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Abstract

The deformation microstructure and creep mechanisms of Zircaloy-4 have been investigated. Four Zircaloy-4 speci-
mens were tested at different temperatures and stress levels and the deformation microstructures of these specimens were
analyzed using transmission electron microscopy. On the basis of microstructural observation of a-type screw dislocations
in prismatic slip systems, the modified jogged-screw model has been applied as a rate controlling mechanism for creep of
Zircaloy-4. In addition, the stress dependency of dislocation density, jog spacing, and jog height has been evaluated via
modeling and experimental observations. The purpose of this study is to provide a detailed understanding of the creep
deformation of Zircaloy-4 and prediction of creep rates in this alloy based on the microstructural information obtained
from TEM analysis.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Alpha-zirconium (HCP, a-Zr) alloys have over a
50-year history as a nuclear core material, but the
underlying thermal creep mechanisms are still in
question [1]. Although deformation during in-reac-
tor operation is generally controlled by irradiation
creep, thermal creep does dominate deformation at
high temperatures or stresses representative of some
design events (e.g., LOCA). In addition, during post-
irradiation events such as repository storage,
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thermal creep dominates, although it is affected by
irradiation damage [2]. Finally, understanding the
mechanisms of thermal creep will provide a founda-
tion for the eventual understanding of mechanisms
for irradiation creep and post-irradiation creep.

Recently Hayes et al. [3] and Nam et al. [4] have
attempted to examine the mechanism of thermal
creep in a-Zr alloys. Hayes et al. [3] collected relevant
creep data found in the literature for a-Zr tested for
temperatures between 400 �C and 800 �C. Despite
differences in impurity content and testing methods,
they found that at high stresses the data overlapped
when normalized using the familiar Bird–Mukher-
jee–Dorn equation. In addition, the slope of the data
on the plot of normalized strain rate versus stress was
.
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6.4, which is in the range of five-power-law creep.
The deformation mechanism associated with this
regime is a recovery mechanism where dislocation
substructure forms during primary creep via climb
of edge dislocations. Steady state occurs when the
substructure reaches an equilibrium configuration.
The authors site literature evidence of substructure
formation during creep of a-Zr further suggesting
that creep deformation in the high stress regime is
controlled by dislocation climb. At lower stresses,
the stress exponent indicated that a diffusion mecha-
nism such as Harper-Dorn or Coble creep controlled
deformation.

Nam et al. [4] investigated the creep mechanism
specifically for Zircaloy-4 in both the stress-relieved
and recrystallized states for a test temperature range
of 360–400 �C. Similar to Hayes et al., it was
concluded that Zircaloy-4 deforms by a dislocation
climb mechanism at high stress and a diffusional
mechanism (likely Coble creep) at low stress. The
microstructural evidence at low stress and strain
(90 MPa, 0.8%, 400 �C) indicated no subgrain struc-
ture, supporting a diffusional mechanism. However,
subgrain structure was observed at high stress and
strain (150 MPa, 23%, 400 �C), supporting the dislo-
cation climb mechanism.

In parallel, recent work on alpha-titanium (HCP,
a-Ti) alloys has provided evidence that the non-con-
servative motion of jogged-screw dislocations con-
trols steady-state creep deformation [5,6]. Because
a-Ti and a-Zr have an HCP crystal structure with
similar (c/a) ratios, for which prismatic slip is
favored, it is logical to assume that the creep behav-
ior and mechanisms may also be similar. In 1968,
Ardell [7] suggested that the jogged-screw-related
mechanism of Barrett and Nix [8] might control
creep deformation in a-Zr. Their creep mechanism
formulation included an assumed jog height on the
order of a Burgers vector (b). However, the recent
work on a-Ti [5,6] has shown that the heights of jogs
are not on the order of a Burgers vector as assumed
by Barrett and Nix [8], but rather the jog heights are
actually on the order of a 100b; that is, the jogs are
likely much taller than previously assumed for a-Zr.

Clearly, there is still controversy over the exact
mechanisms controlling creep deformation in a-Zr
alloys (e.g., dislocation climb or glide). One short-
coming of the conclusion that creep is controlled
by dislocation climb is that the observations of the
substructure were made on test specimens with sig-
nificant levels of strain. In the case of Hayes et al.
[3] and Nam et al. [4], the observation of substructure
was made on creep specimens with over 20% strain,
even though steady-state creep is reached typically
by 1% strain. In this study, we have focused on the
early stages of creep in order to more readily charac-
terize the dislocation structures present. We never-
theless consider the mechanisms identified below to
be applicable to the steady-state regime.

