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ABSTRACT 

.The ductile-to-brittle transition temperatures of niobium­
vanadium-alloys of 2, 4, 6, and 8 wt.·% vanadium were invEisti­
gated in _the temperature range of :..2~-J to lOOC. Notched tensile­
testing was the testing method used. The transition temperature, 
arbitrarily defined as that temperature where the reduction in 
area was J5%, was'increased by the addition of vanadium. to 
niobium,- the relationship being linear up to 6 wt. %vanadium. 
The temperature range over which the alloys changed from ductile 
to brittle behavior varied dir~ctly with vanadium content. When 
tested in the unnotched condition, these ·alloys did not undergo 
a ductile-to-brittle transition as defined in this· study,-:' nor did 
they become notch-sensitive at te~peratures of -196C. 

No~ched specimens were tested at cross-head motions of 0.025 
and 2.0 in./min to study the strain-rate sensitivity of niobium­
vanadium' alloys. Most of the data indicated that the mec;hanical 
properties of niobium-vanadium_were insensitive td strain' rate. 

The. addition of 500-ppm nit~ogen and 1500-PlJlll oxygeri· to 
niobium--2 and --4 wt. % vanadium alloys caused pronounced in­
creas~s in the ductile-to-brittle transition temperature .of the 
niobium-vanadium. Nitrogen was found to be more potent than oxy­
gen as a strengthener. The influence of both nitrogen and oxygen 
on th~ }nechanical propert:i.P.s was greater in the· alloys of higher 
vanadium content. 

In a study of the microstructure adjacent ~o the fracture 
surface, light microscopy indicated that the propagation of a 
crack in the alloys studied progressed transgranularly. -· Elec­
tron fractographs of selected specimens revealed that the pre-. . . . 

dominant mode of failure was cleavage • 
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. . 
DUCTILE-TO-BRITTLE TRANSITION OF NIOBIUM-VANADIUM ALLOYS AS 

AFF~CTED •. BY NarCHES, STRAIN RATE, NITROGEN, AND OXYGEN 

c. D. Calhoun 

INTRODUC.TION . 
" 

Niobium·has a number of properties which make it attractive for nu-
clear applications~ . Its preirradiation mechanical and corrosion proper­
ties are improved thro~h the addition of alloying ele~ents. 1~~ Of the 
alloying eiements·studied, vanadium appears to be one of the m?st benefi­
ci~l since it. forms a continuous solid solution with niobium. Because of 
the complete:soli~ solubility of niobium and vanadium, alloys of these 
elements have;properties relatively independent of heat-treatment. How­
ever, postirradiation mechanical tests of niobium arid niobium~6 wt. % 
vanadium samp'les irradiated under comparable conditions ind'ic~ted that 
niobium-6 wt. %vanadium exhibited a higher level of irradiation damage 
than did niobiUlll. 4 .. 

It wa~ 9onsidered desirable to investigate the ductile-to-brittle 
transition'behavior of niobium as affected by vanadium content, impurities, 
and stress conditions. Such informatio~ would facilitate design and speci­
fication of the optimum alloy for a parti~ular application. 

. . 

.A previous investigationof the effect on niobium of various 
substitutional sol1.1tes revealed that molybdenum and tungsten e~used signi­
ficant increases in the trans~tion temperature. 5 Titanium had. little ef­
fect on the ·transition temperature, and· zirconium and hafnium appeared to 
be' somewhat .intermediate in their effect.· Soine indirect expe'rimental data 
indicated that the behavior of vanadium and' zirconium would be similar, 5 

but an actual investigation of the effect of vanadium on the· ductile-to- · 
.brittle transition temperature-remained to be accomplished. · 

With additions of vanadium to niobium, the niobium latt~ce contracts. 
The effects·of ·lattice contraction on the notch and strain-rate sensitiv~ty 
of niobium: remained to be determined. It woUld be speculated, however, 
~t the effect of interstitials would become·more drastic· and, in general,· 
would more extensively inhibit plastic deformation in the co1;1trac.ted lat­
tice than in niobium~ 

Therefore, the purpose of this investigation was: (1) to establish 
the relatibnship·between the vanadium content and the ductile-to-brittle 
transitio~·temperature in niobium-vanadium alloys contain~ng up· to 8 wt •. % 
vanadium, (2) to study the effect of notches, strain rate, and iritersti­
tials on the transition temperatures of niobium-vanadium alioys, and (J) to 

1 KAPL-3119 
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compare the magnitude of the effects of these variables as a function of 
vanadium content. 

EXPERIMENTAL PROCEDURE 

Alloy Preparation . 

