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a b s t r a c t

The paper presents irradiation creep data for V–4Cr–4Ti irradiated to 3.7 dpa at 425 and 600 �C in the
HFIR-17J experiment. Creep deformation was characterized by measuring diametral changes of pressur-
ized creep tubes before and after irradiation. It was found that the creep strain rate of the US Heat 832665
of V–4Cr–4Ti exhibited a linear relationship with stress up to �180 MPa at 425 �C with a creep coefficient
of 2.50 � 10�6 MPa�1 dpa�1. A linear relationship between creep rate and applied stress was observed
below �110 MPa at 600 �C with a creep coefficient of 5.41 � 10�6 MPa�1 dpa�1; non-linear creep behav-
ior was observed above �110 MPa, and it may not be fully accounted by invoking thermal creep. The
bilinear creep behavior observed in the same alloy irradiated in BR-10 was not observed in this study.

Published by Elsevier B.V.
1. Introduction

Significant progress has been made in developing vanadium al-
loys for fusion energy applications. The uncertainty in irradiation
creep of these alloys is still a major issue due to a limited database.
Previous irradiation experiments performed on the reference alloy
V–4Cr–4Ti included the ATR-A1 experiment on the US Heat
832665 irradiated up to 5 dpa at 200 and 300 �C in lithium-filled
capsules in the Advanced Test Reactor (ATR) [1,2], the HFIR-12J
experiment on the same heat irradiated up to 6 dpa at 500 �C in he-
lium-filled capsules in the High Flux Isotope Reactor (HFIR) [3], and
a study by Troyanov et al. on a V–4Cr–4Ti alloy irradiated to 3 dpa
at 445 �C in the BR-10 fast reactor [4]. Both the ATR-A1 and HFIR-
12J experiments used pressurized creep tubes (PCT), while Troya-
nov used thin-walled tubes loaded in torsion. There is a significant
inconsistency in creep strain rate of V–4Cr–4Ti at highest stress
levels used in these experiments. The bilinear creep behavior ob-
served in the BR-10 experiment was not found in the ATR-A1
and HFIR-12J irradiation experiments. In the BR-10 experiment
the creep rate increased dramatically above 120 MPa, about one-
half of the uniaxial tensile yield strength of the irradiated alloy.
Additional irradiation creep data are needed to resolve this uncer-
tainty. There is also lack of irradiation creep data at higher temper-
atures and higher fluences to evaluate the performance limits of
this alloy.

This work was undertaken to determine the irradiation creep
rates of the US Heat 832665 of V–4Cr–4Ti at 425 and 600 �C. The
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creep data of PCT specimens at stresses up to 180 MPa are pre-
sented, and the results are compared with the earlier irradiation
creep data for V–4Cr–4Ti.
2. Experimental

The HFIR-17J experiment was conducted under the Collabora-
tive Testing Program, JUPITER II between the US DOE and the JA-
PAN MEXT. This experiment contained a total of 28 pressurized
creep tube specimens of V–4Cr–4Ti: 14 specimens were fabricated
from the US Heat 832665 and the other 14 made from the Japanese
NIFS-Heat-2. Seven PCT specimens from each heat were irradiated
in each of two lithium-containing subcapsules operated at 425 and
600 �C, respectively. This paper presents the creep data for the US
Heat 832665; the irradiation creep data for the NIFS-Heat-2 can be
found in the proceedings of this conference [5].