Before describing the experimental aspects of the
present study and the results, the modified jogged-
screw model developed by Viswanathan et al. [9],
and refined by Karthikeyan et al. [10] will be pre-
sented since we believe it to be highly relevant to
creep of Zircaloy-4. The three deformation mecha-
nisms related to the motion of jogged-screw disloca-
tions will also be described: (1) jog dragging, (2)
dipole dragging, and (3) dipole bypass. The remain-
der of the present paper will discuss the experimental
results on creep tested Zircaloy-4, and the applica-
tion of the presented modified jogged-screw model
to this and other zirconium alloys as a function of
temperature and stress. Following this will be a brief
discussion on the implications of the observations to
modeling irradiation creep behavior of alpha-zirco-
nium alloys.

2. Background of proposed creep model

2.1. The modified jogged-screw model

The modified jogged-screw (MJS) model was ini-
tially developed based on observations of tall jogs in
c-TiAl [9]. The model is a modification of the
jogged-screw model developed by Barrett and Nix
[8]; essentially replacing an assumed jog height, b,
with the actual jog height, h. The basic assumption
of the model is that under steady-state conditions
the chemical drag force (f) of the tall jog will be bal-
anced by applied force on the dislocation line length
between two tall jogs (sbl); where s is the applied
shear stress on the glide plane, b is the Burgers vec-
tor and l is the distance between two tall jogs. The
glide velocity of screw dislocations with tall jogs of
height, h is given as [9]:

vs ¼
4pDs

h

� �
sinh

sXl
hkT

� �� �
; ð2:1Þ

where Ds is the self-diffusion coefficient, X is the
atomic volume, k is the Boltzman’s constant, and
T is the temperature in Kelvin.

A shortcoming of this model is that the tall jog is
assumed to be a point source/sink of vacancies
rather than a more physically meaningful finite line



Fig. 1. The three possible mechanisms as a function of jog height;
jog dragging at short jog heights, dipole dragging at intermediate
jog heights, and dipole bypassing at large jog heights [5].
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source/sink. Karthikeyan et al. [10] corrected this
shortcoming resulting in a revision of Eq. (2.1):

vs ¼
4
ffiffiffi
2
p

pDs

bdðhÞ

 !
sinh

sXl
hkT

� �� �
; ð2:2Þ

where d(h) is a logarithmic function of h and b:

dðhÞ ¼ 0:17þ 4:528 ln
h
b

� �
. ð2:3Þ

The steady-state creep rate is then related to the
dislocation velocity via the Orowan equation:

_c ¼ qbvs; ð2:4Þ
where q is the density of mobile dislocations, which
appears to follow the Taylor equation for the
systems studied thus far [10]:

q ¼ s
aGb

	 
2

; ð2:5Þ

where G is the shear modulus and a is the Taylor
factor. Converting the shear strain rate and shear
stress to tensile strain rate and stress (_e ¼ _c=2 and
r = 2s) and substituting Eqs. (2.2) and (2.5) into
the Orowan equation gives:

_e ¼ 2
ffiffiffi
2
p

pbDs

dðhÞ

 !
r

2aGb

	 
2

sinh
rXl
2hkT

� �� �
. ð2:6Þ
Fig. 2. Map indicating the most energetically favorable mecha-
nism for a combination of jog height, jog velocity, and temper-
ature (for Zircaloy-4).
2.2. Jog dragging, dipole dragging, and

dipole bypass

Viswanathan et al. [9] and Karthikeyan et al. [10]
suggested that there are three possible scenarios for
the motion of jogged-screw dislocations as a func-
tion of jog height (Fig. 1). When the jog is relatively
short, jog dragging is relatively easy. As the jog
becomes taller, the stress required for jog dragging
increases significantly making the extension of a
dipole (dipole dragging) more favorable. When the
jog grows even taller, the applied stress is sufficient
to break the dipole, which may then act as a dislo-
cation source (as the near-edge segments attached
to the jog bypass each other).

