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Commercially pure niobium (CPNb) and a niobium-1 pct zirconium (Nb-lZr) alloy were tested 
under low-cycle fatigue conditions at plastic strain amplitudes in the range of 0.02 pct -< 
A ep~/2 -< 0.7 pct. At low temperatures, the cyclic deformation response of body-centered cubic 
(bcc) metals is strongly dependent on strain rate. Thus, it was necessary to test at slow (2 x 
10 -4 S - l )  and fast (2 • 10-2s -~) strain rates in order to fully characterize the cyclic deformation 
at ambient temperature. Only cyclic hardening was observed for both metals under all testing 
conditions. As expected, higher cyclic stresses were recorded at the fast strain rate compared 
to the slow strain rate. The Nb- lZr  alloy was always stronger than CPNb, although both metals 
had the same cyclic life at equal plastic strain amplitudes. Further, the strain rate had no effect 
on the cyclic life. At the fast strain rate, intergranular cracking occurred, and a microplastic 
plateau was observed in the cyclic stress-strain (CSS) curve for CPNb. At the slow strain rate, 
no definitely intergranular cracks were detected, and a microplastic plateau was not observed 
for CPNb. The results of these experiments are interpreted in terms of the influence of strain 
rate and solute content on the relative mobilities of edge and screw dislocations. 

I. I N T R O D U C T I O N  

IN recent years, there has been an increased interest 
in obtaining improved elevated-temperature structural 
materials. Potential applications include the national 
aerospace plane and space nuclear power systems. Sys- 
tems such as these will involve cyclic loading imposed 
by large thermally induced strains. As a consequence, 
the low-cycle fatigue behavior will be a critical material 
property in these designs. 

Niobium is an attractive candidate for these very high- 
temperature aerospace applications because it has the 
lowest density of the refractory metals and has good 
elevated-temperature strength. Several investigations have 
been made of the mechanisms of cyclic deformation of 
single crystals of niobium, t~,2,31 However, very little is 
known regarding the fatigue behavior of polycrystalline 
niobium, t4j Chung and Stoloff tsl tested pure polycrystal- 
line niobium under total strain control at a constant fre- 
quency. To investigate the fatigue mechanisms, however, 
it is necessary to use plastic strain as the controlled 
variable, i6l 

Basic research on cyclic deformation of face-centered 
cubic (fcc) crystals, primarily copper, has resulted in fairly 
complete understanding of the fatigue mechanisms. In 
contrast, relatively little fundamental research has been 
reported for body-centered cubic (bcc) metals, and a de- 
tailed, mechanistic understanding is still lacking. How- 
ever, it has been shown that the cyclic deformation of 
bcc metals is sensitive to temperature, strain rate, and 
direction of deformation, tl,2,6/ 

At low temperatures (T < 0.2Tin) or high strain rates 
at T ~ 0.2Tin,  bcc metals exhibit a deformation response 
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that is strongly dependent on temperature or strain rate, 
~. The dependence of the flow stress on temperature and 
strain rate is usually expressed in terms of an athermal 
stress and an effective stress as follows: tl,6] 

o" = o" a + 0-*(~, T) [1] 

where O'a is the athermal component that arises from the 
long-range interaction of gliding dislocations with the 
structure and varies weakly with temperature to the same 
degree as the shear modulus, and 0"* is the effective stress 
that depends on ~ and T but only weakly on the density 
and arrangement of the dislocations. 

In commercially pure niobium, as with other bcc met- 
als, the physical source of the large effective stress is 
the limited mobility of the screw dislocations at low tem- 
peratures. The glide of the screw dislocations occurs by 
thermally activated formation of kink pairs. As a result, 
the mobility of the screw dislocations decreases strongly 
when the temperature decreases below a critical tem- 
perature. For niobium, this critical temperature is close 
to room temperature for slow strain rates but is higher 
than room temperature for fast strain rates, tl] In the low- 
temperature regime, the edge dislocations are more 
mobile than the screw dislocations, and dislocation mul- 
tiplication by bowing is difficult. Above the critical tem- 
perature, both screw and nonscrew segments have similar 
mobilities, 0"* is small, and the deformation behavior 
resembles that of fcc metals. 