Initially, two alloys of nominal niobium--2 and --8 wt. % vanadium 
were ·double-arc-melted and extruded to ~1-in.-diam bars. Prior to extru­
sion, these alloys were heat-treated for 1.5 hr at 1775C in an argon atmos­
phere; one die was used for two extrusions. After extrusion, ;the surface 
contamination was removed by grinding, and the material was swaged to a 
O.J5-in.-diam rod. Attempts to swage these alloys resulted in a 25% yield 
for the niobium--2 wt. %vanadium alloy and. a zero yield for the niobium--8 

I 

wt. % vanadium alloy. · 

The heat-treatment p~ior to extrusion was then reduced to 0.75 hr at 
1700C, and one die of-1.25-in. diameter was used for each extrusion. Since 
these extrusions were of considerably better quality than those initially 
swaged, alloys of niobium--4 and --6 wt. % vanadium were then fab!~cated by 
this procedure without difficulty. The niobium--8 wt. %vanadiUm alloy re­
mained difficult to swage without the formation of end cracks which-propa~ __ 
gated along the length of the bar during further swaging. Heat-treatments 
at temperatures up to 1400C did not alleviate the difficulty. The yield of 
uSeful material from this alloy was only about 20%. 

Addition of Interstitials 

In the study of the effect of nitrogen and oxygen on the ductile-to7 
brittle transition temperature of ni.nbium~-vanodium alloys, it was necessary 
·to establish the base concentration of such iuterstitials in the material. 
The chemical analysis of the material in the as-swaged condition is given 
iri Appendix A. Oxygen and nitrogen concentrations in niobium-vanadium were 
ipcreased to_l500 and 500 ppm (by weight), respectively. The oxygen was 
aqded to a closed system containing the swaged rod by using a Sieverts ap­
paratus. The rod was heated to 900C for 6.hr and was assumed to absorb all 
t~e oxygen in the system·. 

The-nitrogen was added by permitting the alloy to react in slightly 
less than an atmosphere of nitrogen at 1200C. (The relationship .of mg 
N~/cm2 vs time at l200C for these alloys had been previously determined. 6 ) 

The material was then homogenized for 17 days at'l200C in a residual air­
pressure of -10-5 j.L •• Hardness traverses following this heat-treatment in­
dicated that the material was homogeneous. To further verify the homo­
,geneity of the material and to determi~e its interstitial concentration, 
chips were machined from the center and surface of the rod for chemical 
analysis. The results of these analyses are given in Table 1. 

KAPL-.3119 
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TABLE 1. CHEMICAL ANALYSIS FOLLOWING INTERSTITIAL ADDITIONS 

Nb-2V 

Outer surface 
Cente·r 

Outer surface 
Cen_ter 

Nb-4V . 

Outer surface. 
Cent~r 

Outer surface 
Center 

02 , ppm by we'igl;lt 

1280 
1260 

180 
160 

1490 
1500 

260 
280 

Preparation of Tensile Specimens 

99 
93 

485 
483 

78 
55 

369 
423 

3 

Notched and unnotched tensile specimens (Fi~e 1) were machined from 
the swaged rod. The diameter of the specimens at the notch root corre~ 
sponded to thp. diameter of th.e unnotched specimens. ·The 60-deg notch~ with 
a root radius of 0.006:in., reduced. the cross-sectional area b~ 50%. 

Prior to·.testing, the spec-imens were heat-treated for 1 hr at 1200C 
for- recrystallization; the specimens for the interstitial stud-ies were heat­
-t;reated for relief of machinirig stresses. A. chemical analysis. of the con­
trol. speciineris !'ol:j.owing this heat-treatment-. is given in Table·· 2. The aver'­
age grain siz'e in the recrystallized material :was 301-l in diameter (Figure 2). 
The average grain size at the termination of the homogenizatiop heat-treatment 
was established at 621-l __ (Figure 3). The grain growth during the ··extended 
hqmogenization heat~treatment (17 days at 1200C) does not appear extensive 
e~ough to confound the results. 

Because of .the propagation of end cracks during the swaging operation, 
some of the s~ecimens contained longitudinal cracks. The dye~penetrant 
method, selected as the nondestructive test for identifying the crack~d 
specimens, was very satisfactory; 17 -of 150 specimens were rejected •. 

