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ABSTRACT 

Transmission electron microscopy techniques were used to study 

the process of yielding and plastic flow in polycrystalline Nb by 

observing the dislocation substructure resulting from tens.ile deformation. 

The tensile properties were found to vary markedly with the amount 

and distribution of impurity solute atoms. The amount and distribution 

of impurities varied with the annealing conditions. Annealing at 1000°C 

resulted in the formation of networks of precipitate plates in addition 

to solute atom clusters. Annealing at higher temperatures, 1700-2100°C, 
0 

resulted in a distribution of solute atom clusters 50 to 150A in diameter. 

sion~ 

The lower yield shear stress was found to be given by the expres- . 

where 

.. ly = .. f + .. structure 

-r = a friction stress determined from 
f 

dislocation radii measurementsJ and 

could be factored into two terms, 

't"o and 'r 1 so n. 

't"o = a lattice friction stress and was 

found to be about 0.8 ~2 ) 

-r = contribution to -rf from solute soln .. 
atoms atamistically in solution 

.- = Ge2 c structure 

G = shear modulus 

€ = solute atom lattice dilation 

parameter 

C = atom fraction of metallic plus 

interstitial impurities. 
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Specimens containing precipitate networks formed a well defined 

dislocation cell structure when deformed in tension. The flow stress-

dislocation density relations in these specimens was found to be 

afl (~2) = 0.85Gbp~ + constant. 

Specimens containing no precipitate networks did not develop a disloca-

tion cell structure when deformed in tension. The flow stress-disloca-

tion density relation in these specimens was found to be 

afl (~2) =· 6.5 x lo3Gbp~ + constant. 
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INTRODUCTION 

Until recently the use of transmission electron microscopy to 

study dislocation substructures and interactions in the refractory 

metals miobium, molybdenum, tantalum and tungsten has been only slightly 

utilized. Benson, Thomas and Washburn(l) have studied dislocation 

substructures in Mo due to deformation and annealing. Nakayama, 

Weissmann and Imura (2
) have studied the annealing substructure in W 

in which they observed stacking faults which were attributed to impurity 

segregation. Weissmann( 2 ) has studied the deformation structure of Ta, 

and some work has been done on Nb( 2 , 3). In the early work stacking 

faults in Nb had been reported, but with the attainment of more pure 

Nb observations of stacking faults were no longer observed. 

Although some observations of the dislocation substructure of 

fatigued Nb have been made( 2 )1 a thorough investigation of the substruc-

ture resulting from tensile deformation has not been carried out. Such 
' 

an investigation has been undertaken here, wherein grain size and impurity 

effects on yielding and plastic flow were studied. The objective of the 

research was to gain a better understanding of the mechanism of yielding 

which for BCC metals is usually expressed by the empyrical Petch( 4) 

equation: 

where 

K -r ='t" +-:t yield friction d2 

-r = yield stress 

-rfriction = friction stress 

K = a parameter which applies to the given 
BCC metal 

d = the average grain diameter, 

and to correlate the dislocation substructure with the mechanical 



2 

:proJ;>erties, In this wa:y it is also __ possible to gain fUrther knowledge 

about the process of plastic flowe 

3 Experimental Procedure 

3.1 Material Analysis 

The Nb sheet used in this investigation was of the highest purity 

commercially available at that time~ The chemical analysis of the as 

received Nb is given in Table 1. 

Table 1 

element Group I Group II 

Al <0.002 o.o165 

c 0.002 <0.0020 

Fe 0.010 0.0292 

N2 0.007 0.0288 

02 0.018 <0.0020 

Si <0.010 0.0150 

Ta 0.061 

Ti <0.015 o.oo6o 

H2 0.001 

Nb Chemical Analysis in Weight Percent* 

* The interstitial content varies with the annealing 
treatment. 

The specimens were reduced about ten percent by cold rolling 

prior to annealinge Annealing of the specimens in a vacuum of 10-6 to 

10-~ Hg was employed to remove the interstitials such as carbon, 

nitrogen, oxygen and hydrogen. The quality of the vacuum system 

employed was sufficient to reduce the interstitial concentration to 

very low values but the leak rate of a system, given in micronliters 
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per hour, is directly proportional to the volume of the vacuum system. 

Since the volume of the original system used was 100 liters the leak 

rate was such that only marginal results were obtained in removing inter­

stitials. The best purity attained with this large system was a total 

interstitial atom fraction equal to 1.47 x 10-3 • At a later date inter­

stitial purities better than 0.25 x 10-3 atom fraction were obtained 

using induction heating and a vacuum system volume of 1 liter. 

The analysis of the gases namely nitrogen, oxygen and hydrogen 

was made by a vacuum fusion technique. The carbon content was deter­

mined by employing a conductametric method. 

3.2 Specimen Preparation 

The material was cut into tensile specimens three inches long by 

one half inch wide. The thickness of the sheet stock was 0.005 inches. 

The specimens were then annealed in the vacuum furnace shown in Fig. 1. 

The annealing temperatures and times employed were those yielding the 

best quality vacuum. The temperatures used did not exceed 2100°C and 

the time at temperature was never less than two hours. At the end of 

the anneal the furnace was cooled slowly, the time to come to ambient 

temperature being about two hours. By varying the annealing temperature 

it was possible to vary the impurity content of the initial Nb. This 

also resulted in different grain sizeso 

Prior to tensile testing, the specimens were chemically polished 

in a solution of 4o% hydrofluoric acid and 60% concentrated nitric acid 

to obtain a smooth specimen surface and to remove any sharp edges that may 

have been present. 
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An Instron Universal testing machine was used for the tensile 

deformation~ The full scale load deflection· employed was 100 pounds. 