Under creep conditions, the stress required for
each of these rate-controlling processes can be
evaluated as a function of jog height. Fig. 2 shows
the jog height as a function of jog velocity for these
three processes for Zircaloy-4. Note that the jog
dragging process is strongly temperature dependent,
while the other two processes only depend weakly
on temperature (through the elastic modulus). The
salient features of this plot is that at higher
temperatures and low stresses, the first deforma-
tion process which occurs as the jogs begin growing
in height is jog dragging, eventually transitioning to
dipole bypass. However, at larger dislocation veloc-
ities caused by higher stress or at lower tempera-
tures, dipole dragging can intervene and dominate



Fig. 3. Creep strain vs. time for Zircaloy-4 specimens crept at
four different conditions.
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between the jog dragging and dipole bypass
processes.

3. Experimental procedure

3.1. Materials

The alloy chosen for this study was rolled
Zircaloy-4 slow quenched from the b phase field
using a proprietary process. The resulting micro-
structure was the Widmanstätten structure typical
of b-quenched Zircaloy. The texture was not mea-
sured, but is expected to be close to random [11].
Creep testing was performed parallel to the rolling
direction.

3.2. Creep testing

Four round Zircaloy-4 creep specimens (6.4 mm
diameter, 76 mm gauge length) were dead-load
tested at the following temperatures/initial applied
stress levels: 260 �C/165 MPa, 371 �C/122 MPa,
510 �C/83 MPa and 593 �C/42 MPa. Table 1 shows
the applied stresses and other creep test parameters
and results. Tests at 260 �C and 371 �C were per-
formed in air, while tests at 510 �C and 593 �C were
performed in a flowing Argon atmosphere. No
significant oxidation of specimens was observed
after testing. The stress on the sample tested at
260 �C was increased to 168 MPa after 316 h. All
tests were terminated by cooling under load.

3.3. Transmission electron microscopy

The crept specimens were sectioned such that the
foil plane was approximately 45� to the loading
axis. The purpose of this sectioning is that occasion-
ally the principal glide plane will coincide with the
foil plane, so that the dislocation morphology can
be more readily characterized. Additional details
regarding dislocation density and jog spacing mea-
surements are provided in Section 5.1. The foils
were prepared by twinjet thinning technique using
Table 1
Creep test results of Zircaloy-4 specimens

Specimen
number

Temp.,
�C

Time of
test, h

Total
creep, %

5037 260 398.2 0.18
5038 371 412.9 0.202
5039 510 39.4 1.0
5041 593 178.2 1.0
an electro-polishing solution consisting of 470 ml
methanol, 30 ml sulfuric acid, and 1.2 ml hydroflu-
oric acid, at a voltage of either 21–22 V and a
temperature of �35 to �30 �C or �25 V and a tem-
perature of �26 �C. Some hydride particles resulted
from this electro-polishing process, but they were
easily distinguishable from dislocations. Observa-
tions of the deformation structure were conducted
on a Philips CM200 transmission electron micro-
scope with LaB6 cathode operated at an accelerating
voltage of 200 kV.

4. Experimental results of creep tested Zircaloy-4

4.1. Creep data

Fig. 3 shows the creep curves of four Zircaloy-4
test specimens. The measured steady-state creep
rates are given in Table 1. Specimens crept at
510 �C and 593 �C had similar steady-state creep
rates of �10�8 s�1. Specimens crept at 260 �C and
371 �C had steady-state creep rates about an order
of magnitude lower. However, the relative amount
Load,
lbs

Stress,
MPa

Steady-state
strain rate, s�1

1190/1210 165/168 2 · 10�10

880 122 1 · 10�9

600 83 5 · 10�8

300 42 1.5 · 10�8
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of transient strain decreased as the test temperature
increased; at 260 �C, the transient creep strain was
large, consistent with creep data reported by Ecob
and Donaldson [12], and at 593 �C, there is almost
no transient creep. In addition, the specimen creep
tested at 260 �C and 165 MPa was uploaded to
168 MPa after 316 h and showed normal transient
creep after the stress-jump.