Pressurized creep tube specimens initially had a nominal outer
diameter of 4.57 mm, a wall thickness of 0.254 mm and a total
length of 25.4 mm. Tube blanks were fabricated from the Batch B
drawn tubing of the US Heat 832665, and were exposed to liquid
lithium at 800 �C for 168 h and then at 1000 �C for 1 h to reduce
oxygen concentration. End caps were made from plate material
of the same heat. The end caps were electron-beam-welded to
the tube blank, followed by annealing at 1000 �C for 1 h in vacuum
before pressurization. Creep tubes were pressurized with high pur-
ity helium (99.999%) to develop a desired stress level and sealed by
laser welding. The PCT specimens had an average grain size of
�20 lm and contained 161 wppm N, 509 wppm C and 700 wppm
O for a total interstitial impurity content of 1370 wppm prior to
irradiation. The detailed fabrication process was described in Refs.
[6–8].
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Fig. 1. Irradiation creep data for the US Heat 832665 of V–4Cr–4Ti irradiated to
3.7 dpa at 425 and 600 �C.
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The HFIR-17J experiment was irradiated for 5 reactor cycles
for a total of 9930 MWD in a removable beryllium (RB) position
of the HFIR. The neutron fast flux level (E > 0.1 MeV) was
2–5 � 1014 n/cm2 s, corresponding to a displacement damage rate
of �4 � 10�7 dpa/s. The PCT specimens were held in perforated
baskets of a vanadium alloy and sealed within lithium-filled
subcapsules. The 425 �C subcapsule was made of 316SS, and the
600 �C subcapsule was made of TZM molybdenum alloy. The pri-
mary capsule was surrounded by a Eu2O3 shield to absorb thermal
neutrons to minimize V to Cr transmutations. The two subcapsules
containing PCT specimens were operated at average temperatures
of 425 and 600 �C. The temperatures of subcapsules were con-
trolled independently by adjusting the thermal conductivity of
the inert gas mixture flowing between the subcapsules and the in-
ner housing. Temperature controls of subcapsules were also
dynamically coupled as gas from lower holders was part of the
mixture for upper holders. The temperatures were measured by
three thermocouples inserted in a thermocouple well that ex-
tended from the base of the subcapsule into the specimen assem-
bly and lithium bath. The 425 �C subcapsule was initially designed
to operate at a target temperature of 450 �C. A partial blockage of
the purge gas line observed in the first cycle of irradiation led to
a reduction in the target temperature to �425 �C. Further degrada-
tion of this blockage caused some operational difficulties resulting
in this capsule running at slightly lower temperatures, �418 �C
average, for part of the third cycle. The capsule temperature was
increased from �425 to �445 �C in the last cycle allowing higher
argon concentration at the middle 600 �C subcapsule to maintain
the temperature at 600 �C. Thus, the temperature of this capsule
varied between 418 and 445 �C, and was at an average temperature
of 425 �C. The 600 �C capsule operated at 597 ± 3 �C during the
duration of the irradiation, though a cooling trend was experienced
for this capsule, which required progressively increasing percent-
ages of argon gas to maintain temperature. The design, assembly
process and operation of the HFIR-17J experiment are described
in detail in Refs. [9–12].

The creep deformation was calculated by the changes of the
outer diameters (OD) of PCT specimens before and after neutron
irradiation. The specimen OD was measured by a laser profilometer
with a resolution of 0.25 lm (�0.005% strain). A tube profile was
obtained by measuring the central 12.7 mm of the tube at 500 loca-
tions using a helical scan program. The mean OD of a tube was
computed by averaging the central 300 measurements to preclude
end effects. A standard gauge pin was periodically measured to
compensate for any errors from the laser profilometer and the
environment. Each specimen was measured three times in a non-
consecutive manner, and the average from these three measure-
ments was used to determine the creep strain. The mid-wall effec-
tive creep strain of a pressurized creep tube was determined by
assuming that the material is incompressible and the deformation
caused only by uniform plastic flow. The mid-wall von Mises effec-
tive stress of a pressurized creep tube was calculated using the
analytical solution of stress state for a thick-walled pressured cyl-
inder [13].
3. Results and discussion

The mid-wall effective strain is plotted as a function of the mid-
wall effective stress in Fig. 1 for the PCT specimens irradiated at
425 and 600 �C. Each point represents the average strain of one
tube specimen. The zero-stress tubes irradiated at 425 and
600 �C showed effective strains of 0.03% and <0.01%, respectively.
Note that the measured strain at zero stress at 425 �C is higher
than that at 600 �C, and it comprises a noticeable fraction of the
total strain measured at the highest stress level. Precipitation,
texture recovery, transmutation or void swelling could introduce
positive or negative strain, depending on irradiation conditions.