Testing 

The low~temperature tensile tests (-253C to 25C) were performed in 
refr:i.gert;tnts ·:or liquid hydrogen (-253C), liquid nitrogen (-196C), Freon-12 
(.:.75 to -150C), and ethyl alcohol (-50 to 75C) employing a Tinus-Olson 

; .-, KAPL-3119 
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(SEE NOTCHED AND UNNOTCHED SPECIMENS BELOW) 

UNNOTCHED SPECIMEN NOTCHED SPECIMEN 

PART I Alt -4---
0.160! o.ooz:r-;t--

PART 2 

A I £0.160 !.0.002 

. 
FIGURE 1. Schematic of Tensile Specimens. 
KS-59986 Unclassified 

TABLE 2. CHEi\1ICAL ANALYSIS AFTER RECRYSTALLIZATION 

HEAT-~TMF.NT (l hr. at 1201i1~) 

Ingot Number . Elements A-216 A-218 A-219 A-220 

V, wt % "-2 "'4 "'o "'s 
o* 165 160 240 J05 

N* 142 lJJ lJJ 105 

H* 5 J J6 20 

*ppm by weight 

tensile-testing machine. The reduction in area was determined by an opti­
cal conparatorhaving a magnification of lOX and equipped with a micrometer 
stage. 

Macrographs of the fracture surface were taken perpendicular and trans­
verse to the fracture surface to reveal the plastic deformation as a function 

KAPL-3119 



FIGURE 2. Microstructure of Niobium-Vanadium after 
Recrystallization Anneal of 1 hr at 1200C. 

KS-59987 Unclassified 
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FIGURE 3. Representative Microstructure of Nio­
bium-Vanadium Alloys after Homogenization Heat 
Treatment of 17 days at 1200C. 
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of temperature (Figure 4). One-half of the gage section was mounted and 
polis~ed to i~s longitudinal centerline. (A photomicrograph of the micro­
structure adjacent to the fracture is shown in Figure 5.) The etchant 
used was 50 ~ HNQa, 50 ml H20, and 30 drops of hydrofluoric acid. 

The electron fractographs were taken with a ~6A electron micro­
scope. A two-stage cellulose acetate-carbon replica, shadowed with carbon­
platinum at 45 deg, was used. 

RESULTS 

Effect of Vanadium Additions 

The effect of vanadium on the ductile-to-brittle transitfon tempera­
ture* of niobium (Figure 6, A and B) was determined by tensile· tests per­
formed on notched specimens in the temperature range of -196 to 25C. The 
resulting data indicated that the transition temperature was increased from 
-215C for the niobium--2 wt. % vanadium alloy to -75C for the niobium--8 
wt. % vanadium alloy. The increases in transition temperature as a func­
tion of vanadium content (Figure 6B) remained linear up to 6 wt. % vanadium. 
In this range of vanadium content, the tr&nsition temperature was increased 
by 30C per 1 wt. % vanadium. Increasing the vanadium content from 6 to 8 
wt. % caused·. an increase of 12C per 1 wt. % vanadium. With increasing vana­
dium content, the alloys exhibited a transition from ductile to brittle be­
havior over a larger temperature range. 

The low-temperature notch strength of niobium-vanadium allo~ increased 
with decreasing temperature and increa::;iug vanadium (Figure 7). 

The degree of plastic deformation preceding failure, for: niobium--6 
wt. % vanadium, varied inversely with temperature (Figure 4) •· The photo­
micrographs in Figure 8 revealed that cracks in niobium-vanadium propa­
gated transgranularly. 

The electron fractographs indicated that the predominant mode. of ftill­
ure in these alloys was cleavage (Figures 9 and 10). In Figure 9C, a fracto­
graph of niobium--6 wt. %vanadium tested at room temperature, and in Figure 
10, fractogr~phs of niobium--4 wt. %vanadium at -lOOC, there are indica­
tions of the starting of quasi-cleavage. Even in these specimens, however, 
the predominant failure was by cleavage. 

Effect or No~ches 

Notches adversely affected the ductility of niobium-vanadium alloys in 
the temper13:ture range -196 to 25C (Figure 11), the effe'ct being more pro­
nounced in the alloys of higher vanadium content. 

*Defined as that temperature where the reduction in area is 35%. 

KAPL-3119 
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The ductility of the unnotched tensile specimens was not adversely 
affected in the temperature range investigated. The niobium--8 wt. % 
vanadium had >65% reduction in area at -150C . The ductility decreased 
with increasing vanadium content and decreasing temperature. The yield 
stress varied directly with vanadium content and inversely with tempera­
ture (Figure 12). 

F~om Figure 13 it can be seen that the notch sensitivities (ratio of 
the notched to the unnotched strength) of the niobium-vanadium alloys 
were about 1.5. Notch sensitivity seemed to vary only slightly with tem­
perature ~nd/or vanadium content within the boundaries of these tests. 

