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Progress Report 

ABSTRACT 

During the period covered by this report, two papers and a 

reply to a discussion on one of our previous papers were published, 

a fourth paper was submitted for publication to Scripta Metallurgica 

and a Review Paper has been submitted to the Reviews on the Defor-

mation Behavior of Materials; two abstracts of papers to be presented 

at the AXME Fall Meeting at Cincinnatti, Ohio, November 10-13, 1975, 

have been submitted, and another paper is presently being finalized. 

At present, work is mostly concerned with the stress-strain 

behavior of niobium, as affected by dynamic strain aging. An 

investigation of the aging phenomena in Nickel containing carbon as 

the major interstitial impurity has also been conducted. Some 

aspects of the deformation behavior of the hexagonal metals titanium 

and zirconium still warrant investigation, and are, therefore, also 

being considered. 

A. PAPERS PUBLISHED OR SENT FOR PUBLICATION IN THE PAST YEAR 

1• Concerning the Strength of Dynamic Strain Aging in Zirconium1 

Tensile tests on high purity (5 x 10~4 oxygen equivalent) and 
_3 

commercial purity (5 X 10 oxygen equivalent) zirconium were per-

formed between 77 and 1000 K in order to evaluate dynamic strain 

aging. A comparison with earlier data from two equivalent titanium 

compositions yielded the following: reducing the interstitial con-

centration to the zone refined iodide level removes most evidence 

of strain aging in both zirconium and titanium. At this impurity 

concentration, zirconium also shows a greatly reduced thermally 

activated flow stress component. This was not observed in titanium. 

At the commercial purity level, both metals exhibit strain aging 
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phenomena. These latter are much weaker, however, in Zr than Ti. 

Even at this impurity level Zr does not exhibit a strain aging yield 

point, the Portevin-Le Chatelier effect or a well defined work 

hardening rat.e peak. All of these latter are found in commercial 

purity titanium. Several aspects of dynamic strain aging, while ob-

served in Zr, are less pronounced than in Ti. The principal inter-

stitial impurity in these materials is oxygen. Oxygen in solid solu-

tion strongly increases the c/a ratio of Ti, but has little effect on 

this ratio in Zr. This distortion of the Ti hep lattice may account, 

in part, for the greater strength of dynamic strain aging in this metal. 

2. Dislocation-Solute Interactions and Mechanical Behavior of 
- • — J J 

Zirconium and Titanium 

Among the various defect interactions in solids, those between 

dislocations and solute atoms are very significant. The interactions 

between moving dislocations and solute atoms, when they have comparable 

velocities, are believed to be responsible for the phenomenon of dyna-

mic strain aging observed in many alloys. This paper describes the 

very important role played by dynamic strain aging in the plastic 

deformation of zirconium and titanium. 

Tensile tests were conducted on commercial purity zirconium and 

titanium between 77°K and the beta transus, at strain rates ranging 

over five orders of magnitude. The shapes of stress-strain curves 

varied widely with temperature and strain rate, largely due to dynamic 

strain aging. Both the metals exhibit a 'blue brittle' effect like 

that observed in steels. The tensile elongation goes through a minimum 

at a certain temperature depending on the strain rate, with a sharply 
This paper was published in the Proceedings of the Inter-

al Symposium on Defect Interaction in Solids, Bangalore, 
May 9-13, 1972, but was made available to us only early this 



3 

defined neck in the tensile specimen. At the same temperature, the 

reduction in area is very large, indicating a basically ductile 

failure. Another important aspect of dynamic strain aging is that 

it can produce very large work hardening rates. This effect is 

more pronounced in titanium than in zirconium. The work hardening 

rate may show a maximum (or maxima) in the dynamic strain aging 

region, that is (are) strain rate dependent, moving to higher 

temperatures with increases in strain rate. This rate dependent 

work hardening is directly responsible for the fact that above the 

'blue brittle* temperature, the tensile elongation rapidly rises to 

a very high value, with the development of a diffuse neck in the 

tensile specimen. At still higher temperatures, the work hardening 

drops to low values. But the elongation continues to be large, over 

100%. This can be attributed to the high strain rate sensitivity of 

the flow stress of the metals prevailing at these temperatures above 

the dynamic strain aging region. 

The importance of dynamic strain aging is further demonstrated 

by the fact that when the impurity level is reduced by an order of 

magnitude, most of the attributes of dynamic strain aging are either 

drastically reduced or eliminated. These are discussed with reference 

to titanium. 

