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Abstract

A study of the thermal creep properties of V±4Cr±4Ti were performed using pressurized tube specimens. Creep tubes

nominally 4.57 mm OD by 0.25 mm wall thickness were pressurized with high-purity helium gas to mid-wall e�ective

stresses below the uniaxial yield strength. Specimens were heated to 700°C and 800°C in an ultra-high vacuum furnace

and periodically removed to measure the change in OD with a high-precision laser pro®lometer. The secondary creep

rate was found to be power-law dependent on the applied stress with a stress exponent of 3.7 at 700°C and 2.7 at 800°C.

The average activation energy for creep of V±4Cr±4Ti was 299 kJ/mol, which is quite close to the activation energy for

self-di�usion in pure vanadium in this temperature regime. The predominant mechanism of creep deformation for the

conditions employed in this study is most likely climb-assisted dislocation motion. Ó 2000 Elsevier Science B.V. All

rights reserved.

1. Introduction

Vanadium-base alloys are attractive candidate ma-

terials for fusion ®rst-wall/blanket structural materials,

in part, because of their potentially high service tem-

peratures. The maximum operating temperature limit

for vanadium alloys in fusion power system design

studies are typically assumed to be about 700°C [1].

Alternately, it was recently suggested that vanadium

alloys might be capable of operating at temperatures up

to 750°C [2]. The maximum operating temperature will

be governed by helium embrittlement, compatibility

with the fusion environment and creep resistance (both

thermal and irradiation). Information on the creep

properties of vanadium and vanadium alloys is limited

since only a few studies have been performed [3±8].

Within the existing database there are uncertainties

which may have in¯uenced the results such as the

starting interstitial impurity content of test specimens

and vacuum quality. Because of this paucity of data, it is

a priority for the US Advanced Materials program to

characterize the creep and creep-rupture properties of

the reference vanadium alloy V±4Cr±4Ti.

A study of the biaxial thermal creep properties of V±

4Cr±4Ti is being performed using pressurized tube

specimens. The specimen geometry, stress levels and test

temperatures are designed to complement ongoing ef-

forts to characterize the irradiation creep performance

of the same alloy [9±12]. The current study is a com-

panion to another research e�ort underway at Argonne

National Laboratory (ANL) [13] to evaluate the uniaxial

creep behavior of V±Cr±Ti alloys as a function of tem-

perature in the range 650±800°C and at applied stress

levels between 75 and 380 MPa. The objective of the

ANL e�ort is to characterize the in¯uence of interstitial

and substitutional solutes on creep performance.

2. Experimental procedure

Sections of V±4Cr±4Ti tubing with a nominal 4.572

mm OD, 0.254 mm wall thickness and �45% cold work

level were obtained from ANL for fabricating creep

specimens. Details of the tubing fabrication have been

reported previously [11]. Specimen blanks 25.4 mm long

were cut from the tubing and measurements of the ID

and OD were performed at two axial locations (x/l� 1/3

and 2/3) and at 45° azimuthal intervals prior to cleaning.

Prior to welding, specimen blanks and end-caps were

degreased and pickled for 3 min in a solution of 40 ml

HF, 40 ml HNO3, 120 ml lactic acid and 100 ml distilled
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water to remove surface oxides. After pickling, all parts

were rinsed thoroughly with distilled water, acetone,

and ethanol to remove any residual chemicals. Fol-

lowing cleaning, the specimen thickness was measured

using a metallurgical microscope at eight equally spaced

azimuthal locations around each tube end. Five TEM

disks punched from pure titanium foil were inserted into

each specimen and end-caps were electron-beam welded

to the tubes. Following end-cap welding, the specimens

were loosely wrapped with titanium foil and annealed in

a vacuum (610ÿ7 Torr) at 1000°C for 1 h. This heat

treatment produced a microstructure with an average

grain size of 21 lm. After heat treatment, specimen ODs

were re-measured using a laser pro®lometer. The sen-

sitivity of the laser pro®lometer is �5� 10ÿ4 mm which

translates to a strain measurement sensitivity of about

�0:01%. The diameter measurements were made at ®ve

axial locations (x/l of 0.1, 0.3, 0.5, 0.7 and 0.9). Speci-

mens were then ®lled with 99.999% purity helium gas to

the desired pressure and sealed by laser welding. Fill

pressures were determined with a computer code that

accounted for the thermal expansion of the tubing and

compressibility of the helium ®ll gas at the test tem-

perature of interest. The specimen OD was again mea-

sured using the laser pro®lometer to determine the

elastic diametral displacements for each tube. Prior to

insertion into the vacuum furnace, each specimen was

loosely wrapped with titanium foil to provide additional

protection against oxygen pickup during the experi-

ment. Initially, tube diameters were measured weekly

until it was apparent that longer intervals could be

tolerated. Two tube sections without end-caps were

also included with the pressurized specimens at each

test temperature to enable periodic assays for oxygen

pickup.