Effect of Strain Rate 

Figures 14 and 15 show the effect of an~lOO-fold increase (0.025 to 
2.0 in./min) in cross-head motion on the mechanical properties of the 
notched tensile ·specimens. Figure 14 shows an apparent absence of any 
large or systematic variation of ductility with strain rate. In the tem­
perature .range above -150C, the niobium--6 wt. %vanadium showed an in­
cr.eased ductility with the faster strain rate; however, the magnitude of 
t~is incre·ase was relatively small. The tests at -253C for the niobium--2 
wt. % vanadium resulted in a 5% reduction in area for the slow strain rate 
and a 43% reduction in area for the fast strain rate. 

The notch strength was rather insensitive to strain rate for the two 
niobium-vanadium alloys investigated (Figure 15). Note that in the tests 
at -253C for the niobium-2 wt. % vanacH11m, the ductility was · influenul:!d 
by the change in strain rate, but the magnitude of the notch strength re­
mained the same. 

Effect of Interstitials 

The relationships between the ducti~ity of niobium-vanadium and niobium­
vanadium plus a nominal 500-ppm nitrogen or 1500-ppm oxygen are shown in 
Figure 16. The two alloys investigated were niobium-2 wt. % vanadium and 
niobium-4 wt. % vanadium. The concentrations of nitrogen and oxyeen pre­
::H:Hlt as impurities before the interstitial additions are shown in Appendix A. 

The ductility varied inversely with interstitial concentration in the 
temperature range investigated. The addition of a nominal 500-ppm nitrogen 
and 1500-ppm oxygen to niobium~2 wt. % vanadium increased the ductile-to­
brittle transition temperature by 120 and 150C, xespectively. Equivalent 
additions to niobium--4 wt. % vanadium increased the transition temperature 
by 185 and 225C for the nitrogen and oxygen, respectively. 

The data points for all graphs in this investigation are representative 
or single tests and, in the case of the niobium--4 wt. % vanadium with the 

'340-ppm nitrogen addition (Figure 16B), the degree of scatter was consider­
able. However, the indicated curve is believed to be representative. 

KAPL-3119 
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- 1 ~6C 

- 150C 

- lOOC 

- 50C 

25C 

FIGURE 4. Variation of Plastic Deformation as a Function OI 
Temperature for Niobiwn-6 wt % Vanadium. 
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FIGURE 5. Microstructure of Niobium-Vanadium 
Tensile Specimens. 
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The notch strength nf niobium-2 auu -4 Ht. % vanadium as altered 
by additions of nitrogen and oxygen is shown as a function of t emperature 
i n Figure 17. The magnitude of the notch strength was increased in both 
alloys by the addition of either oxygen or nitroeen and/or by a t.lecrease 
in temperature. 

The alloys containing a nominal 1500-ppm oxygen had a larger notch 
strength than those having a nominal 500-pprn nitrogen.* Table J shows 
that the effect of nitrogen on the transition temperature is more pronounced 
than that of oxygen,and that the effect of both interstitials on the mech-
anical properties varies directly with vanadium. · 

DISCUSSION 

Vanadium Cuntent 

When subjected to a stress at progressively lower temperatures, niobium 
undergoes a transition from ductile to brittle behavior. This phenomenon 
is corrunon to those metals with body-centered cubic (bee) structures. When 
interstitials (oxygen, nitrogen, hydrogen, and carbon) are added to these 

*The concentration of nitrogen and oxygen likely to be maintained in 
solid solution is -JOO and -1000 ppm, respectively. 7 
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FIGURE 8. Transgranular Cracks Adjacent to the 
Fracture Surface. 
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FIGURE 9. El~ctron Fractographs of Niobium--6 wt % Vanadium. 
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FIGURE 10. Electron Fractographs of Niobium--4 wt % 
vanadium Tested at -lOOC, 70% Reduction in Area. 
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TABLE J. EFFECT OF NITROGEN AND OXYGEN ON THE TRANSITION TEMPERATURE 
OF _NIOBIUM-VANADIUM AS A FUNCTION OF VANADIUM 

°C Increase in ppm to 
Metal Interstitial ppm* · Traruli tion TemE· Increa,se l°C 

NO Nitrogen 
'** Nb Oxygen 1320 105 12.6 

Nb-2V Nitrogen J90 12J J.2 
Nb-2V. Oxygen 1100 15J 7.2 

Nb-4V Nitrogen J40 185 1.8 
Nb-4V Oxygen 12JO 225 5.5 

*It has been estimated that -JOO-ppm nitrogen and -1000-ppm 
oxygen are retained in solid solution. 7 

~Af'ter J;mgram. 4 · 

metals or alloys, tlie transition temperatures·are raised; .the degree to 
which they are raised is a function of the interstitial." When the sub­
stitutional content is increased, its effect may be to either raise or 
lower the transition temperature. When the percentage of substitutional 
~toms is increased in a metal with a bee crystal structure, the magnitude 
of variation in transition temperature is a function of the solute. 