3. Reply to Discussion of "Relationship Between Deformation 
Twinning and the Stress-Strain Behavior of Polycrystalline 
Titanium and Zirconium at 77 K"3 

Dr. Hans Conrad and associates submitted to Metallurgical 

Transactions a discussion of our paper "Relationship Between Defor-

mation Twinning and the Stress-Strain Behavior of Polycrystalline 

Titanium and Zirconium at 77 K . T h i s discussion was concerned 
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with our interpretation of the relation between changes in the nature 

of the twin structure that occur during deformation of Ti and Zr at 

77 K and the stages of deformation as evidenced by Crussard and Jaoul 

plots. In the Author's Reply3 it was indicated that the Conrad et al's 

analysis ignored radical changes that are observed in the stress-strain 

curves of Ti and Zr when these twin significantly. Although the total 

effect of twinning on the stress-strain behavior is complex and not 

well understood, it has a strong effect on the stress-strain behavior, 

primarily because of a tendency for twinning to either influence 

or control the slip phenomena. 

4. Concerning the Effect of Machine Relaxation on the Measurement 
of the Internal Stress in Commercial Purity Titanium at 
300 K by Stress Relaxation Methods5 

The determination of the internal component of the flow stress 

in a material may be made by using several methods. Some of the 

most used, which involve stress relaxation, are the continous relax-

ation analysis of Gupta and Li, and incremental unloading. As 

indicated by Guiu, the relaxation inherent in a tensile testing 

machine can seriously influence the determination of the internal 

stress by either of these two methods. In this study, the Instron 

relaxation was evaluated at room temperature, and the data obtained 

from tests on commercial purity titanium were corrected for this 

relaxation. It was proposed that the basic shape of an incremental 

unloading curve is strongly dependent on both the relative magnitude 

of the internal stress as well as on the value of m*, the dislocation 

velocity exponent, and that it differs substantially from those 

reported in the literature. The situation becomes more complicated 

in a material like commercial purity titanium, where dynamic strain 

aging effects due to hydrogen are possible at room temperature at 
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strain rates of the order of those normally associated with stress 

relaxation. 

5. Factors Affecting the Determination of Activation Parameters^ 

The basic principles involved in thermal activation analysis at 

low temperatures are reviewed. The definitions of the activation 

parameters in terms of quantities that can be determined from experi-

ments are revisited. Without referring to any specific mechanism, 

the causes for some of the shortcomings of activation analyses are 

sought in terms of the inherent limitations in accuracy of the 

measurements and of phenomena that complicate deformation. It appears 

that the latter, namely dynamic strain aging and mechanical twinning, 

may account for many failures of thermal activation analyses. (This 

review paper is being submitted to Reviews on the Deformation Behavior 

of Materials, and a copy is included with the report.) 

6. Strain Aging in Ni...-.-,i 2007 

Static strain aging tests were conducted on Nickel 200 annealed 

tensile specimens. These were prestrained at 273 K to a stress level 

of 265 MPa (approximate]-;' 0.05 strain), at a nominal strain rate of 
- 3 -1 

4.2 x 10 s . Under these conditions, homogeneous plastic flow 

was gunranteed to occur. Specimens were aged immediately after pre-

straining for different times at 373, 408, 428, 448 or 473 K and 

the time dependence of the return of the lower yield stress was 

observed. The return of the yield experiments indicated that ACT 1/7 
increased as In t or approximately as t ' kinetically and behave . 

in accordance with an activation energy of 25 kcal/mol before the 

observed peak in ACT. It is demonstrated that the defect respon-

sible for this anomalous increase in A o may be the rotation of carbon-

vacancy pairs in the strain fields of dislocations. A quantita-

tive model is derived for the increase in Acr before the aging 
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peak and it is concluded that several important stages in the aging 

of Nickel 200 may occur: (a) the formation of carbon-vacancy pairs 

and their initial ordering, fb) the migration of vacancies in the 

strain energy gradients of dislocations and the consequent formation 

of more carbon-vacancy pairs near dislocations, (c) the growth of an 

ordered carbon-vacancy dipole atmosphere, Cd) depletion of free 

vacancies in the remainder of the lattice which decreases the flux to 

the ordered atmosphere and results in a Ao maximum, (e) the migration 

of bound vacancies to dislocation sinks and the resulting decrease in 

Aa, (f) the migration of carbon atoms in the strain fields of disloca-

tions and the growth of a Cottrell atmosphere, and (g) precipitation of 

graphite during overaging. Items Cf) and (g) are only speculated to 

occur. This model is different from the Cottrell-Bilby model and can 

account for the kinetics and activation energy for strain aging observed 

in Nickel 200. A complete topical report on this subject is enclosed 

with the Progress Report, in order that it may be seen in detail. 