3. Results

Tube diameters were measured as a function of time

using the same equipment and procedures as before test.

Figs. 1 and 2 show the time dependence of the e�ective

mid-wall creep strains for the 700°C and 800°C test

temperatures, respectively. To preclude end e�ects, only

the middle three measurements along the length of the

tube were used to compute the average diametral strain.

For ruptured specimens, the creep strain is based on the

diameter measurement taken nearest the failure loca-

tion. Creep strains were calculated from the total mea-

sured strain minus the elastic contribution. Conversion

from outer diameter strain to mid-wall hoop strain was

done using the expression derived by Gilbert and

Blackburn [14]. It should be noted that the conversion

factor is not a constant, but decreases with increasing

strain. The Gilbert and Blackburn expression was eval-

uated numerically to give values of the conversion factor

up to diametral strains of 0.6. Mid-wall hoop strains

were then converted to e�ective strains by

ee � 2���
3
p eh; �1�

where ee is the e�ective mid-wall creep strain and eh is

the mid-wall hoop strain. E�ective mid-wall stresses

were calculated from the von Mises distortion energy

criterion. The principal stresses inserted into the von

Mises equation were the appropriate expressions for

stress in a thick-wall, closed end cylinder.

Interesting features of the strain±time curves are that

primary creep was not observed and the secondary creep

regime was very short. Their shapes are suggestive of

predominant tertiary creep from a very early stage in the

test. Given that strain measurements are periodic, it is

Fig. 1. Time dependence of e�ective mid-wall creep strain at

700°C for unirradiated V±4Cr±4Ti.

Fig. 2. Time dependence of e�ective mid-wall creep strain at

800°C for unirradiated V±4Cr±4Ti.
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not surprising that primary creep is not seen since this

deformation transient is expected to be of short dura-

tion. It is more surprising that the secondary creep re-

gime is apparently also of very short duration. This

behavior may be due to the presence of shallow longi-

tudinal scratches or defects found on the tube ID. Re-

sults of microstructural examinations of several

ruptured specimens and as-received tubes indicate that

these defects are common and are probably caused by

the tube fabrication technique [15]. Further work is

needed to fully assess the signi®cance of these defects on

the biaxial creep properties of V±4Cr±4Ti. The reader

should also note the relatively high rupture strain of the

800°C specimen tested at 70.6 MPa compared to the

rupture strains of the 800°C specimens tested at high

stresses. This result is contrary to expectation since

creep ductility generally decreases with decreasing

stress. This di�erence may be due to the presence of

fabrication defects decreasing the rupture strain of the

high-stress specimens, or to strengthening of the 70.6

MPa specimen due to gradual oxygen pickup during the

course of the test, or a combination of both. As noted

below, some oxygen was picked up during our tests, but

it is di�cult to quantify its e�ect on creep ductility.

Secondary creep rates were determined by ®tting the

strain±time data to a straight line for e�ective strains

less than about 0.2%. Very good to excellent curve ®ts

were obtained at these small strain levels. Deviation

from linearity was typically found at higher e�ective

strains.

Chemical analyses for pickup of oxygen and nitro-

gen were performed on two of the unpressurized 800°C

tube specimens (Sample IDs: 8-2 and 8-1). These spec-

imens were in the vacuum furnace for 2812 and 5142 h,

respectively. The chemical analyses were performed at

Siemens Power Corporation in Richland, Washington.

The specimens were sectioned into three parts and each

section was prepared by etching in 10% HNO3: 4.8%

HF for 30 s to one min followed by deionized water and

acetone rinses with air drying. A LECO TC436 nitrogen

oxygen determinator was used for the analyses. The

method uses inert gas fusion of the sample in a graphite

crucible with a nickel ¯ux. Nitrogen is measured by

thermal conductivity, and oxygen is measured as carbon

dioxide by an infrared detector. Several control stan-

dards were analyzed along with the test samples. The

average oxygen and nitrogen levels are 733 and 59.8

wppm after 2812 h, and 1044 and 89.5 wppm after

5142 h. These levels may be compared with the as-

received values of 699 wppm O and 75 wppm N. The

data indicate that a relatively modest increase in oxygen

level was experienced during the course of the exposure

at 800°C. Any oxygen pickup should only a�ect the

time-to-rupture and not the secondary creep rate since

the secondary creep regime was of such short duration

in our tests.