All the specimens were strained at a rate·equal to 3.33 x 10-4 per sec. 

over a gauge length of one inch. 
a 

Thin foils} about 3000A thick, suitable for transmission electron 

microscopic examination were prepared after tensile deformation, using 

the l'window technique" of chemica~ polishing( 5) ~ ~e masking material 

for the window was a solution of polystyrene dissolved in benzene. This 

solution was reasonab:J.y :t.ne:rt to the HF in the chemical polish. The 

polishing solution W&~ ~repared f:ram 40 vo~. percent concentrated hydro­

fluoric acid and 60 vo~~ percent concentrated nit:ric acid. The tempera-

ture of the polisning ~olution was maintained just above oac by means 

of an ice bath. ~atisfactory foils were obtained with this technique in 

about 30 minutes~ 

3.3 Specimen Ex4ffiination 

The foi~ we:re examined in a Siemens Elmiskop Ib electron micro-

scope. An eleptron ~cce~erating voltage of lOOkv and a projector po~e 

piece of 0.77 mm dii3.J!leter were employeQ. .. The resolution possible under 

these conditio~ was found to be 9,8A~ Foil orientations were deter-

mined by the selected area diffraction technique. 

The gr4in size was determined by using a line intercept technique 

on not less than five different areas of the specimen. These areas were 

then :photographed with a light microscope.. The grain diwneter was deter-

mined by the ratio u:i' u. g~ven length of' line divided by the number of 
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grains intercepted by the line. The grain size reported was taken as 

the arithmetical average uf. the five different areas of the specimen. 

3.3.2 Dislocation Density 

The dislocation densities were determined by a technique described 

by Ram( 6). It can be shown(T), assuming that the dislocation segments 

are randomly oriented with respect to the plane of the micrograph, that 

the dislocation density is given by: 

where 

p =(~) Rp (lines/cm2 ) 
rc At 

Rp := the projected length of dislocation 

A = area of field of view 

t ~ thickness of the foil 
4 -

(-) ~ a statistical randomness factor 
rc 

There is much labor involved in the measurement of Rp. However, Rp can 

be closely estimated by using some results of Smith and Guttman(S). If 

a set of random lines is used over A, and the number of dislocation inter-

sections made with the lines is measured, then Rp is given by: 

thus 

Rp rc NA 
;;:: 

2 L 

2N 
p = Lt (valid for N>50) 

N ~ number of dislocation intersections 

with the random lines 

L = total length of random line~ 

The value used for the foil thickness, t, was determined from an 

analysis of a slip trace, using simple trigonometric relations. The 

value of 't. 'so deterinlned was about 3000A. Since slip traces were very 
- ' 

rarely observed,'.Le~~-- 'On1y'riear the cut edge of the foil, it was not 
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possible to determine the exact thickness f or each of the many micro-

graphs used for di slocation density determination. 

The electron beam intensity in regions of the foils where dis-

location density micrographs were taken was nearly equal to the intensity 

observed where t was determined from the slip trace. The tilting mechan-

ism on the microscope was fully utilized to obtain the best contrast and 

maximum intensity in all foils * Hence, only negligible error was intro­

duced in using t equal to 3000A for all the micrographs. 

Micrographs for density measurements were trucen from five foils, 

each of which were taken from five different regions of the specimen 

gauge length. The area sampled by each micrograph is 3.5 x 4.5 microns 

equaling 15.75 square microns. The dislocation density was observed to 

be less near the edge of the foils, therefore all micrograpllS were trucen 

as far from the f oil edge as possible. An example of micrographs used 

for density measurements are shown in Fig. 2. 

3.3.3 Stress Center Wavelength ~ 

The yield strength of a crystal containing a dispersion of internal 

stress centers is influenced by the scale of dispersion(9). In a crystal 

these stress centers can be any obstacles,such as precipitate particles 

or clusters of solute atoms or vacancies, which hinder dislocation motion. 

An example of the measurement of the distance between stress centers ~, 

i.e., the wavelength of a pinned dislocation is shown in Fig. 3. 

3.3 .4 Friction Stress 

An indication of the effect of friction on dislocation motion 



FIGURE 2. EXAMPLES OF DISLOCATION DENSITY MEASUREMENTS . 
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imposed by the crystal structure and solute atoms in solut i on can be 

obtained from observations of the r adius of curvature of isolated dis -

locations . If it is assumed that in the absence of jogs or any applied 

stress the dislocation curvature is due to equilibrium between the line 

tens i on and the friction stress of the crystal, then the friction stress 

can .be cal culated from the measured radius of curvature. Examples of 

how this radius of curvature was measured are shown in Fig. 4. It is 

quite clear that many radii orientations are pos sible. However, due to 

geometrical limitations, only dislocations that lie in planes nearly 

parallel to the plane of the foil could be measured. In order to m~e 

the assumptions more valid, only smoothly curving dislocations far from 

resolvable sources of internal stress were measured. 

4 Experimental Results 

4.1 Tensile Stress-Strain Curves 

Niobium, like other body centered cubic metals, exhibits a 

semidiscontinuous stress-strain curve. The interesting points on the 

tensile stress-strain curve are, the elastic limit, the upper and lower 

yield points and the flow stress, as shown in Fig. 5. A series of tensile 

stress-strain curves selected from more than 50 tests of polycrystalline 

Nb of various purity levels are shown in Fig. 6. It is immediately 

evident that the level of impurity has f marked influence on the stress­

strain curve. The purity for each curve is given in Table 2. 
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Table 2 

Tensile Curve Atom Fraction of Impurity 
(metallic + interstitial) 

"Au 2.60 X 10-3 

"B" 3.80 X 10-3 

II ell 5.30 X 10- 3 

I'D" 6.50 X 10-3 

II Ell 1.50 X 10-3 

Impurity levels corresponding to tensile curves of Fig. 6. 