The following two abstracts of papers to be presented at the AIME 

Fall Meeting in Cincinnatti, Ohio, November 10-13, 1975, have been sub-

mitted: 

The Stage Behavior of Polycrystalline Niobium: J. R. Donoso and 

R. E. Reed-Hill 

The stress-strain behavior of niobium with a grain size of 26ym, and 

oxygen as the principal interstitial impurity (150 ppm), has been in-

vestigated in the temperature range from 273 to 1000 K, at a basic 

strain rate of 5xl0~4s~*. Both a Crussard and Jaoul analysis of the 

data, as well as an analysis based on a log slope vs log stress plot 

reveal a two stage behavior for this material throughout the tempera-

ture range investigated. A third, or initial, stage is observed when 

the yield point disappears. The former analysis assumes that the 
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deformation behavior can be fit by the relation a = a 0 + Ke11, 

whereas the latter assumes the equation e = e 0 + cora. The parameters 

n and m, as evaluated in the last stage of the deformation, are 

related to the uniform plastic strain, and their behavior with tempera-

ture may be indicative of processes that influence deformation. The 

effect of dynamic strain aging on the behavior of these parameters 

will be discussed. A comparison of the m values with other bcc (Armco 

Fe and a higher purity Nb), fee (Ni), and hep (Ti and Zr) metals will 

be briefly presented. 

2. The Effect of Machine Relaxation in the Dotermination of the 
Internal Stress in Titanium at 300 K: J. R. Donoso and R. E. 
Reed-Hill 

Guiu has indicated that the relaxation of the testing machine.can 

significantly affect the measurement of the internal component of 

the flow stress using either stress relaxation or incremental un-

loading. An attempt has been made to evaluate the magnitude of this 

relaxation in an Instron and to correct the data for this machine 

component. When this is done, it is observed that the two methods 

do not give similar results. This indicates that the relaxation is 

path dependent in Ti at 300 K. This tendency for the relaxation 

process to be history dependent implies that neither of these methods 

can give an exact evaluation of the internal stress. It is felt 

therefore that the data available in the literature may be largely 

affected by the relaxation of the testing machine, and in error if 

this is not taken into consideration. 



8 

WORK iN PROGRESS 

During the past year, several aspects of tho program outlined 

in the proposal for the fiscal year 1975 have yielded significant 

results. A short summary of this work follows: 

1. Oxygen Embrittlemcnt in Niobium 

Niobium is one of several refractory metals in which the effect 

of interstitials on the mechanical properties has attracted attention 

in the past decades. Studies of the effect of hydroge* ->n the lc* 

temperature behavior of niobium agree that a ductile-'co-brittle 

transition exists, which is very much dependent on composition and 

strain rate. The mechanism of embrittlement, however, has r.ot been 

completely elucidated. While some authors postulate that the 
8-10 embrittlement is due to hydrogen in solution, and others suggest 

11 12 
that hydrides are responsible for the brittle behavior, ' Hardie 

13 
and Mclntyre conclude that both mechanisms can account for the ob-

served embrittloment, depending on the hydrogen content. Investiga-

tions of the effect of oxygen on th^ tensile properties of niobium 

have taken a different direction, however. The primary emphasis has 

been placed upon studying the strain aginp phenomena occuring in this 

material. Even though it has been indicated that oxygen is a potent 14 
solution strengthener in niobium at low temperatures, it has been 

suggested that it does not give the same form of embrittlement as 

hydrogen does.1"5 The present study, however, suggests a strong 

parallel to the embrittlement produced by hydrogen, but in a different 

temperature range, which has actually been little investigated. 

Niobium wires, 0.075 cm. in diameter, whose initial interstitial 

content is listed in Table I, were subject to oxidation in air at 
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400°C for one hour, followed by a homogenization anneal of two hours 

at 1C00°C. This treatment should increase only the amount of oxygen, 
1 f> 17 

for it is known that nitrogen reacts slowly with niobium. ' 

Wires with different amounts of oxygen were prepared by simply 

repeating the oxidation-homogenization sequence as many times as 

desired. The concentration of oxygen in solution was determined 

by comparing the Vickers hardness of the prepared alloys to the 18 
hardness vs concentration plot of Gebhardt and Rothenbacher. 

Measurements of the lattice parameter were also employed to deter-

mine the amount of oxygen in solution. The materials tested had 

oxygen contents of about 700 (initial material), 2000, and 4000 

ppm by weight. Tensile specimens were prepared by acid machining a 

gage section of about 0.5 cm long by 0.05 cm in diameter. Figure 1 

shows a typical specimen obtained in this way. 