Besides this stress dependence, the cyclic response of 
bcc metals is different from that of fcc metals. In single 
crystals, slip plane and stress asymmetries in tension and 
compression are observed. 16,7] In cyclic testing, these 
asymmetries lead to shape changes in the crystals. The 
slip plane and stress asymmetries are attributed to the 
extended core structure of the screw dislocations in bcc 
metals. The effect of the extended core structure is to 
cause the screw dislocation motion to be dependent not 
only on the shear stresses in the slip plane but also on 
the nonshear components; hence, the tension/compression 
asymmetry. [8] 
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The few available studies of  bcc single crystals pro- 
vide useful information regarding the mechanisms of 
cyclic deformation. However,  no corresponding funda- 
mental studies of  polycrystalline metals have been re- 
ported. Therefore, the purpose of this investigation was 
to study the low-cycle fatigue mechanisms in poly- 
crystalline niobium. For comparison, the solid solution- 
hardened niobium-1 pct zirconium (Nb-IZr)  alloy was 
tested in addition to the commercially pure niobium 
(CPNb). In particular, our goal was to identify the ef- 
fects of  strain rate (or temperature) on the cyclic re- 
sponse and to compare the polycrystalline data to the 
single-crystal results available in the literature. 

In order to fully characterize the cyclic deformation 
behavior of  niobium, it was necessary to conduct tests 
under two separate conditions: (1) where the effective 
stress was negligible and (2) where the effective stress 
was a significant fraction of the total stress. Rather than 
changing the temperature from ambient, the plastic strain 
rate was varied. The fast (2 x 10 -z s - ' )  and slow (2 x 
10 -4 S -1)  plastic strain rates were chosen, based on the 
single-crystal data of  Ackermann et al.,[1] such that the 
effective stress would be significant at the fast strain rate 
but negligible at the slow strain rate. In this way, it was 
possible to examine the complete range of dislocation 
behavior in the cyclic deformation of niobium. 

II. EXPER IMENTAL P R O C E D U R E  

A. Description of Materials 

The commercially pure niobium and the niobium-1 pct 
zirconium alloys were received from Teledyne Wah Chang 
Albany in annealed 15.9-mm-diameter rod form. The al- 
loys were processed by compacting powder, electron- 
beam melting, arc remelting, forging, extruding, and hot 
swaging. They were then annealed at 1473 K for 1 hour 
at Teledyne Wah Chang Albany to relieve the strain from 
working. We note that this temperature is not high enough 
to ensure complete recrystallization. IaJ The chemical 
analyses of the two metals are listed in Table 1. 

B. Specimen Description and Preparation 

The specimens had a diameter of 6.35 mm and a uni- 
form gage length of 10.2 ram; Figure 1 shows the spec- 
imen shape and dimensions. The specimens were 
machined with the gage length having a maximum 
0.81/zm rms finish. After machining, the specimens were 
successively ground and polished on a lathe using 600 
grit sandpaper, then 6- and 1-/xm diamond paste. The 
specimens were tested without further heat treatment. 

C. Low-Cycle Fatigue Test Description 

The cyclic deformation tests were conducted using a 
fully automated, closed-loop servohydraulic materials test 
system. The strain was measured with a 7.6-ram gage 
length extensometer attached to the specimen with rub- 
ber bands. Initially, 90-deg extensometer knife edges, 
with a 0.05-ram edge radius of  curvature, were used. 
However, the knife edges created fairly deep impres- 
sions in the soft CPNb material, resulting in crack ini- 
tiation at the indentations. To minimize this problem, 

Table I. Chemical Analysis of Metals: 
Ingot Analysis (Composition in Parts Per Million) 

Element CPNb Nb- l Zr 

A1 < 20 < 20 
B - -  < 1 
C < 30 48 
Cr < 20 < 20 
Cu < 40 < 40 
Fe < 50 < 50 
H < 5 < 5 
Hf < 50 < 50 
Mo < 50 < 50 
N 23 42 
Ni < 20 < 20 
O < 50 < 50 
P < 25 - -  
Si < 50 < 50 
Sn < 10 < 10 
Ta 2013 1422 
Ti < 50 < 50 
V < 20 < 20 
W 80 78 
Zr < 100 9200 

15.875 

R 20.6 7 6..35 1 2 , 7  

All dimensions in millimeters 
Tolerances to _+0.127 
unless otherwise specified 

Fig. 1 - -Low-cyc le  fatigue specimen dimensions. 