The effect of increasing the impurity content is to shift the port i on 

of the curve in the plastic strain range to higher stress l evels" 

Tensile curve 11 B11 in Fig" 6 is conspicuoUB since this curve has a 

greater increase in flow stress for a given increment in s train when 

compared to the other curves. Tensile curve 11 B11 repres ents a group of 

specimens that were received in the as annealed condition. The annealing 

treatment reported for this group >ms l000°C for two hours in a vacuum 

pressure of less than 10-5 mm Hg. Since the yield strength corresponds 

to Nb in the annealed condition for the given impurity level, the anneal -

ing cycle was accepted as reported~ All the other specimens which are 

represented by the tensile curves 11 A11
, "C", "D" and 11 E11 were annealed 

as was discussed in the experimental procedure. 

There was a very striking difference in the dislocation substructure 

of the specimens corresponding to tensile curve "F' as compared to the 

dislocation substructure of the specimens which gave the other tensile 

curves. In "B" specimens there exist precipitate plates grown from 

network dislocations as shown in Fig . 7. This type of substructure is 

common to all the specimens giving curves of type "H', however 1 1 t was not 
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observed in the other specimens. The implications of this type of sub­

structure will be discussed in a later section (5.4). 

It is generally accepted that the plastic deformation of ECC 

metals is concomitant with the initiation of a Luders band at point s of 

stress concentration within the specimen. Deformation then proceeds by 

the growth and lengthening of the band as it moves across the specimen. 

Nb plastically deforms in a similar manner. Luders bands have been 

observed on the surfaces of deformed specimens. The surface of a 

deformed specimen is shown in Fig. 8. These bands originated at the 

junction of the specimen and the tensile grips. As the specimen deforms 

the bands propagate across the specimen at an angle of about 45° to the 

tensile axis. The band front progresses from the tensile grips toward 

the center of the gauge length. The observed behavior is hardly surprising 

since the junction between the specimen and the grips is a region of stress 

concentration, and further, the maximum shear stress occurs at an angle 

of 45o to the tensile axis. 

The cross sectional area of the specimens limited the amount of 

plastic deformation obtainable, before failure, to about 20 percent. 

Deformation approaching this strain level produced a roughening of the 

originally smooth surface of the specimen, as shown a~ the top of.Fig. 8. 

This effect is due to grain rotation whereby the normal to the slip plane 

and the slip direction tend to become coincident with the tensile axis. 

4.1.1 Elastic Limit 

The elastic limit is considered here to be the point on the initial 

portion of the stress-strain curve where the curve is first dete :~tc.ci 

•' 
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to deviate from a straight line, as shown in Fig . 5. Hm.,rever , -u is 

point is dependent upon the precis ion with which the str a in can be 

measured in addition to the strain rate. In this investigation t he pre -

cision of strain measurement employed was 0.02 percent. The elastic 

limit appears, under the test conditions used, to correspond approximately 

to a stress level equal to the lower yield stress. 

4.1.2 Upper Yield Point 

Upper yield points were observed for all the Nb specimens. If 

the specimen was unloaded after the upper yield point had appeared and 

then immediately reloaded, no upper yield point was observed upon sub-

sequent reloading. 

The average magnitude of yield drop given by: 

T - T 
uy ly 

where T the upper yield shear stress 
uy 

Tly the lower yield shear stress 
(J 

T uy J i.e., a von Mises approximation 
uy 

2 

was observed to be 0.40~2J· Here the greek letter -r will be used to 

signify shear stress, the greek letter a will be used to signify tensile 

stress, and E will be used for strain. 

4.1.3 Lower Yield Point 

The lower yield stress is a more reproducible measure of the 

strength of the specimen since -r
1

y is not as sensitive to specimen align­

ment in the tensile machine as -r • Therefore the lower yield stress 
uy 
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was considered to be a better measure of the strength of the specimen. 

When ~ly is plotted versus the atom fraction of metallic plus 

interstitial impurities (0, N, c, and H) a straight line of positive 

slope results as shown in Fig. 9· The range of ~ly observed is shown 

together with the average of the range. A least s~uares fit of the 

average points yie_lds: 

( kg ) 
~ly m:n<:! = 1. 75 + 1.26 x 103 x (Atomic Fraction) 

A linear relation between ~ly and percent oxygen has been observed 

in Nb by Leadbetter and Argent(lO). 

Matt and Nabarro(9) have considered the effect of internal stress 

centers such as isolated and clustered solute atams on the yield strength 

of crystals. When the wavelength of the stress centers is much less than 

the limiting radius of curvature of a dislocation, i.e., 

A.< Gb 
2 ~yield 

Nab_arro has shown that the yield strength of a polycrystalline specimen 

is approximately: 

Here G = shear modulus, for Nb, 

b = burgers vector, for Nb, 

e = an atomic misfit parameter defined by: 

(r - r ) 
€ = solute solvent 

rsolvent 

r = radius of the solute atom solute 

r 1 t = radius of the solvent atom so ven 

c = concentration of solute as the atomic fraction. 
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The values of rsolute used for· the calculation of € are shown .. 

in Table 3. 