4.2. Creep microstructures (TEM observations)

4.2.1. Low temperature regime – jog dragging/
dipole dragging

It is well known that the principal slip systems in
zirconium and its alloys are of the type a

3
h2�1�10i

01�10
� �

. In addition, a-type dislocations can be
mixed edge and screw in character, but the screw
orientation tends to dominate. Figs. 4 and 5 show
examples of the substructure of Zircaloy-4 crept at
260 �C and 165 MPa. Two different families of a-type
dislocations oriented close to their screw directions
(determined via line trace analysis) are observed,
containing numerous cusp features that appear to
be associated with jogs (e.g., in Fig. 5(b)). A sense
of the dislocation character can be ascertained from
the direction of the operating diffraction g-vector
(indicated in the TEM images) relative to the disloca-
tion line direction: the dislocation segments more
parallel to the g-vector are screw in character, and
those more orthogonal are edge in character. There
are also relatively straight, elongated features along
the third h11�2 0i direction (Fig. 5(c)). These appear
to be extended dipoles dragged out from jogs on
the a-type screw dislocations. The straight dipoles
are typified by a strong difference in contrast/width
for the ±g conditions of Fig. 5(a) and (b). This obser-
Fig. 4. Bright-field TEM micrographs of Zircaloy-4 crept at 260 �C and
magnification with a ½10�10� beam direction.
vation is consistent with a dipole dragging mecha-
nism discussed in Section 2. At lower temperature,
the dipole dragging mechanism in Fig. 2 dominates
almost the entire jog velocity range for taller jog
heights. However, notice that smaller jogs are still
expected to be limited by jog dragging, based on
Fig. 2. Therefore, the evidence of apparent dipole
dragging supports the formation and existence of
jogged-screw configurations during creep of this
alloy. However, at this low temperature and high
stress, dipoles are formed after the jogs reach a mod-
erate height, and before dipole bypass occurs. There
also appears to be small debris loops and/or zirco-
nium hydride precipitates similarly aligned. Fig. 5
shows the same dislocations under different diffract-
ing conditions.

4.2.2. Intermediate temperature regime –

jog dragging

Figs. 6 and 7 show bright-field micrographs of
the microstructure of Zircaloy-4 that was crept at
371 �C and 122 MPa. Based on Fig. 2, the region
for which the dipole dragging mechanism dominates
is expected to shrink as temperature increases. At
the test temperature of 371 �C, a transition directly
from jog dragging to dipole bypass is more likely
than a transition through the dipole dragging mech-
anism region. This is supported by dislocation con-
figurations that show that extended dipole features
are easily pinched off and divided into a number
of small loops.

Dislocations in a screw orientation, formation of
loops, and bowed segments are frequently observed
in Fig. 6. The initial formation of an apparent
dislocation network can also be seen in Fig 6(c).
Fig. 6(a) shows significantly bowed segments in one
165 MPa taken (a) with a ½10�11� beam direction and (b) at higher



Fig. 5. Bright-field TEM micrographs of Zircaloy-4 crept at
260 �C and 165 MPa taken (a) with a ½10�10� beam direction, (b)
with a ½10�11� beam direction, and (c) with a [0001] beam
direction.

Fig. 6. Bright-field TEM micrographs of Zircaloy-4 crept at
371 �C and 122 MPa taken with a ½1�100� beam direction (a, b),
and with a [0001] beam direction (c). An incipient dislocation
network can be seen in (c).
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dislocation line, and Fig. 6(b) shows a number of dis-
location loops, which appear to be debris generated
by the pinching off of partially extended dipoles dur-
ing deformation (i.e. they were not present prior to
testing). This conclusion is supported by a pair of
images acquired at +g/�g diffracting (tilt) condi-
tions, as shown in Fig. 7(a) and (b). Note the change
in apparent width of the debris loops, demonstrating
that they are narrow, complete loops. Loops A, B,
and D are the same ‘sign’, while loop C is of opposite
‘sign’. Fig. 7(c) also shows evidence of a tall jog,
which is approximately 100 nm in height.

Figs. 8–11 show examples of the microstructure of
the Zircaloy-4 specimen crept at 510 �C and 83 MPa.