Begley and Bechtold have studied the effect of near~neighbor alloying 
elements on the mechanical properties of niobium. 5 Low-temperature studies 
by these investigators revealed that when compared at equal atOIIi percentage·s 
the tungsten-molybdenum group exerted the greatest increase in fracture 
transition temperature, titanium and hafnium had relatively little effect, 
and zirconi~ was· intermediate in effect •. They contemplated that the effects 
of vanadium would be similar to those of zirconium. 

Other studies by Bartlett, et al., 8 revealed that tungsten and molyb­
denum additions exhibited identical quantitative effects, increasing the 
transition temperature by about JO to 50F for each atomic-percent of tung­
sten or molybdenum added. Tantalum additions to niobium were found to de­
crease the ductile-to-brittle transition temperature. 8 Through a correla;.._ 
tion of high-temperature strengthening and the effect on the ductile-to­
brittle transition temperature for tungsten, molybdenum, and tantalum, t~ey 
reasoned that additions of vanadium to niobium would raise the ductile-to;.. 
brittle. transition temperature. 8 
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Platte9 pas investigated the e·rrects of titanium, molybdenum, tungsten, 
vanadium, hafnium, and zirconitim additions on the weldability of niobium~. 
based alloys.· In this study, the effect of these .additions on. the ductile­
to._bri ttle t~~msi tion temperature was determined by bend tests·~ . Af3 the 
vanadium cont.ent of the alloy was increased, the ductile-to-brittle transi­
t:i,on temperature was found to rise. 'The .stress at the proportional limit, 
for a given temperature, was also increased. 

In the present investigation, the ductile-to-brittle transition tempera­
ture of niobium-vanadium alloys (as determined by tensile-test~ng of notched 
specimens) w~13 a linear function of vanadium up to 6 wt. %. The transition 
temperature ~as increased JOC per weight percent of vanadium. Increasing 
the vanadium.content from 6 to 8 wt. %resulted in an increase of 12C per 
weight-perce~t vanadium addition. The temperature range in which the alloy 
changes from ductile to brittle behavior increases with vanadium content. 
This charact~ristic of a metal- i.e.,. of having a more abrupt transition 
with increasing pUrity - is a common phenomenon; an example is the addition. 
of·carbon.to iron. 10 · 

.The v~riation of notch strength, as a function of temperature, inci­
cated that the alloy was not tested in its subtransition range. The notch 
strength increased with decreasing temperature over the entire temperature · 
range of these tests. Microscopic examination of specimens tested ii:l both 
the notched ,and unnotched condition, ·and at the lowest temperatures, indi­
cated a nea~. absence of mechanical twins. An occasional grain would have 
t"\'/o or. three twins in an area of concentrated stress, but twinning does not 
appear to be.as predominant in niobium~vanadium alloys as in ·niobium. 

The photomacrographs in Figure 4 indicate the relative amounts of·plas­
tic ·deformation prior to failure as a function ·or temperature. In the · 
niobium-2 and -4 wt. %vanadium, the.ductility- as measured by reduction 
in area - remained quite high until the transition temperature .. range was 
reached; in,this range duct.:i.lity decreased abruptly. In the niobium-6 
apd ~8 wt. %vanadium, the ductility decreased rather linear~·with temp­
erature.· 

·The microstructure of specimens section.ed longitudinally was studied 
ra'ther extensivel-Y at low magnifications (50 to 75X). With this study as 
a background, selected specimens were studied at 250X. From·· these .studies 
of· the microstructure, . the mo~e of deformation was established.. At the . 
root of ·th~: notch, initial deformation continued until the· stress concentra­
tion incre~·sed and the specimen faile·d by transgranular cleavage. This 
cleavage . is·. shown in the photomicrographs in Figure 8 where cracks are seen 
to propag~t~ transgranuiar!Y. 