Tensile tests were carried out on an Instron between 77 and -4 -1 
1100 K, at a nominal strain rate of about 5 x 10 sec . All tests 

above room temperature were conducted under an ultra-high purity, 

oxygen gettered argon atmosphere, to minimize any contamination of 

the specimens. The initial grain size, 6um, did not change appreciably 

after several homogenization anneals, being about 8ym for the 

highest oxygen content specimens. The fracture surfaces were observed 

with the aid of a Scanning Electron Microscope. The uniform elonga-

tion of the specimens was abstracted from the Instron charts, and 

the area at the fracture tip was measured in an Optical Comparator. 
Table 1 

Initial Interstitial Content of the Niobium Wires, ppm by weight 
0 H N C 

700 2 64 46 
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Figure 2 shows the uniform elongation vs temperature plot for 

several different niobium-oxygen alloys. In this, there seems to 

exist no appreciable difference in elongation with oxygen content 

below about 550 K. Above this temperature however, and up to about 

850 K, the ductility decreases substantially with increasing oxygen 

content. This is better illustrated in Fig. 3, which shows the 

reduction in area vs temperature for the same alloys. An interesting 

feature is the broad iiiinimum in ductility for the materials with 

4000 ppm oxygen. This interval in temperature of about 400 K is 

most likely associated with a true embriLtlement due to oxygen. As 

can be seen, the reduction in area for the 700 as well as for the 

150 ppm oxygen specimens (these are included for comparison purposes), 

lies well above 95% at all temperatures above 200 K. With increasing 

oxygen concentration, the reduction in area decreases to between 6 

and 20% at temperatures in the range from 500 to 900 K. Also of 

significance is the decrease in reduction in area observed between 

200 and 450 K, as compared to the higher purity materials. 

The scanning electron micrographs taken from the higher oxygen 

content specimens showed conclusively a difference in the fracture 

mode at different temperatures. Figure 4 shows a view of the tip 

of the fracture that occured at 275 K. This is complex in nature, 

showing very few grain facets, most of the cracks being transgranular. 

The fracture surfaces shown in Fig. 5, which is an expanded view of 

the region encircled in Fig. 4, are typical of cleavage. The same 

fracture pattern repeats at 510 K (Fig. 6), and at 710 K (Figs. 7 and 

8), with the additional fact that the fracture appears to have an 

increasing intergranular character with increasing temperature. At 

1010 K, however, the fracture is typically ductile (Fig. 9), a 
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feature that is also observed in a 700 ppm oxygen specimen tested 

at 770 K (Fig. 10). (A paper on this subject is now being written 

and will be submitted to an appropriate scientific journal). 

2. Dynamic Strain Aging in Niobium 

The stress-strain behavior of niobium containing two different 

oxygen levels (10 and 150 ppm) has been characterized by using "both 

a Crussard and Jaoul analysis as well as one based on a log slope 

of the stress-strain curve vs log stress plot5. Tensile tests at a 

basic strain rate of about 5 x 10~4 s h a v e been performed between 

77 to about 1200 K. The materials, VP and MARZ grade niobium, 

supplied in the form of 0.635 cm in diameter rods by Materials 

Research Corporation, were swaged and annealed to obtain grain sizes 

of 26pm (VP material with ISO ppm oxygen), and 90vm (MARZ niobiun 

with <10 ppm oxygen). The VP specimens had dimensions 1.65 cm in 

gage length and 0.355 cm in diameter, while the MARZ grade specimens 

were 1.27 cm long by 0.32 cm in diameter. Deformation at temperatures 

higher than room temperature was carried out under an ultra-high 

purity, oxygen-gettered argon atmosphere to minimize contamination 

of the specimens. The composition of the two materials used is 

shown in Table II. The stress-strain curves at temperatures below 

room temperature (i.e. 196 and 77 K), show instabilities early in 

the course of the tensile test, giving rise to uniform elongations 

of about 0.0025 and 0.0020 respectively. Hence, they have not 

been considered in the subsequent analysis. Plots of log slope 

vs log true plastic strain, and of log slope vs log true stress were 

analysed yielding at most temperatures a distinct two-stage behavior 

for both materials, except for some cases which will be discussed 

presently. In each stage, a statistical analysis for a linear 
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regression fit was made, obtaining in most of the cases correlation 

coefficients better than 0.99. 

The stress-strain behavior of VP Nb in the temperature range 

between 300 and 600 K is characterized by dynamic strain aging 

due to oxygen whose effects maximize at about 500 K. A second 

dynamic strain aging region, which is due to either nitrogen or 

carbon (or both), appears between about 650 and 850 K. This material 

shows most of the characteristics usually associated with dynamic 

strain aging: yield points, the Portevin-Le Chatelier effect, a mild 

work hardening peak which is strain rate dependent, and minima in 

both the uniform and total elongations. The high purity material, 

however does not show any of these characteristics, except for a well 

defined yield point at room temperature, which may be due to hydrogen. 

Both empirical analyses revealed a basic two-stage behavior in 

VP Nb after the yield point and Luders extension. An initial stage 

is present, when the yield point dissappears, which can also be 

found in the MARZ specimens above room temperature as they do not 

show the yield point phenomenon. This initial stage, however, lies 

within the microstrain region, and will not be considered further. 