·Element 

Nb 

Ta 

Ti(BCC) 

. Si(DC) 

Fe(BCC) 

Al 

c 
N 

0 

H 

Table 3 
0 

Atomic "Radius'' (A) 

1.429 

1.430 

1.45 

1.18 

1.24 

1.43 

OQT4 
0.73 

0.73 

0.35 

Ref• 

(12), 
II 

II 

II 

II 

II 

( 13) 
II 

II 

II 

r -r ) ( . scilute .. _solvent e .,. 
rsolvent 

0 

0.670 X 10-:3 

1.47 X 10~2 

-1.74 X 10-1 

-1.32 X 10-l 

0.670 X 10-3 

4 -l - . 82 X 10 ,.·: . 
-4.89 X 10-l 

-4.89 X 10-1 

-0.755 

. , . Values of r solute for impurities and e 

When -r. calculated from the above expression is plotted versus 

atomic fraction of impurity the lower line in Fig. 9· is obtained. A 

linear least squares fit of a line to these points yields; 

1.09 x lo3 (kg2 ) x C (Atomic Fraction) - 0.705. 
mm 

It is evident from the slope of this line that a theoretical model 

based on interactions of dislocation strain fields with the dilational 

strain fields of solute atoms and or clusters predicts a dependence of 

yield strength similar to what is observed. 
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4.1.4 Friction Stress 

The calculated. values of Tf' from measured radii of isolated 

curved dislocations are plotted versus atom fraction of impurities in 

Fig. 10. The mean and Tf plus ani minus a standard deviation are shown. 

Each range represents not less than 19 measurements, nor more than 46. 

A probability plot of each range is shown in Fig. 11, 12, 13 and 14. 

A least.squarcs line for the mean points gives: 

= 0.805 + 0.279 x lo' x (Atom Fraction). 

The resulting line shows that Tf probably has some dependence on 

the impurity content of the crystal. 

4.1.5 Flow Stress versus Plastic Strain 

The functional relation between the flow stress afl and plastic 

strain was determined for the ;two types of experimental tensile stress­

strain curves. The values of a:fl and ep were taken from the tensile 

curve "B" • The log a fl: versus log e was then plotted as shown in 
p 

Fig. 15(a.). The slope of this curve was then determined, yielding: 

log ofl = 0.25 log ep + log constant •. 

In exponential form the relation is: 

+ constant. 

To determine the functional relationship between ofl and ep for 

the tensile curves of type nAn 1 "C11
, n D" and n E" , which are obviously 

different than type "B", the same method was used. The log afl versus 

log ·e are shown in Fig. 15(b). The slope of this curve gave: p 

log afl = 
17 log e + log constant. 
lb9 p 
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FIGURE 15 (a). Log "il vs. Log €P, TENSILE CURVE "8". 
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In exponential form the relation is: 

a € 1 ·+ constant. fl = p TO 

In Fig. 15(a) and 15(b) the points diverge from the straight line 

at the higher stress values. The point of divergence indicates where 

the true stress is not well approximated by the stress calculated by 

dividing the instantaneous load by the original cross section of the 

specimen ( 14) · 

4.2 Dislocation Density 

In order to determine the relationship between the dislocation 

density, flow stress and plastic strain, the same log-log method used for 

the relations between observed stress and strain was employed. The 

functional relation between dislocation density and flow stress for ten-

sile curve type "B" is: 

= 0.85 Gbp~ + constant. 

The corresponding relation between plastic strain and dislocation 

density is: 

€ (%) = 5.3 x 10-20 p2 + constant. p . 

The values of the coefficients were determined by a linear least squares 
~ 

analysis of the average points of p2 versus crfl and p2 . versus €p as 

shown in Fig. 16 and 17. The total range ·of p and the average of the 

range are shown. 

It has been shown above that the flow stress, crfl for_ tensile 

curve "B" can be eXpressed in terms of the dislocation density by the 

relation: 
~ 

crfl = Ap2 + constant 

where A is a constant for a given condition. The plastic strain for 

~-
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FIGURE 16. SQUARE ROOT of DISLOCATION DENSITY vs. FLOW STRESS, 

TENSILE CURVE "8". 
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this ty-pe tensile curve can ~:d .. ~ c be expressed in terms of the dislocation 

density by the relation: 

€ = Bp2 + constant 
p 

wl1ere B is a constant. 

Clearly from these two relations, obtained from dislocation density 

measurements, a relation between crfl and €p can be obtained. 

above expressions give : 

The two 

= C€ 1 
p'* where C is a constant. 

This is the same functional relation between crfl and €p obtained from 

the experimental tensile curve. Hence, the relations between crfl and 

€p' obtained from dislocation density measurements, correlate with the 

functional relation between ofl and €p obtained from the experimental 

tensile clirve "B". 

Since the observed flow stress-plastic strain fUnctional relations 

are very different for the two ty-pes of tensile curves, the fUnctional 

relation between flow stress and plastic strain with dislocation density 

would likewise be expected to be different. By applying the same log-

log methods as above, the functional relation between flow stress and 

dislocation density for tensile curve "C" was found to be from Fig. l8(a.) 

= 6.5 x 103 Gbp+ + constant. 

The relation between pla~tic strain and density is from Fig. l8(b) 
1 

€ (%) = 2.52 x 1011 p7 + constant. p 

The values of the coefficients were determined by a linear least 

squares analysis of' p + versus o fl and p l$f versus €p as shown in Fig. 

19. and 20. The total range of' p and the average of the range are shown. 
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FIGURE IS(b). LogEP vs. Logp, TENSILE CURVES"A","c","o"and"E". 
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FIGURE 19. Nb, SEVENTH ROOT of DISLOCATION DENSITY vs. FLOW STRESS, 

TENSILE CURVES "A","C", "D" and "E", 

I 00 

Cf
1 

(kg /cm2
) = 6.5 X 103 Gb p117 + CONSTANT 

1700 

a- (kg/cm2
) 

fl 

1800 1900 

MU-27863 



-37-

FIGURE 20. Nb, DISLOCATION DENSITY, p101
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The range of p is larger at lower crfl due to inhomogeneous deform~tion 

at this stress level. The bottom of the range represents p in fro.nt 

of the Luders band front and the top of the range represents p behind 

the Luders band front. 