180-deg blunt knife edges (flat contact edge, 180-deg 
included angle) were used for all subsequent tests. The 
specimens were held by mechanical grips of  a split collet 
design. The axis of  the specimen was aligned to within 
-+0.013 mm of the actuator axis during installation. 

Typically, a low-cycle fatigue specimen is fully re- 
verse loaded such that the magnitude of the negative strain 
equals the magnitude of the positive strain. The con- 
trolled variable is usually the total strain amplitude. 
However,  since the material response is determined by 
the plastic strain, the present experiments were con- 
ducted using plastic strain amplitude as the controlled 
variable. The test command signal was saw-toothed (or 
triangular) in shape. For each individual test, the ma- 
chine was programmed to maintain a constant total strain 
rate. However,  as outlined below, to achieve a constant 
average plastic strain rate (at either the fast or slow strain 
rate), the total strain rate varied with the plastic strain 
amplitude of the test. 

All tests were conducted at room temperature. Both 
metals were tested at both slow and fast plastic strain 
rates of  2 x 10 -4 s - I  and 2 x 10 -2 s - ' .  For a given 
strain rate (slow or fast), the average plastic strain rate 
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3 0 0  was maintained constant. This rate is defined by the fol- 
lowing equation: [6] 

~pl = 2 vA epl [2] 

where ~p~ is the average plastic strain rate, v is the fre- 
quency, and A epj is the plastic strain range. Given a plastic 
strain rate and a plastic strain amplitude, the appropriate 
test frequency was calculated using Eq. [2]. The total 
strain rate used in the test machine program was deter- 
mined from the frequency, the plastic strain amplitude, 
and the elastic strain amplitude estimated from the 
monotonic data. 

Load and strain outputs from the testing machine were 
converted to digital data pairs by simultaneously trig- 
gering two HEWLETT-PACKARD* 3457 digital mul- 

* H E W L E T T - P A C K A R D  is a t r ademark  o f  Hewle t t -Packa rd  
C o m p a n y ,  Colorado  Springs,  CO.  

timeters. The data pairs were sent to a personal computer 
for storage and calculation of the outer (plastic strain) 
loop control parameters. Data were stored in sets of 200 
or 400 data pairs that defined individual hysteresis loops. 

At the slow strain rate, real-time computer control was 
possible. As each load and total strain data pair was ob- 
tained, the plastic strain was calculated from these two 
values; if the desired amplitude had been reached or ex- 
ceeded, a control signal reversed the loading direction. 
At the fast strain rate, this mode of real-time control was 
not possible. Instead, the programmable function gen- 
erator was used to control the total strain amplitude. Sets 
of 200 load-strain data pairs corresponding to one or two 
complete hysteresis loops were acquired and analyzed by 
the control software to determine the actual plastic strain 
amplitude. A corrected total strain amplitude setting was 
then sent to the function generator in order to achieve 
the desired plastic strain amplitude. 

III. RESULTS AND DISCUSSION 

A. Monotonic Stress-Strain Curves 

The data acquired during the first quarter cycle of the 
highest plastic strain amplitude fatigue tests were used 
as the monotonic stress-strain curves. These results are 
shown in Figure 2. For both materials, higher stresses 
were recorded at the fast strain rate compared to the slow 
strain rate, as expected. There is a smaller difference in 
stress between the monotonic stress-strain curves for the 
Nb-lZr  tested at the two rates due to the fact that solute 
atoms limit edge dislocation mobility, thereby shifting 
the low-temperature friction stress-controlled regime to 
higher strain rates (lower temperatures). The absence of 
a yield point in the CPNb is consistent with the relatively 
low interstitial content of this material. The curves for 
Nb-lZr  show an upper yield which we attribute to the 
pinning of dislocations by the substitutional zirconium 
atoms. 