Fig. 7. Bright-field TEM micrographs of Zircaloy-4 crept at
371 �C and 122 MPa taken with a ½0�110� beam direction, (a, b),
showing debris loops, and with a ½0�111� beam direction (c),
showing evidence of a tall jog (�100 nm in height).
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Fig. 8 shows low magnification TEM images of the
test specimen, in which the foils were cut from the
grip and gauge section, respectively. Almost identical
sub-grain structures are observed in both images.
This shows that a number of low-angle boundaries
already existed before the specimens were crept.
The TEM images of Fig. 9 clearly reveal frequent
cusps in the a-type screw dislocations and bowed seg-
ments between pinning points.

The overall dislocation configuration observed in
the TEM images of the Zircaloy-4 specimen creep
tested at 510 �C and 83 MPa is similar to that
observed for the specimen tested at 371 �C and
122 MPa; however, evidence of extended dipole
features is less obvious. Thus, the dipole dragging
process appears to become less probable at higher
temperature and lower jog velocity. Fig. 10 shows
a slightly higher dislocation density and relatively
straight dislocations compared to Fig. 9. Fig. 10(b)
also shows dislocation interactions and a tendency
toward dislocation network formation in this speci-
men, which was examined at a strain level of about
1%.

Fig. 11 shows images of the same area with differ-
ent diffracting conditions, proving the presence of at
least two families of dislocations. In Fig. 11(b), the
more steeply inclined family of dislocations (deter-
mined from TEM tilting experiments) is out of con-
trast, consistent with these having a Burgers vector
that is different from the dislocation family lying
largely in the foil plane.

4.2.3. High temperature regime – substructure

formation

Figs. 12 and 13 show bright-field TEM micro-
graphs of the microstructure of the Zircaloy-4 spec-
imen crept at 593 �C and 42 MPa. Fig. 12(a) shows
relatively straight boundary edge dislocations. In
Fig. 12(b), dislocations are elongated in the screw
orientation and appear to be pinned along their
length and have an apparent lower dislocation den-
sity compared to the previous specimens. Also, lar-
ger, oval shaped hydride precipitates and a number
of smaller hydride precipitates due to specimen
preparation can be observed.

The TEM images of Fig. 13 show relatively
straight lines without significant bowed segments
and some evidence of dislocation network forma-
tion. This is evidence of general climb occurring at
this temperature. Only the image of Fig. 12(b)
shows some evidence of jog dragging taking place.

5. Discussion

5.1. Application of model to (non-irradiated)

Zircaloy-4

On the basis of the above TEM observations,
the deformation microstructure of crept Zircaloy-4



Fig. 8. Bright-field TEM micrographs of Zircaloy-4 crept at 510 �C and 83 MPa showing microstructures from (a) the grip section and (b)
the gauge section.

184 J.H. Moon et al. / Journal of Nuclear Materials 353 (2006) 177–189
shows that for a range of temperatures the disloca-
tion substructure of this alloy is quite similar to that
which has been observed in several crept titanium
alloys (c-TiAl [9], Ti-6242 [6] and Ti-6Al [5]). The
modified jogged-screw model has been proposed as
the rate-controlling mechanism for these titanium
alloys. Thus, it is clear that the applicability of this
model to Zircaloy-4 is very promising.

After considering the HCP crystal structure for
case of Zircaloy-4, Eq. (2.6) can be modified to give
the following expression:

_e¼ b � 2:9p
dðhÞ

� �
D0

� exp �QSD

kT

� �
r

2aGb

	 
2

sinh
rXl
2hkT

� �� �
; ð5:1Þ

where D0 is pre-exponential constant, and QSD is
activation energy for self-diffusion. This equation
can predict the steady-state strain rate at a given
applied stress if all the microstructural parameters
such as jog height, jog spacing, and dislocation
density are known.

At steady state, these microstructural parameters
appear to be dependent only on applied stress [10].
The dislocation density is expressed by the Taylor
equation in Eq. (2.5). This was confirmed with mea-
surements of dislocation density, which are plotted
in Fig. 14(a) as a function of resolved shear stress.
The dislocation densities were measured by deter-
mining the total line lengths in about five separate
fields of view of similarly oriented grains. Foil thick-
ness was determined from convergent beam electron
diffraction pattern analysis. The grains analyzed
were those with the primary glide plane parallel to
the foil plane. Since the samples were prepared
from sections prepared at 45� from the tensile axis,
the Schmid factors for these slip systems were
invariably close to 0.5, and the actual applied shear
stress acting in each grain sampled could be deter-
mined. The value of the Taylor factor (a) of 1.0
provides a good fit to the observed dislocation den-
sities. Table 2 shows the measured average values of
dislocation density, and examples of some of the
images used for these measurements. Because of
the relative distribution of dislocations and the gen-
eral absence of substructure that could limit disloca-
tion motion, it seems reasonable that the measured
dislocation density represents the mobile dislocation
density.