The observed stress-strain functional relation for tensile curve 

type "C" can also be derived from dislocation density versus flow stress 

and versus plastic strain relations. The result is: 

where C is a constant. 

Hence, there is excellent correlation with dislocation density and the 

observed flow stress-strain relation for tensile curve type "c" and 

similar ones, i.e., "A", "D" and 11E11
• 

4.3 Grain Size Effect on Yield Strength 

Various grain sizes were obtained by the annealing cycles employed. 

When -r1Ywas plotted versus grain size, as in Fig. 21, no discernable 

relation was observed. However, when a plot of -rly versus impurity 

content is made, a linear relation of positive slope is obtained. The 

effect of grain size on Tly has been observed to be relatively small in 
(10) -

Nb Therefore -rly is influenced by the dislocation substructure far 

more than by grain size. The dislocation substructure is very dependent 

on the impurity content and annealing history of the specimen. Hence, 

if the impurity content changes from one grain size to another, the 

effect of grain size on -rly will be masked by changes in the dislocation 

substructure concomitant with changes in impurity levelo It should be 

pointed out therefore that the method of varying grain size by heat 

treatments in Nb should be done with utmost caution since it is almost 

., 
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impossible to heat treat Nb without changing the impurity content and/or 

the manner in which it appears within the specimen. 

5 Discussion of Results 

5.1 Vdcrostrain 

Mlcrostrain is considered here to be the plastic strain that 

occurs in the specimen between the elastic limit and the upper yield 

point, a , on the tensile curve, as shown in Fig. 5. The microstrain uy 

is thought to occur by the motion of a relatively small number of mobile 

dislocations in the specimen. 

The origin of the dislocations contributing to the microstrain 

can occur by two similar processes. Cottrell and Bilby(l4) originally 

proposed that upon loading a BCC crystal, dislocations at regions of 

stress concentration would become unlocked from atmospheres of solute 

atoms or small precipitates and then move through the crystal. These 

mobile dislocations would move until they encountered barriers such 

as subgrain boundaries and there form a pileup. The long range stress 

field of the pileup would activate a dislocation source at s.ome dis-

tance from the barrier. As the frequency of such events increases 

with increasing stress the crystal becomes flooded with dislocations 

at the upper yield point. The likely source of dislocations causing 

micros train is thought to occur in the following manner. Dislocation 

sources became activated at the junction between the specimen and the 

tensile grips since the act of gripping the specimen causes plastic 

deformation at the junction. These mobile dislocations multiply by 

a cross-slip mechanism increasing the amount of strain. The Luders 

.. 



'• bands in Fig. 8 originate from this junction, which tends to support 

such a mechanism. Although the concept of dislocation unlocking is 

appealing, the pileup mechanism of the process seems unlikely since 

classical pileups of dislocations have not been observed in any of the 

more than one hundred Nb specimens examined in the electron microscope. 

. (16) (1) 
Furthermore, other workers have not observed them in Fe or Mo • 

5.2 Upper Yield Point 

The upper yield·point is considered here as being the stress at 

the first point of tangency beyond the elastic limit of a horizontal line 

with the tensile curve as shown in Fig. 5. In BCC metals the upper yield 

point is sometimes considered as a discontinuity in the tensile curve. 

However, as can be seen in Fig. 6, the stress-strain curve changes shape 

continuously at the upper yield point. 

The upper yield point is probably one of the most interesting 
\ 

features of the Nb tensile curve. Jobnston(l7) has presented a plausable 

mechanism to explain the upper yield point and the yield drop in single 

crystals. The plastic strain rate in the absence of work hardening can 

be expressed by: 

where 

€ = bn(a€) v(-r) 
p 

b = the burgers vector 

n(a€) = number of mobile dislocation which 
is a function of a and € 

a = the dislocation multiplication rate 

€ = the plastic strain (in 1~ beyond oly) 
1 . ~ 

n = a€2, for curve "B" and n = a€ . for curve "C" 
( near the yield point it is not certain 

that these exponents apply) 

v(~) = the dislocation velocity, which is a 
function of the shear stress -r. 



~ne shape of the stress-strain ~urve near cr is thought to be 
uy 

produced by the following sequence of ~ev:.ents. AE the stress on the 

specimen is increased appoaching the eLastic limit a few mobile disloca-

tiona have begun to move and at the elastic limit same have passed through 

the crystal. The location of the elasti·C limit is of course dependent 

on the ability to measure small strains. At higher stresses, approaching 

cr , dislocations are probably moving very rapidly. Although the dislo­
uy 

cations have high velocities, the number that are moving is such that the 

inequality: 

€ p 

is satisfied. Here Vch is the velocity of the tensile machine crosshead 

and L is the specimen gauge length. It is also assumed here that the 
0 

testing machine is perfectly elastically hard. This is a valid assumption 

when comparing the geometry of the testing machine with the specimen 

geometry used here. However, dislocation multiplication is occurring 

and eventually there exists a sufficient number of dislocations so that 

the equality: 

bn(a, €) v( -r) = 

is attained and the stress-strain curve levels off at cr uy 
Beyond a 

uy 

the strain increases, the number of dislocations increases, their average 

velocity decreases and the stress decreases. If dislocation barriers and 

interactions are absent in the specimen, i.e., there is no work hardening, 

the stress would continue to decrease to zero. 