B. Elastic Moduli 

In order to calculate the plastic strain, the elastic strain 
must be subtracted from the total strain. This calculation 
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Fig. 2--Monotonic stress-strain curves for commercially pure Nb and 
Nb-lZr each at two strain rates. 

requires that the elastic modulus be known to a high de- 
gree of accuracy. In the present work, the elastic moduli 
were obtained by deforming specimens well within the 
elastic limits. The measured moduli were 91.8 and 
105.1 GPa for the CPNb and Nb- lZr  metals, respec- 
tively. Published modulus values are 105 and 68.9 GPa 
for CPNb and Nb-lZr ,  respectively, tg] 

The difference between the published and measured 
values for CPNb is probably a result of crystallographic 
texture in the material used in the present investigation, 
since the material was not completely recrystallized prior 
to testing. The reason for the discrepancy in the modulus 
values for Nb-lZr  is not clear. However, it is difficult 
to accept that the addition of 1 pct zirconium to niobium 
would decrease the elastic modulus by one third; for this 
reason, we believe the published value of 68.9 GPa to 
be erroneous. The measured value of 105 GPa for Nb-lZr 
is certainly more consistent with the accepted modulus 
value for CPNb. 

C. Cyclic Stress-Strain Response 

For each metal and strain rate, a series of tests was 
conducted over a range of plastic strain amplitudes. There 
were no significant differences between the magnitudes 
of the tension and compression peak stresses, in contrast 
to single-crystal results, but as expected for poly- 
crystalline material. Figures 3 through 6 illustrate the av- 
erage (of the tension and compression) peak stress vs 
number of cycles for the two metals tested at the two 
strain rates. For most specimens, an initial period of rapid 
hardening was observed, after which the peak stress re- 
mained relatively stable. In particular, the results for 
Nb-lZr  show stable behavior after the initial rapid hard- 
ening regime, although a small amount of softening oc- 
curred at the high rate (Figure 6). In contrast, the results 
for CPNb exhibit either stable behavior or a gradual in- 
crease in peak stress with increasing number of cycles 
at the higher plastic strain amplitudes (Figures 3 and 4). 
In the latter case, the rate of increase in stress is pro- 
portional to the plastic strain amplitude. 

Cyclic stress-strain (CSS) curves can also be con- 
structed from the present data. The peak stress and plas- 
tic strain values from a stable hysteresis loop are obtained 
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from each test. Plotting and linking these stress-strain 
data points produces the CSS curve. Most of the tests in 
this investigation resulted in stable hysteresis loops. For 
those that did not, the stress and strain values at the mid- 
dle of the life were used in the construction of the CSS 
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Fig. 3 - - P e a k  stress v s  number of cycles for commercially pure Nb 
tested at the slow strain rate. 

curves. In all cases, the average (of the tension and 
compression) peak stress was used. 

In most cases, an individual specimen was used to ob- 
tain each of the CSS data points. An alternative approach 
for obtaining the CSS is the multiple-step test in which 
a single specimen is first cycled between set plastic strain 
limits until a stable hysteresis loop is formed. The plastic 
strain limit is then increased and the specimen again cycled 
until another stable hysteresis loop is formed. It has been 
shown that such tests yield essentially equivalent re- 
sponses to those of constant amplitude tests provided the 
material deforms by wavy slip. u~ The CPNb data points 
for Aepl/2 from 0.02 to 0.1 pct at the fast strain rate 
were obtained from a multiple-step test. The validity of 
the multiple-step data was confirmed, since excellent 
correlation was obtained with multiple-step and individ- 
ual specimen data points at plastic strain amplitudes of  
0.2,  0.3,  and 0.4 pct. 

The CSS curves of the two metals, each tested at two 
strain rates, are shown in Figure 7. Only cyclic hard- 
ening was observed, which is typical for annealed met- 
als. The differences in stress for the two rates arises 
because lattice friction (Peierls stress) limits the mobility 
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of screw dislocations at fast rates (low temperature). As 
in the case of the monotonic stress-strain curves, there 
is a smaller difference in stress for the Nb-lZr tested at 
the two rates due to the fact that the edge dislocation 
mobility is limited by the solute atoms. 