Elec:tron fractographs were taken of the fracture surface of specimens 
encompassiPg the temperature range investigated. The fractographs in 
Figure 9 (A~ B, and C) are of niobium-6 wt. % vanadium tested at -196, 
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-100, and 25C. Although the percent reduction in area increases from 5% 
at -196C to 64% at 25C, the predominant mode of failure remained cleavage 
as evidenced by the 11river pattern". At high magnification, transgranular­
cleavage surfaces usually contain a large number of cleavage steps and a 
"river pattern" of branching cracks. If the material had failed by inter-· 
granular fracture, the surfaces would appear much smoother, with a general 
absence of cleavage steps. The fractographs of a niobium--4 wt. % vanadium 
specimen tested at -lOOC (F~e lO).revealed that, although the alloy 
failed by cleavage, the preponderance of the river pattern and cleavage 
steps was much less than that of the fractographs of niobium--6 wt. % vana­
dium tested at the same temperature (Figure 9B)~ Figure 9B als~ shows 
that the intensity of the typical river pattern has diminished compared with 
that of the test at -196C (Figure 9A). Thus, with decreasing vanadium or 
increasing temperature, quasi-cleavage tends to prevail as the predominant 
mode of failure • 

. Notches 

In general, a notch affects the mechanical properties of a material 
by etulancing.its tendency for brittle fracture. When a notched specimen 
is loaded in tension, the metal in the core of the notch must take all of 
·tne load. The result is a central mass of highly stressed metal surrounded 
by a hoop of unstressed metal. The resistance of the unstressed metal 
to the deformation of the metal in the core results in radial and circum­
fe,rential stresses. Such a state of stress raises-the value of the longi­
tudinal stress required for yielding and contributes to brittle failure. 
Also, the presence of a notch will increase the effective strain rate which 
ia normally associated with an increase in the transition temperature. 

The magnitude of the change in transition temperature caused by the 
notches cannot be determined from these results because none of the un­
notched specimens underwent a ductile-to-brittle transition. However,, the 
data indicated that the minimum decrease in the transition temperature would 
be lOOC for the niobium--6 and --8 wt. % vanadium and about 50C for the 
nfobium--2 and -4 wt. % vanadium. The effect of notches on the ductility 
was more drastic in the alloys of greater vanadium content. This is reason­
able because the lower the inherent ductility of a material the greater the 
cgnsequence of a notch. When the alloy is ductile, it can flow and thereby 
relieve the stress at the base of the notch. 

Because of the stress concentration introduced by a notch, the longitu~ 
d!nal stress for yielding is also increased in the ductile region. There­
fore, when the metal is tested in the temperature range at which it still 
retains ductility, the notch will act as a strengthening factor. As the 
temperature is lowered, however, thereby increasing the resistance to slip, 
the stress concentration at the notch root will cause cleavage cracks to 
develop and propagate at a lower nominal stress than that required for the 
unnotched specimens. 
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. . 
Empirica~ relationships have·shown that the notch sensitivity (the 

ratio of the 11otched to the unnotched strength) of ductile materials 
should be -l.plus the percent notch depth. If the effect of temperature 
on notch sensitivity is large, the decrease in the notch/unnotched 
strength ratio should be large when plotted as a function of temperature. 
But, if the .notch sensitivity is altered by alloy additions, tpe magni-
tude of the notch-sensitivity parameter should vary. ·· 

The notch sensitivity of the ··niobium-vanadium alloys stud:ied in this 
investiga:tio~ had no large or systematic variation as a function of vana­
dium and/or te~perature. The notch reduced the cross-sectional area 50%; 
thus the not~:~ sensitivity should correspond to 1.5 if the al~oys were not 
notch-sensiti:ve. The results from the tensile tests at a cross-head motion 
of 0.025 in./min indicated that these alloys are not notch-sensitive since 
the notch se~sitivity was -1.5 for all tests~ and the deviati~ns from 1. 5 
as a function of temperature were not large. It has been found that recry­
stallized ~iobium becomes notch-sensitive at· -256C. 11 · Since most of the 
tests in this investigation were performed down to -196C, it ¥as,reasoned 
that any effect of vanadium on the notch-sensitivity temperature of nio­
bium would be <60C for an addition of up to's wt. %,vanadium ... 

S:train Ra:te 

In general,. an increase in the. strain rate has been found t? enhance 
the tendency, for brittle fracture at a given temperature because, as pro­
pQsed by ·Die-ter, 10 there is less time for plastic flow to occur near micro­
cracks and to tnus relieve the stress concentration~ As the temperature 
i& decre~sed and plastic flow or dislocation motion becomes more difficult, 
a slower st~ain rate would be ·sufficient to cause brittle failure.. . . 