Dislocation density measurements at auy and just approaching cr1y 

showed that a high rate of dislocation multiplication does occur in this 

portion of the stress-strain curve. In areas of the specimens where 



dislocation motion had occurred, e.g., Fig. 22 and 23 1 the average dis-

location densities determined from five foils at auy and five foils at 

a
1

y from random regions of the specimens weret 

at a , uy 

at aly' 

8.64 x l08 (lines/cm2
) 

29.8 x l08 (lines/cm2 ). 

This is an increase in dislocation density by a factor of about three. 

For an equivalent increment in strain beyond aly' i.e ., an amount equal 

to € (~1y) - € (auy)' the change in dislocation density is: 

~nerefore the dislocation multiplication rate is greater near the yield 

points than the rate occurring beyond a1y. 

Since the amount of yield drop depends on the number of mobile 

dislocations initially present, a is somewhat difficult to reproduce 
uy 

from one specimen to another. a is very sensitive to specimen align­
uy 

ment because any compound loading placed on the specimen such as bending 

prior to or during the initial loading generates large numbers of mobile 

dislocations which will tend to mask the upper yield point . 

5.3 Lower Yield Point 

The lower yield stress, aly' is here considered to be the s t res e; at 

the tangent point of a horizontal line with the stress-strain curve shown 

in Fig. 5· 

Petch( 4) has shown in polycrystalline Fe and steel> that the lower 

yield point can be expressed by the empyrical relation: 
l 

'1y = 'friction + K*/d
2 
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stress. 

where 'friction 

. 46 

= a friction stress retarding the 
motion of a dislocation in the 
crystal lattice 

K* a parameter for the given metal 

d = the average grain diameter. 

This relation is also supposed to be valid for T and the flow 
uy 

(10, 18, 19, 20, 21) i d p t h Other investigations have appl e a e c 

analysis to determine K* for Nb. However, there is some disagreement 

in the value of K* between these investigations. It is quite obvious from 

Fig. 21 that such an analysis could not be made for the specimens here. 

A change in grain size was concomitant with changes in the impurity con-

tent with the anneals used to obtain the changes in grain sizes. The 

disagreement in the values obtained for K*, therefore, are probably due 

to differences in impurity level . 

Yielding of a crystal is influenced by the ease with which dislo-

cations can move through it. The motion of a dislocation is influenced 

by any barrier that may lie in its path. Here, the shear stress req_uirecl 

to move dislocations through a crystal containing such barriers will be 

denoted by ~ Structure refers to anything excluding lattice 
'structure~ 

friction that impedes the motion of the dislocations. Hence, the lower 

yield stress can be expressed by: 

'ly 'friction + 'structure" 

An indication of the magnitude of Tf was obtained by measuring th~ 

radius of 118 isolated curved dislocations . The dislocation curvature 

is assumed to be due to the atomic lattice-dislocation and solute atom-

dislocation interaction or dislocation jogs that are not resolved. 



Since the solute atoms interacting with the dislocation are dispersed 

below the limit of resolution of the electron microscope, they are here 

considered to be in solution. The friction stress can be expressed by r 

Gb 

where 

= -r 
4 

r <= (-) r = radius of curvature 
1r ·p 

r = projected radius on the micrograph .·p 

4 (-) = a factor appl. ied when assuming r to .be 
1( ·p 

randomly oriented. 

· .. t 

A plot of Tf versus atom fraction of impurities appears in. Fig. 10 •. 

· The mean points and the limits of each range are determined by mald,ng .a 

probability plot for the measured values of Tf corresponding to a given 

purity level. The probability plots corresponding to the ranges I, I):, 

III and IV in Fig. 10 are shown in Fig. 11, 12, 13 and 14. It is clearly 

evident that these plots give one standard deviation directly and a second 

standard deviation: can be obtained by a very short extrapolation of 

the line. The least squares line through the mean points of Tf has a.·. 

slight positive slope. Such a result implies that Tf has some dependence 

on the amount of impurity atoms in solution. It should. be made clear that 

the term "in solution11 here means the solute atoms are not clustered or 

in a precipitate phase large enough to be resolved in the microscope. 

Since Tf shows same dependence on impurity content, it seems reasonable 

to factor Tf into two terms, given by: 

= T + T . 
o soln. 

T = lattice friction of a pure crystal 
·o 

= the friction contribution due to · 

impurities in solution 
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~ could be due to a Peierls-Nabarro force on a dislocation. 
0 

If it is, then ~ would be expected to be temperature dependent and 
0 

would contribute to the temperature dependence of ~ly. 

If it is assumed that a linea~ relation between ~f and atom 

fraction of impurities is valid for impurity levels approaching zero, an 

extrapolation of the line to zero imp1,1rities will give an estimate of 

Such an extrapolation gives a value of ~ of about 0.8 (kg2 ). This 
o mm 

would be a maximum value since the curve of the mean points shows a 

tendency to nonlinearity at the lower impurity lev.els. 

The contribution of ~ to ~ly is relatively large compared structure 

to ~f.· ~ is the contribution due to barriers in the crystal structure 

that impede the motion of dislocations. The dislocation barriers that 

have been observed in Nb will now be discussed. 

Plates of precipitate have been observed on dislocations that are 

in the form of a network. These plates are shown at A in Fig. 7. These 

networks, which the precipitate .plates, nucleate on and grow flrom, have 

only been observed in the specimens annealed at 1000°C •. ·.This is the group 

that produces tensile curve "B" in Fig. 6. 