Another consequence of the limited screw dislocation 
mobility in bcc metals at fast strain rates is the occur- 
rence of a plateau in the CSS curves at low plastic strain 
amplitudes. The plateau consists of a range of small plastic 
strain amplitudes over which the cyclic stress does not 
vary. Such plateaus have been found in the CSS curves 
of single crystals of a-iron and a-iron polycrystals t6,H,121 
and niobium single crystals. [13'141 It is interesting that for 
the a-iron polycrystals, the plateau was present under 
constant plastic strain-rate testing, but not at constant 
frequency. At the low plastic strain amplitudes of the 
microplastic plateau and at constant frequency, small 
variations in plastic strain amplitude cause large varia- 
tions in the plastic strain rate. For example, at a constant 
frequency of 10 Hz, changing the plastic strain ampli- 
tude from 0.02 to 0.1 pct causes the average plastic strain 
rate to vary from 8 • 10 -3 to 4 X 10 -z S -1. Thus, testing 
under constant frequency can obscure the microplastic 
plateau. With a-iron single crystals, this kind of plateau 
was not observed at slow strain rates, t~21 The micro- 
plastic plateau is caused by a very low hardening rate 
due to the restricted mobility of the screw dislocations.[6] 
This restricted mobility makes dislocation multiplication 
by irreversible bowing a difficult process. As a conse- 
quence, deformation in this regime occurs by the re- 
versible to-and-fro motion of edge dislocations, tj3j 

As shown in Figure 7, the CPNb material tested at the 
fast strain rate exhibited a microplastic plateau at plastic 
strain amplitudes equal to and below 0.1 pct. At the slow 
strain rate, there was no microplastic plateau. In fact, a 
microplastic plateau is not expected at the slow strain 
rate, because the mobilities of the edge and screw dis- 
locations are comparable and, therefore, dislocation 
multiplication should not be restricted. In a similar man- 
ner, the Zr atoms lower the mobility of edge dislocations 
in the Nb-lZr alloy to a level comparable to that of screw 
segments, and a microplastic plateau is not expected at 
either strain rate. For this reason, as well as the opera- 
tional difficulty of testing this material at plastic strain 
amplitudes in the region of the upper yield point, the low 
strain behavior of Nb-lZr was not explored in this work. 

The data of Mughrabi and co-workers t13,14~ exhibit a 
microplastic plateau in niobium single crystals at plastic 
strain amplitudes less than 0.05 pct with a plateau stress 
of 20 MPa. Mughrabi used a Schmid factor of 0.5; hence, 
the plateau shear stress was 10 MPa. Assuming a Taylor 
factor of 3, the equivalent polycrystalline tensile stress 
is 30 MPa. The results of this investigation, presented 
in Figure 7, show a microplastic plateau at plastic strain 
amplitudes less than 0.1 pct with a plateau tensile stress 
of 115 MPa. The large difference in plateau stress is 
attributed to the very high purity of the crystals used by 
Mughrabi and to the fact that single crystals are gener- 
ally much softer due to the lack of grain size strengthening. 

The existence of the microplastic plateau has been 
proposed as the physical basis for the fatigue limit in 
iron. t~3~ In conventional fatigue tests, the strain rate is 
high, indicating that the mobility of screw dislocations 

should be restricted. When the plastic strain range is small, 
the plastic strain can be accommodated by the reversible 
motion of the edge dislocations without microstructural 
changes and without noticeable cyclic hardening. There- 
fore, at high strain rates, Mughrabi t6J has suggested that 
the fatigue limit of bcc metals should " . . .  correspond 
rather well to the plateau of the cyclic stress-strain curve 
and should lie slightly below the macroscopic yield stress 
of the virgin material measured at the strain-rate of the 
fatigue tests." The 0.2 pet offset yield strength measured 
at the fast strain rate was 124 MPa, which is only slightly 
higher than the microplastic plateau stress of 110 MPa, 
in agreement with this prediction. A fatigue limit for 
polycrystalline niobium t91 is listed as 138 MPa, which iS 
roughly comparable to the 110 MPa plateau stress mea- 
sured in the present study. Thus, the results of this in- 
vestigation support the concept that the limited mobility 
of screw dislocations in the microplastic plateau is the 
physical basis for the fatigue limit. 

The absence of a microplastic plateau at the slow strain 
rate suggests the lack of a fatigue limit. This observation 
has important engineering implications, since our prac- 
tical understanding of fatigue in bcc metals (including 
steel) is based on the concept of a fatigue limit. How- 
ever, most fatigue tests are conducted at high rates to 
minimize testing time, whereas service conditions may 
impose lower loading rates where the intrinsic material 
behavior is different. It may be necessary to reconsider 
the concept of the fatigue limit in light of the funda- 
mental effects of strain rate and solute content on dis- 
location mobility. 

