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HIGH-TEMPERATURE FATIGUE BEHAVIOR OF UNIRRADIATED V-i5Cr-5Ti TESTED IN VACUUM

Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Limited results of in-vacuum fatigue tests are presented for unirradiated V-15Cr-5Ti
tested at room temperature, 550, and a50*C, respectively. The test data were analyse
using a power law equation to correlate the total strain range and cycles to failure.
Comparison with data for 2QZ cold-worked type 316 stainless steel tested at 550"C
shows that on the basis of strain range the vanadium alloy is about the same as the
stainless steel below 10,000 cycles to failure but becomes superior above the point.
The general data trend further suggests that endurance limits may exist at strain
ranges of approximately 0.7 and 0.62 at 550 and 65O"C, respectively.

1. INTRODUCTION

For some fusion reactors which operate in a
cyclic node, thermal cyclic fatigue and crack
growth aay limit Che service life of the first
wall components. Refractory octal alloys
would reduce these limitations because of nigh
ceaperature strength, good thermal conduc-
tivity, compatibility with liquid metal cool-
ants, and apparent resistance to radiation
damage.CD The thermal stress resistance
(which is a function of thermal conductivity,
the thermal expansion coefficient, ?oisson*s
ratio, the raodulus of elasticity, and the
yield strength) ot refractory netal alloys is
generally several times better than char of
stainless steel. (2) This wouk1 Llow a higher
operating temperature and th -e would take
advantage of increased then: . o ersion
efficiency or higher wall lca«'' Offsetting
those advantages are high costs, t:m lack of
production capacity, environmental effects,
and a limited data base.

The tensile and creep properties of vanadium
and vanadiua base al\ S have ueen studied
extensively in suppot of previous programs on
vanadium cladding development Tor br"";' —
reactor fuel elements and high temper.
alloys for space power systems. In i ...n.st
to the abundance of such data, there L-> a near
total lack of information on the fatigue
properties, which are relevant ami critte.il to
the design of a fusion first vail. Hie pur-
pose of this paper Is to present -aseline
information on fatigue properties uz
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unirradiated V-I5Cr-5Tt subjected to fully
re-.ersed strain-controlled cyclic loading.
Since the ongoing taut program is still in
progress, only lisuted resuits obtained to
dace are reported here for in-vacuun fatigue
tests on this a'loy at roon tonperaturo, 550,
and b50°C, respectively.

_'. SPECIMENS A.\'O EXPERIMENTAL JETAILS

Specimen stock i>f V-I3Cr-5Ti wa; obtained In
the forn of 6.i-on-aia(a rods (Heat '.'>o. CAM-335-
33) £n a cold-workod (SO-90:; cold deroraation)
condition. Ttie chemical composition (wt 1) ui
the iinished rods was fc.^Ti, l^.SCr, O.O32C,
0.0310, and 0.0-̂ 6:;, with the balance V.

The fatigue specimen used in this experiment
i.s shown in Fig. ;. It is <i miniature iiour-
Sla.ss specinen which h.-"* » ̂ age diameter ot
3.18 t*a with a 12.7-an fillet radium. 3etore
aachining of the specimens, the bar stuck was
annealed at 1200"C in a vacuum below L0~- Pa.
Results :»f tills heat treataent were exatiir.ed
by optical necaliographv and hardness aea.sure-
nc^ts. Photomicrographs of as-received and
heat-treated samples .ire snown in Figs. 2a and
2b, respectively. Exaainations indicate that
the desired grain sire of approximately 30 -EI
was attained. Full recryscallization and no
visible aicrocracks were seen ^ubsequont to the
•ieat treatment. The average values of five
Yickers Diamond Pyramid Hardnt!*.s (UPH) tests
performed on t!ie oriU cress section were JS5 in
as-received and J33 in annealed condition.
The high hardness vaiue resulted froa the cold
work. Spocioeus --ere .tro.̂ s reliuved utter
aacnining jt l̂ 'JO'C for >. 3 !> in vacuum.

Tests were perforated en i closed-loop :iervo-
ocrurolled electrohydraulic fatigue tester
equipped wic.i a iiip'i vacuum chamber capaoie .>:
pressures helow L')~ Pa. Specinens were
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Figure 1 : Hourglass fatigue specimen

heated by an induction generator, maintaining
che test temperature within *-2°C during the
test. A diametral extensoneter designed
specifically for applications In a high vacuum
environment and at high temperatures was used.
However, loading was* controlled by axial
strain calculated from the measured diametral
strain via a strain computer. A fully reversed
triangular wave function beginning witli com-
pression was used at a strain rate of 0.004/a
for all low cycle testing under strain control.
High cycle testing was conducted initially In
strain control but switched to load control
after stable, essentially elastic cycling was
established. At that tine the strain rate was
increased co 0.04/s,

Figure 2 : Photomicrographs o£ V-iSCr-5Ti in
(a) as-received condition and (b)
annealed 1 h at 1200*C In vacuum

at a strain range of 0-6% was discontinued
after 2 x 10'; cycles, as indicated with an
arrow directed toward the right of the data
point shown in Fig. 3; apparently, this strain
range was below the endurance Halt at this
temperature. The. remaining room temperature
data indicate that a power law relationship
between the total strain range and cycles to
failure is appropriate. The following equa-
tion was used in the analysis of che room
temperature data:

AN, + BN,,-s U)

where

<lc.. * t o t a l s t r a i n range In %,

!«£ • number of cycles to failure, and

A, fi, *, and 6 • material constants.