At higher annealing temperatures .dislocation networks have not 

been observed. Dislocations can be seen interacting with these plates at 

"B" in Fig. 7. 

Precipitate plates large enough to obtain a selected area diffrac-

tion pattern. have not yet been observed. However, these plates are 

thought to be same form of Nb carbide. This is based on internal friction 

measurements of the carbon peak in Nb made by Powers and Doyle( 22 ). They 

found that the carbon peak decreased as the number of aging treatments 

.., 



increased. This suggests that the carbon is involved in the precipita-

tion of some second phase or is clustering. Furthermore, similar 

appearing precipitate ·plates on dislocations have been observed by Keh 

and Leslie (23 ) in an aged Fe-Si-C alloy, and were identified as a carbide. 

T.1e most obviovs barrier to the motion of dislocations observed in 

specimens annealed at all the temperatures,including l000°C1 is the 

presence of very small, nearly spherical particles, the contrast from 

which is sensitive to specimen orientation. These barriers together 

with dislocations interacting with them can be seen in Fig 24. Further, 

clusters associated with dislocations can be resolved by tilting dislo-

cations out of contrast . The measured diameter of these particles ranges 

from 50 to l50A. A bright field image of a (112) foil together with a 

(ilo) dark field image of the same area is shovm in Fi~25 (b) and (c). 

It can be observed that the contrast from some of these specks arises 

from the (ilO) reflection. Note the bright spots in the dark field 

image that correspond to dark spots in the bright field image. Hence, 

it is thought that these particles are due to clustering of solute atoms 

on the (110} planes of the Nb crystal. It is not thought that the con-

trast arises solely from dislocation loops or dislocations perpendicular 

to the foil surface. These particles can be seen in Fig . . 25 (a) 

in a fully annealed undeformed specimen. Clearly there are no dislocatiOn 

loops associated with them. In Fig 25 (b) the contrast is greatest on 

one end of the elongated loop, indicating that the loop is pinned on 

one side. In Fig. 25 (c) the maximum brightness in the dark field 

corresponds to the pinned side qf the loop and the pinnP.d end of the 

dislocation line. Such obser·vations indicate that the particles are 
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making the maximum contribution to the contrast. The most l ikely 

solute atoms that would cluster would be those that have the large 

j€j . From Table 3, these would be . the interstitials carbon, oxygen, 

nitrogen and hydrogen. The two likely metallic impurities are silicon 

and iron. It should be remarked that € considers only the relative 

geometry of the solute atom and any other effects such aa electroni c 

interactions between atoms have not been considered. 

Crystal boundaries will also impede the moti on of dislocations. 

I n Fig. 26 (a) a dislocation marked A-A is s een t o be against a simple 

tilt boundary. In Fig. 26 (b) many dislocati ons are seen to be inter-

a ct ing with the boundary and with precipitat es. 

A linear relation was observed between Tly and impur i ty content 

as shown in Fig. 9. The same linear rel a t i onship i s des ired for the 

yie l d strength when the movement of dislocations through the crystal 

i s considered. Cottrell(9) has discussed a mechanism proposed by Mott 

and Nabarro that yields a linear dependence of Tyield on impurity content. 

A crystal containing isolated and clusters of solute atoms will be sub-

j ected to internal strain fields at these points. 

An interesting aspect of the clustering of the s olute atoms is 

that the degree of misfit is independent of the s i ze of the cluster. 

This follows since any spherical region in the crystal which encloses 

a given group of sites changes its radius by the factor (1 + €) when 

sol vent atoms in these sites are replaced by solute atoms. Elasticity 

theory shows that the shear strain at a dis t ance R from a spherical 

cluster of radius r and misfit € is given by: 
0 
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FIGURE 27. TYPICAL DISLOCATION SUBSTRUCTURE at Ep = 10%. 

(a) and (b) SUBSTRUCTURE in SPECIMENS GIVING TENSILE CURVE "B", 

(c) SUBSTRUCTURE in SPECIMENS GIVING TENSILE CURVES "A", "c", "o" 
and "E". 
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' 
valid for R > r · 

0 

Hence, changes in the state of disp~rsion, without changes in €, alter 

only the wavelength of the internal stresses and not their amplitude. 

Waen the dispersion of these internal strain centers is such that the 

wavelength of the internal stress field is small compared to the limit-

ing radius of curvature of a dislocation, i.e., 

A. < Gb 
T yield 

Nabarro has showti that the yield strength of a polycrystalline specimen 

is approximated by the expression: 

Here wavelength 

T yield 
observed yield stress 

€ = misfit parameter 

c concentration of impurity 

-r = yield strength predicted by the model 

The observed. values of A. in the specimens show that the above 

inequality is satisfied. 

The calculated values of -r, from the above expression, obtained 
I 

for the various levels of impurities are shown in the lower curve of 

Fig. 9. A least squares line has been drawn for these points. It is 

assumed: 

-rstructure: 

The slope of the T t line is nearly parallel to the observed 
struc ure 
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'1y line , which i s encouraging. However, • obtained from the 
str ucture 

ex:pression : 

should pass through the origin when c is equal to zero. Possible 

reasons why the line does not pass through the origin are errors in 

the determination of G and c as well as assumptions inherent in atomic 

radii in the calculation of €. Since there is a constant difference in 

the line, the error probably is in the chemical analysis c. 