D. Intergranular Crack Initiation 

As noted earlier, the low-temperature (high strain rate) 
deformation of bcc metals is dominated by the mecha- 
nisms of screw dislocation glide. One important aspect 
of this behavior is the slip plane and stress asymmetry 
between tension and compression loading of single crys- 
tals, which leads to a large change in shape after many 
cycles. In polycrystalline bcc metals, however, a macro- 
scopic tension/compression asymmetry is not expected. 
Instead, the effect of the individual grain shape changes 
due to local tension/compression asymmetry under cyclic 
loading at high strain rates is to make intergranular 
cracking more probable. In experiments on iron-based 
alloys, Magnin and Driver t~5~ found that fatigue crack 
initiation was intergranular at high strain rates and trans- 
granular at low strain rates. This observation is'consis- 
tent with the expected glide behavior of screw dislocations 
at the two rates. Even without the tension/compression 
asymmetry in individual crystals, some incompatible de- 
formation occurs, but the tension/compression asym- 
metry accentuates the incompatible deformation, thus 
increasing the probability of intergranular cracking. The 
CPNb and Nb-lZr specimens tested at the fast strain rate 
exhibited intergranular secondary cracking, as shown in 
Figure 8. In contrast, there were no cracks that could be 
clearly identified as intergranular cracks in the CPNb or 
Nb-lZr specimens tested at the slow strain rate. 

E. Cyclic Life 

Figure 9 illustrates the fatigue-life data (Coffin-Manson 
plot) of plastic strain amplitude vs number of reversals 
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to failure. We note that this plot does not include data 
at strain amplitudes in the microplastic plateau, since the 
specimens were not tested to failure in this regime. As 
mentioned previously, both 90- and 180-deg extensom- 
eter knife edges were used in the present experiments. 
The data form two nearly parallel lines. In the lower 
line, all of  the specimens, except one, were tested with 
the 90-deg knife edges. In the upper line, all specimens 
were tested with 180-deg knife edges. The upper and 
lower lines drawn in Figure 9 are linear fits to the 
logarithmic data for the 180-deg (blunt) and 90-deg 
(sharp) knife edges, respectively. The deeper impressing 
90-deg knife edges caused shorter life relative to the 

Fig. 8--Intergranular cracking observed in a commercially pure Nb 
specimen tested at the fast strain rate and a plastic strain amplitude 
of 0.2 pct. 

180-deg knife edges; this was confLrmed in duplicate tests 
of Nb- lZr  at a plastic strain amplitude of  0.5 pct. Thus, 
the offset between the two lines formed by the data can 
be attributed entirely to the use of different knife edges. 
We conclude that there is no significant difference in 
cyclic life between the two metals and there is no influ- 
ence of strain rate on cyclic lifetime. However, a strain- 
rate effect on lifetime would be expected of specimens 
tested to failure in the microplastic plateau regime. 

F. Hysteresis Loop Analysis 

During the course of this investigation, it was noted 
that although the peak stress did not vary significantly 
with increasing numbers of cycles, the shape of the hys- 
teresis loops did change. As a consequence, a detailed 
analysis of the hysteresis loops produced during low-cycle 
fatigue testing was conducted in order to determine the 
friction stress and back stress components for each loop, 
following a procedure outlined by Kuhlmann-Wilsdorf 
and Laird. t~61 For each loop, a peak stress, orp, and a 
yield stress, o- r, can be identified with both right and left 
sides of the loop, as shown in Figure 10. The friction 
stress, or:, and back stress, o" b, are simply determined as 
follows: 

orp = or: + or b [3] 

ory = O ' f -  orb [4] 

Rearranging, 

[6] 

The value of the yield stress, however, is somewhat ar- 
bitrarily determined, just as the monotonic yield strength 
is dependent on the arbitrary choice of an offset (typi- 
cally 0.2 pct) as the defining value. In the present anal- 
ysis, the data points between 0.4 and 0.8 times the peak 
stress were used to define a straight line (determined from 
a least-squares fit), since this was the most linear section 
of that part of the loop. Another straight line parallel to 

Fig. 9--Coffin-Manson plot for commercially pure Nb and Nb-lZr. 
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Fig. 10--Hysteresis loop showing definition of yield stress. 
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"8 ~25 the first, but offset from it by 0.01 pct strain, was con- 
structed. The yield stress was defined as the intersection 
of this second line with the hysteresis loop. A constant 
offset parameter of  0.01 pct strain was used for all tests; 
therefore, at least the relative values of  the friction and 
back stresses are meaningful. 