Nevertheless, the last, or third, stage is predominant in Nb of 

both purities, ranging from a strain of about 1 percent up to 

necking (20% or more). 

The Crussard and Jaoul analysis,3"^"21 based on a log slope vs 

log strain plot, assumes an empirical stress-strain relation of the 
22 form given by Ludwik 

o - Oo + ke11 (1) 

Although a„, k and n can be evaluated in each stage of deformation, 

they do not have an immediate physical significance. The para-
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meter which is most closely related to tensile properties is n, 

as evaluated in that stage of deformation where necking takes place. 

Thus, it is easy to show that, by using Considere's criterion for 

necking, the uniform strain, eu , is given by 

Eu - n ( ^ ) C2) 

where o u is the true stress at necking, and o 0 from Ludwik's equation 

is evaluated for the last deformation stage. (Stage III). 

There exists a basic difference between the n values for the 

two purities investigated. Whereas those of the less pure material 

change appreciably with temperature for both stages II and III, the 

corresponding exponents for the high purity niobium do not show such 

a drastic change. Furthermore, in stage III, the niobium with a 

higher oxygen content shows a temperature region where negative n 

values are obtained. An interpretation of this will now be given. 

Starting with Ludwik's equation (Eq, 1), the slope of the stress-

strain curve may be expressed as 

da _ , n-1 ,,-v 
3T ' k ne C3) 

Substituting for e the expression [ (o differentiating 
23 with respect to the stress, and rearranging, one obtains 

d (dcr/d e) a n ^ (4) 
da e 

This signifies that., at any given strain, the decrease in work 

hardening rate with stress will be larger, the smaller n is. 

Thus, n = 1 represents a linear stress-strain curve, or one whose 

slope does not change with increasing stress, whereas curves with 

changing slopes have values of n < 1. Stress-strain curves that change 

curvature very rapidly, may then have very low values of n, or even 
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negative exponents. It is then probably justified to associate a 

smaller n with a dynamic recovery process that will take place 

sooner during deformation. 

Figure 11 shows the n values for stages II and III for both 

types of materials, as a function of temperature. In stage II, the 

VP niobium n peaks at about 500 K, where oxygen dynamic strain aging 

effects are strong. From there on, it decreases, although there 

exists a second range of temperatures where serrated yielding, due 

to either carbon or nitrogen, or both, is observed in this material 

(from about 650 to 850 K). The MARZ niobium n, on the other hand, 

shows a maximum at about 460 K, decreases, and again peaks at 710 K. 

The stage III n's, which are smaller than the corresponding stage II 

n's, in agreement with the fact that dynamic recovery is greater 

at larger stresses, are also different for both materials. This is 

specially true above 650 K. The fact that in the temperature range 

from 650 to 950 K, the VP niobium stress-strain curves have negative 

n values, may indicate the existence of a dynamic recovery process 

which is much stronger than in the higher purity material, which has 

very slightly negative n's at the same temperatures. This diagram 

seems to indicate the existence of two regions of behavior, one 

below 650 K, and the second above this temperature. It appears that 

in the low temperature region, dynamic recovery is stronger in the MARZ 

material, whereas the converse is true in the second region. 
24 

Unlike high purity titanium, MARZ niobium does not show a single 

stage behavior. Also, in VP niobium, the stress-strain curves may 

be characterized by a two stage behavior everywhere with the exception 

noted before. This is in clear contrast with the behavior of com-O A mercial purity titanium, in which a single power law describes 
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reasonably well the stress-strain behavior in the temperature 

range where dynamic strain aging effects are strong, whereas a 

two-stage behavior is observed elsewhere. 

The second type of analysis, based on log slope vs log stress 

diagrams, assumes the relation 

e =ec + ctf m (5) 

between true plastic strain, e, and true stress a* The variable 

parameters, c and m, as in the case of the Crussard and Jaoul 

cr0, k and n, do not have an immediate interpretation, either. 

Again, as in the Crussard and Jaoul analysis, m is associated ro the 

uniform strain e u in the material, according to 

where m and e 0 are evaluated in the stage where necking develops. 
23 Also, it can be shown that 

d (do/de) = 1 - m , 1 , (7) 
d a ~ m 

so that m also bears the connotation of indicating how rapidly the 

slope of the stress-strain curve changes with stress. Thus, the 

larger m is, the more rapidly will the stress-strain curve satisfy 

Considere's criterion for necking. A significant difference 

between this and the Crussard and Jaoul analysis, however, is that 

the parameter m is always positive. 

Figure 12 shows the m values as a function of temperature for 

both stages II and III for the VP and MARZ niobium. It is to be 

noted that the stage II m's for the VP material have more drastic 

changes than do those for the higher purity niobium. The major 

differences occur at about 450 K and 775 K, where the less pure 

material shows a peak in the m values. Of more significance, 
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however, is the behavior in stage III, where the m values of both 

materials are very similar below about 550 K, but differ significantly 

above this temperature. Thus, the VP niobium has a much higher degree 

of dynamic recovery than the MARZ material at the same temperatures. 