Previously it was assumed that the lower yield stress could be 

ex:pressed by: 

'ly + • structure : 

If the values of -rf from Fig. 10 are added to 'st the dashed line 

in Fig. 9 is obtained. The significance of the dashed line is that the 

The slope is in excellent agreement with the slope of observed '1y. 

constant difference in the two lines can be removed by shifting the 

'structure line so that it passes through the origin as it should at 

c equal to zero. On the other hand, the observed -rly line was obtained 

at a fixed strain rate and changes in strain rate will raise and lower 

the yield point . For example, the specimens whose average -rly is marked 

by a pyramid in Fig. 9 were strained at a strain rate one tenth less 

than the specimens in the range immediately above. Notice that 'ly for 

€ cluster on the dashed line. The effect of an increase in strain raL t! 
10 

is to magnify the stress strain curve(lT). Hence, the r ea l bigni ficancc 

is that the observed -rly line is parallel t o -r
1 . y 

uutai ned f'ro::n meas ured 

't and -r t t based on the dilatJon i. ;~ ,pm:;ed by s olute atom clus t ers. s rue ure · 
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5.4 Fluw Stress 

Tensile flow stress, crfl' is considered here to be the value of 

tensile stress on the stress strain curve at increments of strain beyond 

the lower yield point. 

It is quite obvious from Fig. 6 that the flow stress in curve "B" 

is very different from the flow stress in the specimens exhibiting the 

tensile curves "A", "C", "D" and 11 E11
• Reasons for this behavior can be 

derived from a comparison of the dislocation substructures in the different 

specimens. 

The formation of a well-defined cell structure in deformed metal s 

has been observed by other investigators( 7, 16 ). The boundaries of the 

cells are composed of very dense regions of dislocations surrounding 

relatively dislocation-free areas. Fig. 27 (a) and (b) show dislocation 

substructure developed in specimens having a tensile curve of type 11 B11 

compared to the substructure developed in specimens having a tensile 

curve of type 11 C" , as shown in Fig. 27 (c). The specimens of Fig. 27 (a) 

and (b) have developed a well-defined cell structure as compared to that 

in ·Fig. 27 (c). In Fig. 27 (a) and (b) t he cell structure has developed 

from dislocation tangles formed at the precipitate plates existing on 

the original dis locations. There were no dislocati on networl~ observed 

in the specim::ns represented by the substructure shown in (c). Further­

more, specimens showing a tensile curve of type "C" have been deformed 

to about 22 percent elongation without observing any dislocation cell 

structure formation. 

It is lU:ely that much more severe deformation is required to . 

develop a cell structure in Nb when the specimen is deformed at room 
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temperature. However, Keh and We1ssmann(l6) have obiHtrved a temperature 

dependence on the onset of cell formation in Fe. ~~e tendency for cell 

formation is retarded as the temperature at whit:h rleformation occurs is 

lowered. 

If such a tendency also applies to Nb, a cell structure may not 

be observed for any deformation at ambient temperature since tl1e 

deformation temperature is about 2400°C below the melting point. 

(24 25 26 °7) T:1.e current theories ' ' ' ' - of work hardening in metals 

predict a flow stress that is a linear function of the square root of the 

dislocation density. These theories are based on cell structure forma-

tion or some type of well-defined regions of high dislocation density. 

It has been shown that a well-defined cell structure is developed with 

tensile deformation in the specimens giving a tensile curve of tYJ?e "Bn. 

Further, the flow stress for these specimens is a function of the square 

root of the dislocation density. Hence, a mechanism or mechanisms which 

are the basis of these theories is thought to apply to these specimens. 

The flow stress behavior of·the specimens exhibiting tensile curves 

of type "C11 are thought to be indicative of the real work hardening 

process in Nb. This follows since these specimens were given very high 

temperature anneals and the subs t ructure prior to tensile deformation 

was devoid of networks of precipitates. In fact, fairly large areas had 

to be scanned to observe any dislocations. When dislocations were 

observed in the substructure they were randomly distributed or associated 

with small atom clusters and on isolated precipitates. 

Current theories of work-hardening do not predict a flow stress 

that is dependent on p~ , therefore correlation of the observed behavior 

of the flow stress with the theoretical models cannot be made at this time. 
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6 Summary and Conclusions 

1. The lower yield stress of polycrystalline Nb can be expressed by: 

where 

~ = T + ~ + ~ (€) ly :f structure ,. 

friction stress = (~ + ~ ln ) 
0 so • ~f = 

0.8(!:2 ) (lattice friction stress) 
. 

~ = 
0 

~soln. = 0.279 x 103 x (Atom Fraction of Impurities) 

(friction stress due to impurities 
atomistically in solution) 

~ = G E
2 c structure (stress due to dilations in the 

crystal from solute atom clusters 
and precipitates ) G shear modulus 

e: 

e: 

c 

solute atom misfit parameter 

= (radius solute atom - radius solvent atom) 
radius solvent atom 

Atom Fraction of Impurities 

~ (€) = strain rate dependence of the yield strength. 

2. The flow stress-plastic strain relation determined from dislocation 

density measurements correlates with the experimentally observed 

flow stress-plastic strain relation. 

3. The flow stress of polycrystalline Nb is markedly influenced by the 

initial dislocation substructure. The presence of precipitate 

networks markedly influences the flow stress, producing a flow stress .. 

dislocation density dependence of: 
1 

= Oa85 Gbp2 + conatante 
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The flow stress-dislocation density dependence in fully annealed 

polycrystalline Nb is giveti by: 

= 6.5 x 103 Gbp+ + constant. 

4. ~1-the basis of 1, 2 and 3 above, the stress-strain curve of 

polycrystalline Nb c~ be predicted beyond the lower yield point 

when the impurity level, annealing temperature and dislocation 

density are known. 

5. In order to better understand the mechanisms of dislocation inter-

actions in Nb, experiments must be conducted on oriented single 

.crystals where the stress and strain axes can be fixed • 
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