The peak stresses of  the Nb- l Z r  samples at both slow 
and fast strain rates were constant after the short rapid 
hardening of the first few cycles. Constant peak stresses 
are often considered to indicate a stable mechanical and 
microstructural condition. However,  the hysteresis loop 
analysis demonstrates that the constant peak stresses for 
Nb- lZ r  were a result of  the increasing back stress com- 
pensating for the decreasing friction stress component. 
An example of  this result is shown in Figure 11. Thus, 
a constant peak stress does not necessarily mean a stable 
condition during cyclic deformation. 

The following comments also pertain to the behavior 
after the initial rapid hardening phase of the first few 
cycles. As shown in Figures 4 and 5, the plots of  peak 
stress v s  number of  cycle for the CPNb samples tested 
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Fig. 13--Variation of friction stress with plastic strain amplitude. 

at plastic strain amplitudes of 0.3, 0.4, and 0.5 pct showed 
slight but gradually increasing peak stress with increas- 
ing numbers of  cycles. The results of  the hysteresis loop 
analysis demonstrate that the increasing peak stress was 
due to an increasing back stress; the friction stress re- 
mained essentially constant, as indicated in the example 
shown in Figure 12. A comparison of Figures 11 and 12 
shows a similarity of  increasing back stress with increas- 
ing numbers of  cycles for both metals. In contrast, the 
friction stress remained constant during cycling of CPNb 
and gradually decreased in Nb-lZr .  

The two metals also exhibited a different effect of strain 
rate on the friction stress. It can be seen in Figure 13 
that the results for CPNb always exhibit a greater friction 
stress at the fast strain rate compared to the slow strain 
rate. This was not true for Nb- lZr ,  where three out of  
four samples exhibited a lower friction stress at the fast 
strain rate. In CPNb, the friction stress has a strong Peierls 
stress component, which accounts for its strain-rate sen- 
sitivity. In Nb- lZr ,  the friction stress is dominated by 
the zirconium atoms, and the Peierls stress component 
is negligible at room temperature, with the consequence 
that the strain-rate sensitivity of the friction stress is greatly 
reduced. 
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Fig. 12--Variation of friction stress, back stress, and peak stress with 
cycles in commercially pure Nb. 

IV. C O N C L U S I O N S  

Commercially pure niobium and niobium-1 pct zir- 
conium were tested under low-cycle fatigue conditions 
at ambient temperature. Each metal was tested at slow 
( 2  X 10 -4  S - t )  and fast (2 • 10 -2 s - ' )  strain rates. 

1. Only cyclic hardening occurred in both metals at each 
strain rate. 

2. The cyclic stresses were always higher in the fast strain- 
rate tests than in the slow strain-rate tests at the same 
plastic strain amplitude. The difference between the 
fast and slow strain-rate cyclic response is greater for 
commercially pure niobium than for niobium-1 pct 
zirconium. The different responses of  the two metals 
are attributed to the fact that the edge and screw dis- 
location mobilities are more nearly equal in niobium- 
1 pct zirconium as a result of  the interaction between 
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the edge dislocations and the zirconium substitutional 
atoms. 

3. The expected behavior for these bcc metals in the low- 
temperature (fast strain-rate) regime, where screw 
dislocation mobility is limited, was observed. Spe- 
cifically, intergranular cracking occurred, and a 
microplastic plateau was observed in the commer- 
cially pure material. A microplastic plateau was not 
detected at the lower strain rate. 

4. The presence of the microplastic plateau and the cyclic 
stress amplitude of this plateau support the proposal 
that the limited mobility of screw dislocations in the 
microplastic plateau is the physical origin of the fa- 
tigue limit. 

5. At plastic strains above the microplastic plateau, both 
metals have the same fatigue life at equal plastic strain 
amplitudes. The strain rate had no effect on the cyclic 
lifetime. 

6. The mechanisms of cyclic deformation in polycrys- 
talline niobium are consistent with previously pub- 
lished descriptions of single-crystal behavior. 

7. An analysis of the hysteresis loops demonstrates that 
a constant peak stress does not necessarily indicate a 
constant substructure, as reflected in variations of the 
friction and back stress components. 
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