In general, it would seem that a region in temperature where dynamic 

strain aging occurs, may be characterised by low nijj and large m-jjj 

values. This would be in agreement with the large initial amount of 

work hardening normally associated with dynamic strain aging (low 

mjj connotes deformation during which da/de decreases very little), 

as well as with the more rapidly decreasing slope of the stress-strain 

curve to yield a smaller uniform elongation (large rc-j-jj). This is 

indeed the case of the VP niobium that shows two regions where dynamic 

strain aging effects appear: one centered around 500 K, and the 

second about 800 K. 

An interesting comparison can be made between the m values of 

Ni (fee), Nb (bcc) , and Ti or Zr (hep). Thus nickel shows m values 
2 5 

in stages II and III of about 1.5 and 3 respectively, whereas Ti and 

Zr have very large m's, normally above 8. Niobium in this regard, 

shows m values in between those of the fee and hep metals. 

Some preliminary conclusions may be drawn from these two analyses. 

Both show that niobium stress-strain curves can be basically character-

ized by two different empirical power relations in different strain 

intervals. Furthermore, these empirical fits have very good cor-

relation coefficients. The behavior of the most significant parameters 

of each analysis, namely n and m, as indicative of dynamic recovery, 

is different at those temperatures where dynamic strain aging effects 

become strong. The stage behavior of niobium is significantly different 

from that of fee or hep metals. Thus, nickel (fee) may show as many as 
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four stages of deformation, whereas titanium (hep) shows one stage 

(high purity Ti), or two stages (commercial purity titanium), with 

the additional fact that a single stage is observed in this latter 

material at temperatures where dynamic strain aging strongly affects 

deformation. With regard to the effect of stress on the rate of 

decrease of tho work hardening rate, it seems that niobium, a bcc 

metal, falls somewhat between the hep metals titanium and zirconium, 

and the fee metal nickel. 

3. The Torsion Tendulum 

The apparatus described here is being built to measure internal 

friction associated with interstitial impurities (C, H, N, 0) disloca-

tion motion, and/or their interactions in niobium. For such 

a study it is desirable to vary the temperature over a wide range, 

while maintaining a constant vibration frequency. It is also 

desirable to have the system in a vacuum chamber to avoid oxidation 

of the specimen and, at the same time, increase the accuracy of the 

internal friction measurements. 
2 fi 

The pendulum is similar to that first designed by K§, with 

modifications for high temperature testing, vacuum controlled 

atmosphere and automatic recording of oscillations, following the 
27 ?R models of Szkopiak and Peterra. The vacuum system is being 

adapted from an old MRC system. Figure 13 shows a schematic 

drawing of the apparatus. 

The specimens (approximately 10 cm long by 0.075 cm in diameter) 

will be given an initial twist by means of a Jirect current pulse 

applied to two symmetrically opposed LVDT's (Linear Variable 

Differential Transformer). The pulse duration is controlled by 

a manual tapping key. The LVDT's acting as magnets attract the 
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soft iron cores located at the ends of the lever arm. After initial-

izing the pendulum motion, the LVDT's give an output signal pro-

portional to the core position, providing a means to follow the 

vibrational amplitude of the specimen. A Sanborn recorder connected 

to the LVDT's, gives a continous recording of the amplitude of 

vibration. 

The translational motion of the core is related to the maximum 

strain, e , on the specimen (at the outer radius), according to 

where r is the specimen radius, D, the core deflection, 2A the 

lever arm length and L the specimen length. 
27 According to Szkopiak the maximum strain in the specimen 

that can give a linear relation between interstitial content and 
-4 

internal friction, is 10 . For r = 0.0375 cm, L =10 cm and 2A = 

20 cm, equation 8 gives D» 0.25 cm. The LVDTs must be able to 

follow displacements of this order. The Schaevitz 050HR model 

will be used since it has a linear range of core displacement of 

+ 0.125 cm. 2 9 
Following Barrow and Szkopiak, the presence of a temperature 

gradient in the specimen can result in broadening of the relaxation 

peak, lowering of its height, and some shift in the measured tempera-

tures of the peak. A good furnace and controller with the capability 

of maintaining a temperature gradient smaller than 1°C is a must. 

A split furnace is also desirable for fast cooling and easy access 

to the main tube. A furnace model Sll C-0441-32-4K, fabricated by 

Ohio Thermal, Inc., and a Leeds and Northrup Electromax III 

temperature controller were acquired for these purposes. 
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For the study of hydrogen peaks, a subambient temperature bath 

surrounding the main tube will be used. With this, it will be 

possible to do internal friction experiments at temperatures as low 

a s 7 7 K - s 

Figures 14 and IS show some of the details of the lever arm, 

the LVDT's bridge, the bridge motion knob, and the main tube. 