The effective strain was proportional to the effective stress up to
177 MPa in the 425 �C irradiated specimens, except the data point
at the stress of 104 MPa suggesting tube leakage. Analysis of the
data was based on a time-dependent irradiation creep law of the
form:

e ¼ BDr; ð1Þ

where e is the creep strain, r is the applied stress, D is the damage in
dpa (displacement per atom), and B is the creep coefficient. A creep
coefficient of 2.50 � 10�6 MPa�1 dpa�1 was found for irradiation at
425 �C. A linear relation between the effective creep strain and effec-
tive stress was observed up to �110 MPa in the 600 �C irradiated
specimens with a creep coefficient of 5.41 � 10�6 MPa�1 dpa�1;
above�110 MPa, the effective strain exhibited a non-linear relation-
ship to the effective stress.

Based on an analysis of V–4Cr–4Ti thermal creep behavior, ther-
mal creep can be a significant contributor to the deformation mea-
sured following irradiation at 600 �C [14]. It is necessary to
separate thermal creep and irradiation creep components to deter-
mine if the non-linear stress dependence of creep strain at 600 �C is
caused by a thermal creep effect. Due to lack of thermal creep data
at the irradiation temperatures, predictions of the thermal creep
component using a creep model derived from higher temperature
thermal creep tests were attempted. Given the uncertainties of this
data extrapolation, these predictions are used as a guide only to
estimate the thermal creep effect under the irradiation conditions.
Fig. 2 summarizes thermal creep data in both vacuum and lithium
environments on V–4Cr–4Ti reported in the literature
[13,15,16,2,17–23]. The creep data can be described by a power-
law dislocation creep equation:

_e ¼ A � DSDlb
kT

� �
� r

l

� �3

; ð2Þ

where _e is the creep rate, r is the applied stress, DSD is the lattice
diffusion coefficient (activation energy of 300 kJ/mol), l the shear
modulus, b the Burger’s vector, k the Boltzmann’s constant, T the
absolute temperature, and A is a constant (=0.05 derived from
experimental data). Assuming that the same dislocation power-
law thermal creep mechanism was operating during neutron irradi-
ation, the thermal creep component at irradiation temperatures of



10-4 10-3 10-210-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

lower
bound

dε/dt=A*(DGb/kT)(σ/G)3

(d
ε/

dt
)k

T/
D

G
b

σ/G

 US Heat 832665, biaxial, lithium, Grossbeck et al
 US Heat 832665, biaxial, vacuum, Kurtz et al
 US Heat 832665, uniaxial, vacuum, Natesan et al
 JP-NIFS-Heat2, biaxial, lithium, Li et al
 US-NIFS-Heat2, biaxial, lithium, Li et al
 NIFS-Heat1, uniaxial, vacuum, Fukumoto et al
 NIFS-Heat2, uniaxial, vacuum, Chuto et al
 V4Cr4Ti(1125C/1h ann), uniaxial, vacuum, Chung et al

V4Cr4Ti thermal creep
Ttest= 600-800oC

n = 13

upper
bound

Fig. 2. Summary of thermal creep data for V–4Cr–4Ti tested between 600 and
800 �C in vacuum and lithium.
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600 �C was calculated using Eq. (2). As thermal creep data vary by
nearly one order of magnitude, both a mean value and an upper
bound value was used for estimating thermal creep contribution
in the overall deformation during irradiation. By subtracting the
thermal creep strain from the total train to obtain the irradiation
creep strain, total, irradiation and thermal creep strains are plotted
as a function of the applied stress in Fig. 3 for V–4Cr–4Ti irradiated
at 600 �C. While inconclusive, the analysis using a best estimate and
an upper bound estimate suggests that the non-linear stress depen-
dence at 600 �C persisted at high stresses without thermal creep
effects. The non-linear stress dependence at high stresses was also
observed in HT9 ferritic steel by Grossbeck et al., and was explained
using the Preferred Absorption Glide (PAG) mechanism of irradia-
tion creep [24]. The parabolic relation between creep strain rate
and stress predicted by the PAG model seems to fit well with the
600 �C-irradiation creep data of the HFIR-17J experiment.