In this investigation, notched and unnotched specimens of niobium--2 
aifd -6 wt. ':% vanadium were tensile-tested at cross-head motions. of 0.025 
and ·2.0 in./min in the temperature range of ~196 to 25C. Th~· only real 
evidence of,.strain-rate sensitivity was the ·reduced notched strength of 
n~obium-6 Jt. %vanadium tested at -196C with the faster strain rate •. 
~ effect on ductility for the niobium-6 wt. % vanadium tests at -196C 
would be d~fficult to detect because the per~ent reduction in area was . 
<5.% for both cross-head motions • . ·.' 

The te~ts of the niobium-2 wt. % vanadium at -25.3C res~ted in in­
creased duc~ility with the higher strain rate. However, the. notched 
str·ength remained the same for both cross-head motions. At 'first, it is 
rather difficult to understand how an increased strain rate could result 
iri an enhancement in ductility. When a specimen is tested at sufficiently 
low tempera:tures, however, a very Small amount of plastic deformation can 
cause local· ·heating of the material, with a resulting avalanche of plastic 
flow. 12 T}?:e. elastic energy stored in the specimen when the load'is in­
creasing can be converted into heat, thus facilitating plas:li.i.c flow in the 

.• 
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deforming portion of the specimen. When the rate at which the material is, 
being strained is increased, either by an increase ~n the cross-head motion 
and/or by the 'presence of a notch, there is not sufficient time for the 
local heat to transfer from the specimen to the refrigerant. :.Thus, the 
test becomes adiabatic rather than isothermal. The effective temperature 
is increa~ed and the m~terial behaves as if tested at a higher temperature. 
The presence of a notch causes the local heating to be concentrated at the 
notch ro.ot, and the faster strain rate decreases the dissipation time for 
this heat. Therefore, the anomalous behavior of the niobium--2 wt. % 
vanadium tested at -253C is not thought to be a result of strain rate, per 
se, but rather a result of the test's not being isothermal. 

Prior studies of the strain-rate sensitivity of niobium indicated no 
e·ffect of strain rate. ~s Both notched and unnotched specimens were tested 
at -196C at cross-head motions from 0.005 to 1.0 in./min without any signi­
ficant effect on the tensile properties of the material. Tensile data of 
notch specimens of niobium--2 and --6 wt. % vanadium in the. temperature 
range of .325 to 650C revealed that these alloys were insensitive to a 100-
ft;>ld increase in strain rate.~4 The experimental data from a variety of 
te·nsile tests indicated that niobium and niobium-vanaqium alloys contain­
ing up to 6 wt. % vanadium were insensitive to strain rate. Therefore, it 
would not be anticipated that strain-rate sensitivity as a function of vana­
dium would be a majo:i:- ~-onside.ration in selecting the optimum vanadium com­
position. 

~terstitials 

A common phenomenon with the transition metals, such as niobium, is 
a strong dependence of mechanical properties on interstitial impurities. 
The brittle behavior of metals in Group V-B, such as niobium, is enhanced 
because the interstitials are in solid solution where they inhibit disloca­
tion motion and reduce the resistance. to crack propagation. 7 In a niobium­
base alloy where the addition of an alloying element, such as vanadium, 
decreases the lattice parameter, it would be expected that the influence 
o~ the interstitial atoms on the mechanical properties would be magnified. 

It bas been shown~5 that 500- and 1000-ppm oxygen raised the ductile­
to-brittle transition temperature in niobium from -234C to -196 and -146C, 
respectively. Previous investigations~6 .of the effect of interstitials on 
-:tlle mechanical properties of niobium have indicated. that nitrogen affects 
the ductility more drastically than does oxygen. 

·· In the present investigation, the transition temperature of the 
niobium--2 wt. % vanadium was increased from about -225C to -100 and -20C 
with the addition of .390-ppm nitrogen and 1100-ppm oxygen, respectively. 
The niobium--2 wt. % vanadium alloy had a base concentration of 6.3-ppm 
nitrogen and 175-ppm oxygen. The a~dition of .340:-ppm nitr.ogen and 12.30-ppm 
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oxygen to ·nio~'ium-4 wt. % vanadium increased the transition temperature 
from -160C to ~:25 and 65C, respectively. The base concentration of inter­
stitials in t~is alloy was 60-ppm nitrogen and 155-ppm oxygen •. 

Table 3 tabulates. the ppm of nitrogen and oxygen required·to increase 
the transitio~ temperature lC. The ~~ta were obtained from' no,~ch tensile 
tests and are.:_representative only of the indicated interstitie:l concentra­
tions.. The c~mcentrations of nitrog~n and oxygen likely to be. maintained. 
in solid solution in niobium after moderate. cooling rates are JOO and 1000 
ppm, respec_tiiiely. 7 From Table 3 it ~s seen that nitrogen has a more potent 
effect on the:: ductile-to-brittle transition temperature in niobi~-vanadium 
t~n does oxygen. Also, the decrease in ductility was greater in the alloys 
o~ higher vanadiunl content. 