4. The Effect of Grain Size on Dynamic Strain Aging in Titanium 

Work on this area has continued and should be completed before 

the end of the year. As noted in the 19/4 Progress Report (No. 0R0-

3262-34), the pronounced work hardening peak normally associated with 

dynamic strain aging due to oxygen near 750 K, is largely eliminated 

at grain sizes smaller that 5um. There are several possible explana-

tions for this effect. First, the grain boundaries could act as sinks 

for the oxygen. The increased grain boundary area at small grain 

sizes could deplete the matrix of the agent responsible for dynamic 

strain aging. On this basis, it might be speculated that .he oxygen 

could embrittle the grain boundaries. However, fractures at all 

grain sizes, including 5vm, were essentially ductile, and appeared 

to be of the transgranular void sheet mechanism type. 

An alternate explanation has been brought forth by additional 

testing and by metallographic examination. The optical microscope 

shows that the microstructure at 5ym is unstable during plastic flow. 

This can be clearly seen in Figs. 16 a and 16b. The first micrograph 

shows the structure in the shoulder of a specimen deformed at 760 K 
- 4 - 1 

at a strain rate of 5 x 10 sec . In this area of little or no 

deformation, the originally equiaxed undistorted grain structure can 

be seen. The second photograph taken in the high strain region near 
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the neck shows elongated grains with highly serrated boundaries. 

Serrations of this type indicate grain boundaries that move during 

deformation. These moving boundaries should be capable of sweeping 

up the dislocations that accumulate and produce work hardening. In 

other words, the 5ym grain size specimen was undergoing pronounced 

recovery. 

In contrast to this result obtained with the 5pm grain size, 

the specimens of grain sizes larger than 17ym show little evidence 

of this structural instability. This can be clearly seen in Figs, 

17a and 17b, which correspond to a 33ym grain size specimen deformed 

at the same temperature and strain rate. 

Confirmation for the assumption that dynamic recovery in the 

small grain size specimens eliminates the work hardening peak, is 

given in Fig. 18. This figure was shown in the last report. Several 

additional points have been added to the 5Mm data, showing a basic 

average work hardening rate that is roughly equivalent to that of 

the large grain size material to about 650 K, whereas above this 

temperature, the work hardening decreases progressively. 

From the above it is evident that the small grain sizes are 

basically unstable above 650 K, particularly in the presence of plastic 

deformation. 

5. The Dislocation Structure of Titanium in the Dynamic Strain 
Aging Region 

Our continuing efforts in this area of research, were somewhat 
delayed during this year because of the exchange of the Philips EM-200 
for an EM-301. Problems in the start up of this latter instrument, 
plus forced unexpected shut downs to change or install new accesories, 
did not allow for a complete dedication to this challenging aspect of 
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our research program. However, some interesting results deserve a 

few lines here. 

It was mentioned in the last Progress Report that the structure 

at the temperature of the work hardening peak (760 K), corresponds to 

a dense, highly tangled structure. 60° above this maximum however, 

there is a drastic change in the dislocation structure. Our early 

hypothesis that the decrease in work hardening above 760 K could be 

attributed to dynamic recovery, is confirmed by observation of the 

structure at 820 K at different strains. Figure 19 shows a view of 

a specimen deformed to 1.7% strain at 820 K. This strain level 

corresponds to a point near the strain where a Crussard and Jaoul 

plot indicates a change in deformation behavior, i.e., this strain 

falls before the transition from stage II to stage III. Figure 

20 on the other hand, shows the structure at 54 corresponding to a 

point in stage III. 

These twe figure:- show a trend for the cell structure to 

break up into larger cells with Increasing strain. Note that at 

1.74 there are well defined small cells in one of the grains. At 

5% strain the cell size is much larger. Such a trend is consistent 

with an increased rate of dynamic recovery oand the observed change 

in stage behavior. This phase of the work is now being actively 

pursued and it is hoped that it will be completed by the end of 

this year or early in the coining year. 



HIGHLIGHTS OF THE RECENT RESULTS 

1. Relationship Between Deformation Twinning and the Stress-
Strain Behavior of Polycrystalline Titanium and Zirconium 
at 77 K4 

The 77 K stress-strain curves of high purity Zr, commercial 

purity Zr, high purity Ti and commercial purity Ti, which are all 

significantly different, were analyzed by the Crussard and Jaoul 

method. The evolution of the mechanical twin structure in these 

specimens was also studied using quantitative optical microscopy. 