The irradiation creep data in this study are compared with the
results of the ATR-A1 and the HFIR-12J experiments on the same
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Fig. 3. Irradiation creep strain and thermal creep strain as a function of stress for
the US Heat 832665 of V–4Cr–4Ti irradiated to 3.7 dpa at 600 �C. Thermal creep was
predicted using a power-law dislocation model. Open circles represent a best
estimate, and open triangles represent an upper bound estimate
heat of V–4Cr–4Ti along with the data reported by Troyanov et
al. [4]. The creep strain rate in the unit of %/dpa is plotted against
applied stress in Fig. 4. The linearity of irradiation creep rate with
stress was observed in V–4Cr–4Ti for stresses < �120 MPa at irra-
diation temperatures of 400–600 �C. At lower irradiation tempera-
tures (200–300 �C) in the ATR-A1 experiment, no clear linear stress
dependence was observed due to large scatter of creep data.
Non-uniform irradiation temperature and displacement damage
experienced by the specimens due to space limitation and axial
flux gradient may have caused large variations in creep results in
ATR-A1 [3]. The significant creep deformation at 172 MPa at
300 �C may indicate higher-order stress dependence. The speci-
mens in the HFIR-12J experiment exhibited a significantly higher
creep rate than in the HFIR-17J experiment. The high irradiation
creep rate in the HFIR-12J experiment was suggested to arise from
the unexpected higher irradiation temperature than the design
temperature of 500 �C [25]. The bilinear creep behavior and signif-
icantly higher deformation rates at high stress levels reported by
Troyanov was not observed in the HFIR-17J experiment, though
the irradiation creep rates at lower stress were quite similar in
these two experiments.
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The creep coefficients in the HFIR-17J, HFIR-12J, ATR-A1 exper-
iments and in the Troyanov study are summarized in Fig. 5 as a
function of irradiation temperature. The irradiation dose was la-
beled next to the data points. It is noted that all irradiation creep
data were obtained at doses of 3–6 dpa. The measured creep
coefficients ranged from 1.4 � 10�6 to 11 � 10�6 MPa�1 dpa�1,
compared with creep coefficients in bcc ferritic/martensitic steels,
�0.5 � 10�6 MPa�1 dpa�1, and in fcc austenitic stainless steels,
�1 � 10�6 MPa�1 dpa�1 [26,27]. No clear dependence on irradia-
tion temperature or neutron dose may be drawn from the available
data. The variation in creep coefficient of V–4Cr–4Ti is also signif-
icantly higher than ferritic/martensitic steels and austenitic stain-
less steels. Due to complexities of vanadium alloys (such as
variations in interstitial contents and texture) arising from fabrica-
tion process, heat treatments, effects of environments (e.g. lithium
vs. helium) and neutron irradiation on transfer kinetics and distri-
bution of interstitial elements in the solution and precipitates, and
irradiation enhanced diffusion and precipitation, no complete
explanation of irradiation creep behavior of V–4Cr–4Ti can be fur-
nished without further comprehensive experiments. Irradiation
experiments at a range of doses extending to high damage levels
are also needed to confirm if there are significant transient effects
in vanadium alloys.

4. Conclusions

The major findings of this study are summarized as follows:

1. The creep strain rate of the US Heat 832665 exhibited a linear
relationship with the effective stress up to 177 MPa at 425 �C
with a creep coefficient of 2.50 � 10�6 MPa�1 dpa�1.

2. A linear relationship between creep rate and applied stress was
observed below �110 MPa at 600 �C with a creep coefficient of
5.41 � 10�6 MPa�1 dpa�1.

3. A non-linear relationship was observed above �110 MPa at
600 �C, and it may not be explained by thermal creep only. Fur-
ther analysis is needed to understand this non-linear creep
behavior.

4. The bilinear creep behavior observed in the BR-10 experiment
can was not confirmed in the HFIR-17J experiment.
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