The values of the material constants are
tabulated In Table 2. Similar relations,
compensated for tenperature effects, were
postulated for the elevated temperature data
aided by the somewhat incomplete results of
three elevated teapcracure tests, one at 65O*C
(AV-57) ana two at 550*C (AV-5I* and AV-511),
indicated with arrows as shown in Fig. 3.
These tests were ended with fractures that
occurred outside the gage section. The r«a-
ons for this abnormal failure mode arc still
unclear, but it appears that the alloy may be
somewhat sensitive to the presence of stress
risers when cycled in the high cycle range
at elevated temperatures.

3. RESULTS ANT> DISCUSSION

Test data obtained to date from ongoing in-
vacuaa faiigue tests ate shown in Pig. 3, and
detailed test results are summarized in Table
1. A rooa tsaperature test <.\V-52) conducted

When V-15Cr-3Ti was subjected to fully
reversed strain-controll*d cyclic loading, the
stress range of the hysteresis loops increased
as the test proceeded, a behavior called
cyclic hardening. Figure U shows the p*ak.~ta-
peak amplitudes as 3 function of number of
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Figure 3 : Cyclic fatigue data for V-l5Ct-5Ti
tested at 25, 550, and 650"C in
vacuua
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Figure 4 : Cyclic stress behavior of V-15Cr-5Ti
tested at 25 and 650*C

cycles. All tests at roo« teaperature exhi-
bited *aonotonic cyclic hardening, whereas at
650*C soae stress r<n$e stability was noted
after 10-200 initial cycles. Cyclic hardening
resuawd at the end of the stress range stability
in tests of 650*C.

A behavior called elastic stress shakedown was
observed in tests cycled to 0.6Z strain range,
apparently resulting frosi aonotonic cyclic
hardening. At 65O*C the alloy showed a cost-
plcte shakedown with saturation after about
200 cycles. Subsequently, the alloy I'ehaved
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practically as an clastic solid, provided that
chc maximum cyclic strain range, previously
attained, was not exceeded.

The vanadium alloy data were compared to
recently obtained in-vacuuai fatigue data(3) on
20Z cold-worked type 316 stainless steel
tested at 550*C, as shown in fig. 5. The
vanadium alloy data fell within the scatter
band of stainless steel data in the low cycle
range (life below 101* cycles). However, at
strain ranges below about 0.8% the vanadium
alloy exhibited superior fatigue behavior in
comparison to the stainless steel, which
showed an apparent endurance Unit at 0.35Z
strain range. The endurance limit strain
range for V-15Cr-5Tl tested at 550°C appears
to be about a factor of 2 greater than this .
value. A lower endurance Halt at a strain
ranfie of approximately 0.62 would be expected
at 650'C.

4. CONCLUSIONS

1. Results obtained from in-vacuua fatigue
tests on V-lSCr-5Ti show that a power law
relation between the tonal strain range and
cycles to failure Is appropriate.

2. Annealed V-15Cr-5Ti tested at 650'C showed
cyclic hardening with saturation after about
10-200 cycles. The alloy also snowed a
complete elastic stress shakedown when tests
were cycled to 0.6% strain range.

3. Beyond approximately 101* cycles to failure,
the alloy at 550*C shows better fatigue
resistance than 20Z cold-worked type 316
stainless steel tested in the same manner.

4. The general data trend suggests that
endurance limits may exist at strain ranges

of approximately 0.7 and 0.62 at 550 and
650*C, respectively.

5. On the basis of existing data and extrapola-

tion, it appears that this alloy has poten-

tial value for fusion reactor applications-

Investigations at high temperatures in the

strain ranges below 0.9." are continuing. There-

fore, no conclusion wil'i be osdc until more data

become available for further evaluation.
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Figure 5 : Comparison of fatigue behavior of
20Z cold-worked type 316 stainless
steel tested at 5SO*C with V-15Cr-
5Ti tested ;-t 550 and 65O'C,
respectively
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Table 1. Results of fatigue tests on unlrradiated V-15Cr-Ti

Specimen2

AV-53
AV-51
AV-515
AV-520
AV-52

AV-510
AV-58
AV-521
AV-514
AV-511

AV-54
AV-56
AV-57

Test
Temperature

(C)

27
27
23
20
27

550
550
550
550
550

650
650
650

Total
Strain
Hangs

<Z)

2.00
1.00
0.90
0.80
0.60

2.00
1.00
0.80
0.80
0.75

2.00
1.00
0.60

Maxiaua Total
Cyclic Stress
Bange, Ao

(MPa)

1340
1200
1074
922
830

1240
1080
952
964
920

1228
1080
717

Cycles
to

Failure

4,345
109,125
781,200

1,860,000
>2,047,020

3,783
43,555

595,200
>260,220

>1,072,410

1,874
19,452

>951,302

Mode of
Test ,

Control

SC
SC
SC/LC
SC/LC
SC/LC

SC
SC
SC/LC
SC/LC
SC/LC

SC
SC
SC/LC

Comments

a

d
d

d

All specimens were annealed 1 h at 1200*C in vacutai.

°SC - strain control with e { - 4 x 10"3/s; SC/LC - strain control transferred to load

control with e., - 4 x 10~2/s when the response becoaes elastic.

''Specimen did not fail; test discontinued.

Specimens ruptured outside the gage section.

Table 2. Material constants for equation (1)

Teapcrature
CO

25

550

650

1

1

A

.67

.54

.66

0.
0.
0.

a

048

048

061

B

6208

1432

1170

1

0

0

3

.055

.887

.948
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