It was generally observed that changes in the nature of the twin 

structure development correlated with changes in the C-J deformation 

stages. Constant work hardening rate stages tend to appear at 

higher strains if the rate of increase of the twin volume fraction 

is large. 

2. Factors Other Than Slip That Influence the Tensile Defor-
mation Behavior of Longitudinal Texture Titanium and 
Zirconium Specimens30 

Although titanium and zirconium have similar deformation modes 

and nearly equal elastic moduli and c/a ratios, longitudinal spec-

imens of those metals produce stress-strain curves that are often 

quite dissimilar. Factors such as deformation twinning and dynamic 

strain aging contribute to these differences in mechanical behavior. 
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EARLIER RESULTS 

A summary of other earlier results obtained on this project 

can be seen in the 1974 Progress Report. 

STATUS OF GRADUATE STUDENTS 
ASSOCIATED WITH THE PROJECT 

In the past year, this project has supported Mr. J. R. Donoso. 

Since February 1975, this project supported Mr. W. R. Cribb, who 

graduated with a Ph.D. degree in August, 1975. A new student, 

Mr. P. G. Watson, is working on the project since June 1975. 
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TABLE II 

Composition of the VP and MARZ Niobium purchased from Materials 

Research Corp., in ppm by weight. 
VP Nb MARZ Nb 

Element ill ill ill ill 111 ill 
H IS 1 3.5 <1 0.5 
0 50 150 114 <10 
C 25 10 <5 
N 15 30 <5 
Ta 500 100 
Hf 100 
W <100 10 
Zr SO 
Mo 50 1 
Fe 25 2 

Other Metals <110 <30 

(1) Analysis supplied by the manufacturer 
(2) Analysis kindly supplied by Armco Steel Corp., 

Middletown, Ohio. 

(3) Neutron activation analysis, Union Carbide, 
Tuxedo, N. Y. 

(4) Analysis performed in the hydrogen analyzer at this 
Department. The reading for the MARZ Nb corresponds to 
vacuum annealed specimens. 
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Fig. 1 A niobium wire tensile specimen prepared by acid machining. 

Upper scale in mm. 



40 

I 
g 
<D 

35 

3 0 

25 

20 

E IB w. 
O 

^ 10 

o 4 0 0 0 ppm Oxygen 

• 2 0 0 0 ppm Oxygen 

• 7 0 0 ppm Oxygen 

A 
V . / - V 

o 
\ 

1 I I I I I I I L 1 
100 200 300 4 0 0 500 6 0 0 TOO 8 0 0 9 0 0 1000 

T e m p e r a t u r e , ° K 

Fig. 2 The uniform elongation vs. temperature plot for niobium with different oxygen contents, 
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Fig. 3 The reduction in area as a function of temperature for niobium with 

different oxygen contents. 



Fig. 4 The fracture appearance of a 4000 ppm oxygen specimen 

tested at 275 K. Magnification 680 X. 

Fig. 5 Magnified view of the encircled region in Fig. 4. 

Magnification 2700 X. 



Fig. 6 The fracture appearance of a 4000 ppm oxygen specimen 

tested at 510 K. Magnification 1300 X. 

Fig. 7 A high oxygen content (4000 p p m ) specimen fractured at 710 K. 
Notice absence of necking,and tearing on the side surface. 
ii„n„; nop Y 



Fig. 8 The fracture appearance of the 710 K specimen of Fig. 7. 

Magnification 1250 X. 

Fig. 13 A schematic of the torsion pendulum. A high oxygen content (4000 ppm) specimen fractured at 1010 K. 
Notice the ductile fracture at this temperature. Magnification 
250 X. 



Fig. 10 A view of the tip of the fracture of a 700 ppm oxygen 

specimen tested at 770 K. Magnification 670 X. 
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Fig. 12 The m values for stages II and III for VP and MARZ niobium, as a function 

of temperature. 
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Fig. 13 A schematic of the torsion pendulum. 



Fig. 15 Overall view of the main tube, plate and vacuum collar. 



Fig. 16a The grain structure in the shoulder of a 5ym grain 

size specimen deformed at 760 K. Magnification 540 X. 

Fig. 16 b The grain structure near the neck of a 5ym grain 

size specimen deformed at 760 K. Magnification 540 X. 



Fig. 17a The grain structure in the shoulder of a 33ym 

grain size specimen deformed at 760 K. Magnification 

144 X. 

Fig. 17b The grain structure near the neck of a 33ym grain 

size specimen deformed at 760 K. Magnification 144 X. 



TEMPERATURE (°K) 
Figure 18- Work hardening in Ti as a function of temperature, for two different grain sizes. 



Fig 19 Dislocation structure of Ti deformed 1.7% at 820 K. 

Magnification 15,000 X. 

Fig. 20 Dislocation structure of Ti deformed 5% at 820 K. 

Magnification 16,000 X. 