. The notch strength of the niobium--2 wt. % vanadium was increased from 
105,000 psi to 130,000 and 145,000 psi by the addition of 390-ppm nitrogen 
and 1100-ppm oxygen, respectively. In the niobium-4 wt. % vanadium alloy, 
the notch strength was increased from 115,000 psi to 145,000 and 165,000 
psi by the addition of 340-ppm nitrogen and 1230-ppm oxygen, respectively~ 
These data i~dicated again that nitrogen had a greater strengthening·effect. 
Also, either.,nitrogen or oxygen increased the notch strength,.·· and the magni­
tude of the increase was greater in the alloys of higher vanadium content. 

CONCLUSIONS 

The pr~ary conclusions to be drawn from this investigation are:.· 

1. In the notch tensile test, the ductile-to-brittle transi­
tion temperature of niobium-vanadium was increased ~30C · 
perweight-percent addition of yanadium in the range of 2· 
to 6 wt. % vanadium, and 12C per weight-percent vanadium · 
in .the range of 6 to 8 wt. %. If these data are applicable· 
to:the irradiated condition, a linear relationship will . 
ex:!st between the postirradiated ductility and the vanadium 
in ·_the range of 2 to 6 wt. % vanadium. 

2. Th~·unnotched tensile specimens did not exhibit a ducti;Le-to.,. 
brittle transition in the temperature range of -196 to 25C. 
The decrease in ducifility -due to notches was proportionately 
greater in the alloys of.h~her vanadium content. ·The 
ni9bium-vanadium alloys of the compositions s·tudied in th.is 
investigation (2, 4, 6, and 8 wt. % vanadium) did riot exhibit 
notch sensitivity in the temperature range investigated 
(-l96 to 25C). : ·' .. 

3. ~e mechanical properties (ductility and tensile stress) were 
insensitive ·to strain rate in the temperature rang~s or' -196 
to 25C for the 2 wt. %vanadium and -150 to 25C for the . 
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6 wt. % vanadium. The notch strength of the niobium--6 
wt. % vanadium was decreased by the increased strain rate 
at -196C. 

4· The ductile-to-brittle transition temp~ratures were in­
creased markedly by the addition of nitrogen and oxygen 
interstitials. 

5. Nitrogen affected the ductile-to~brittle transition temp­
perature in niobium-vanadium alloys more drastically than 
did oxygen. 

6. .The magnitude of the effect of interstitials on the mech­
anical properties of niobium-vanadium increased with in­
creasing vanadium content. 

7. The results of the metallographic study indicated that 
niobium-vanadium was not sensitive to intergranular cracking;· 
rather, most of the cracks propagated transgranularly. 

8. The electron fractographs indicated that the predominant 
mode of failure in niobium-vanadium alloys of the composi-­
tions investigated was that of cleavage. 
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APPENPIX. A. C~ICAL ~ALYSIS . OF. THE MATERIAL (AS-SWA9ED) 

The general chemical analysis of the ingots ~s presented .~n the table 
below~ 

Ingot Number 
A-210 A-216 ·· A-218. A-219 A-220 

0 175 195. 155 265 .3'60 . 

N 6.3 106 81 126 1.39 
H 26 4 20 24 16. 
c 85 <15 65 55 70 
v* 1.97 2.0) 4.05 6.04 7.98 

Fe <50 50 50 50 50 
Mn <10 <10 <10 <10 <10 
Mg <10 <10 <10 <10 <10 
Cv <5 <5 .<5 <5 ·<5 
Pb <20 <20 <20 <20 <20 
Si 20 20 50 20 . 20 
·co .. .<20 . <20 <20 <20 <20 
Sn <10 <10 <10 <10 <10 
Ni· :. <10 <10 <10 <10 20 
'Mo: <50 <50 <50 125 ·75 
Al . 50 • <50 <50 <50 <50. 
B <5 <; .<5 <5 <5 

*weight per~ent. 

Note: . Dn:purities reported in ppm by weight. : 

A numQer .of chemical analyses were performed at various stages in this 
invef3tigation. The vanadium· was analyzed by wet chemistry,··. oxygen by the 
Leco inert·: arg~n fission method,· hydroge~ by hot ext~action, nitrogen by 
Kjeldahl distillation, and the impurities by emission spectroscopy. 
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