with the calorimeter block. 
The differential electromotive forces measured by the differential thermo
couples are represented by es - e and ew - er, n is the number of gram-

Lr s . . . 
atoms in the test specimen, and :q.c. r.epr.esertts :the total thermal me:t.tla s .. ·1 ·1 
(heat capacity) of all components thermally .associated with the test speci-
men. Q' is given in terms of the measurables by 

( 
e s - e r ) + _d_(_e--:s:----e_r_) 
e - e de 

w r r 
Q' - ~----------------

( 1 + 2f) 

e - e 
. (2) 

s 1' 
1----

. . ' 
Thus, the stored-energy release is given by the difference between. Q.' plots 
obtained under identical heating conditions. 

The data presented in Figs. 34 and 35 .were obtained with ~heating 
rate of 200 p;v/ min with a Chromel-Al~mel thermocouple; this c~r:r.esponds 
to an approximate temperature rise of 5° C/ min. The runs were· extended 
to 1000°C, but the data are not given above 8 70°C owing to the inc~easingly 
erratic behavior of the base lines above this tP.rnperature. HowcvGr, it 
should be noted that no evidence of large energy release (i.e.,_ comparable 
to the release peaks evident at lower temperatures) was observed abovP. 
870°C. 

The results show some base-line di~::>placement and a base-line 
uncertainty which increases with temperature.· However, the duplicate 
runs show excellent reproducibility in respect to the general shape of the 
release peaks. 

Only preliminary estimates are available, ·at this stage in data 
reduction, for the areas under the release peaks. The peak at 222°C for 
the low-dose specimen represents approximately 15 cal/ g-atom, and a 
small smeared-out relP.i'l.Re is pt;:~ssibly evident near 650°C. The peaks at 
205°C and 685°C for the high-dose specimen represent approximately 40 
and 25 cal/ g-atom, respectively. These values for the low-temperature 

4
_ 

peaks are consistent with the earlier observations oLKinchinandThompson, ( ) 
whose measurements were not extennen <\DOVe 280°C, 

The results on the higher-dose specimens also suggest three addi
tional release peaks and the possibility of a "garbage-annealing, '·' which 
could be a merging of various annealing processes. In view of the base
line uncertainties, the existence and magnitude of these stored-energy 
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releases should be resolved by further work, e. g., by interrupting a release 
run to enable the initiation of energy release at higher temperatures to be 
observed in a subsequent run where the lower-temperature base line is 
clearly defined. 
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