4. Discussion

The stress dependence of the e�ective secondary

creep rate is presented in Fig. 3 along with uniaxial data

obtained by Chung et al. [8] at 600°C and higher

stresses. All of the data in Fig. 3 were ®tted to

_ee � Arn
e ; �2�

where _ee is the e�ective secondary creep rate, re the ef-

fective stress and A and n are constants. Note the stress

exponent, n, is 9.9 for the 600°C data gathered at stress

levels greater than 300 MPa. Stresses above 300 MPa are

beyond the 600°C yield strength for V±4Cr±4Ti, so it is

reasonable to expect that the stress dependence of the

secondary creep rate may di�er from data taken at lower

stresses. For 700°C and 800°C, data generated at stresses

less than 160 MPa (below yield), n is between 2.7 and

3.7. This di�erence in stress exponent is not due to bi-

axial versus uniaxial specimen geometries, but is char-

acteristic of creep in vanadium and vanadium alloys [3±

8]. Values of n � 3 suggest that dislocation creep is the

predominant deformation mechanism for the thermal

and stress conditions employed here [16]. Microstruc-

tural studies of several ruptured creep specimens support

this conclusion [15].

The activation energy for creep in V±4Cr±4Ti was

estimated at e�ective stress levels of approximately 70,

90 and 120 MPa. Eq. (3) was used to compute the ac-

tivation energy, Q, as

Q � R ln� _e1= _e2�
�1=T1� ÿ �1=T2� ; �3�

Fig. 3. Stress dependence of the minimum creep rate of unir-

radiated V±4Cr±4Ti between 600 and 800°C.
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where R is the universal gas constant, and _e1 and _e2 are

the e�ective creep rates at temperatures T1 and T2. Ac-

tivation energies ranging from 272 to 326 kJ/mol were

obtained with an average value of 299 kJ/mol. The ac-

tivation energies did not vary inversely with stress as has

been observed for pure vanadium [3]. These values are

somewhat greater than the activation energy for self-

di�usion in pure vanadium, which is about 270 kJ/mol in

the 700±800°C temperature range [18]. This result lends

additional support to the observation that the predom-

inant creep mechanism in V±4Cr±4Ti at the tempera-

tures and stresses investigated in this study are

climb-assisted glide of dislocations. It also suggests that

solute-drag may limit the rate at which dislocations can

climb past obstacles in the microstructure leading to a

higher activation energy for creep. A recent study of the

high-temperature deformation behavior of V±4Cr±4Ti

shows that dynamic strain aging occurs in this material

at temperatures up to 750°C [17]. This indicates that

solutes are mobile at the test temperatures investigated

in this study and could impede dislocation climb.

A comparison of the creep-rupture behavior of

specimens tested here to data gathered on V±Cr±Ti

alloys [6,8,11,13] and other fusion relevant materials [19]

is presented in Fig. 4. Both uniaxial and biaxial data are

plotted in Fig. 4. The data sets are correlated using the

Larsen±Miller parameter (LMP), that is,

P � T � log tr � 20�
1000

; �4�

where T is the test temperature in K and tr is the time-to-

rupture in hours. Since failure strains for the vanadium

alloys were generally large, a good correlation between

uniaxial (constant load tests) and biaxial (constant stress

tests) data might not be expected, but this is obviously

not the case here. The trend line for V±4Cr±4Ti is quite

reasonable, but the data are too sparse to ®rmly estab-

lish an LMP creep-rupture correlation for this alloy.

Comparison with V±(10±15)Cr±5Ti data [6,11] indicates

that an additional 6±9% Cr improves the creep-rupture

properties of this alloy system considerably. Comparing

the performance of V±4Cr±4Ti with HT-9 [19] and 20%

cold-worked 316 stainless steel [19] shows that V±Cr±Ti

alloys exhibit much better creep-rupture resistance and

therefore could tolerate higher average wall tempera-

tures.

5. Conclusions

A study of the thermal creep properties of V±4Cr±4Ti

was performed using pressurized tube specimens. The

secondary creep rate was found to be power-law de-

pendent on the applied stress with a stress exponent of

3.7 at 700°C and 2.7 at 800°C. The average activation

energy for creep of V±4Cr±4Ti was 299 kJ/mol, which is

quite close to the activation energy for self-di�usion in

pure vanadium in this temperature regime. The pre-

dominant mechanism of creep deformation for the

conditions employed in this study is most likely climb-

assisted dislocation motion. Creep-rupture data from

uniaxial and biaxial tests of V±4Cr±4Ti specimen yields

a reasonable LMP correlation. On this basis the creep-

rupture properties of V±4Cr±4Ti were shown to be

slightly worse than V±(10±15)Cr±5Ti and signi®cantly

better than other candidate fusion structural materials

such as HT-9 and 20% cold-worked 316 stainless steel.
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