Karthikeyan et al. [10] also suggested that jog
spacing is inversely proportional to the applied
stress. Table 3 gives the values of average jog spacing
for all the specimens as measured, generally from the
same TEM micrographs that were used to determine
dislocation densities. Care was taken to make these
measurements while viewing the foils perpendicular
to the dislocation glide plane. Fig. 14(b) shows a plot
of the average jog spacing data. As gleaned from
Fig. 14(b), the average jog spacing is also inversely
proportional to the applied stress for Zircaloy-4,
and obeys the following general expression:

l ¼ As�1; ð5:2Þ

where A is a proportionality constant.
Karthikeyan et al. [10] suggested that a reason-

able estimation of the jog height was the critical
height for the transition from jog dragging to dipole
dragging. The critical stresses associated with jog
dragging, dipole dragging, and dipole bypass are
described by the following equations:



Fig. 9. Bright-field TEM micrographs of Zircaloy-4 crept at
510 �C and 83 MPa taken with a ½1�100� beam direction, showing
frequent cusps in dislocation lines along with bowed line
segments and some evidence of dipole bypass.
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sbypass ¼ Gb
1

8pð1� vÞh

� �
; ð5:3Þ

sdipole ¼ Gb
1

2pð1� vÞl

� �
ln

h
b

� �
þ Ecore

lb2
; ð5:4Þ

sjog ¼
hkT arcsin h tbdðhÞ

4pDf

	 
h i
Xl

. ð5:5Þ
Using Eqs. (5.3)–(5.5), the minimum stress required
to initiate each of these processes can be calculated
as a function of the jog height. Fig. 15 is a map show-
ing the minimum stress required as a function of jog
height for each of three processes controlling disloca-
tion motion at different jog velocities. Karthikeyan
et al. [10] further showed that the appropriate jog
height for the jog dragging model is related to stress
via a power law model in the form of

hd ¼ Lsa; ð5:6Þ

where a appears to be �2.0 and L is a proportional-
ity constant.

Incorporating the relationships for jog height,
jog spacing, and dislocation density into Eq. (5.1)
gives:

_e ¼ b � 2:9p
dðhÞ

� �
D0

� exp �QSD

kT

� �
r

2aGb

	 
2

sinh
r2XA
4LkT

� �� �
.

ð5:7Þ

Fig. 16 shows that the creep rate predictions are in
good agreement with the experimental Zircaloy-4
creep data for the four different stresses and temper-
atures. Note that the model curves suggest that the
two higher stress tests may have been conducted in
the ‘power-law breakdown’ regime, although this
higher stress exponent regime is a natural result of
the model and is not the consequence of a mecha-
nism change.

Fig. 17 shows a plot of strain-rate (compensated
by D, k, G, b, and T) versus stress (compensated by
G) containing model-calculated data and the present
experimental data for Zircaloy-4. In addition, a
best-fit line of extensive data from various creep
studies on a-Zr and its alloys, as compiled by Hayes
et al. [3], is overlaid on the plot of Fig. 17 for com-
parison purposes. Values for the shear modulus, G,
of Zircaloy-4 were calculated from Eq. (5.8) [4]:

G ¼ 42518:52� 22:185T ðKÞ MPa. ð5:8Þ

Values for the diffusion coefficient, D were calcu-
lated from Eq. (5.9) [3]:

D ¼ D0 exp
�QSD

RT

� �
m2=s; ð5:9Þ

where D0 = 5 · 10�4 m2/s, and QSD = 270 kJ/mol.
It is clear from Fig. 17 that the creep-rate data

from the present study are much lower than the
compiled literature data for a-zirconium [3], which



Fig. 10. Bright-field TEM micrographs of Zircaloy-4 crept at 510 �C and 83 MPa taken with a ½0�110� beam direction, showing slightly
higher apparent dislocation density compared to images of Fig. 9.

Fig. 11. Bright-field TEM micrographs of Zircaloy-4 crept at 510 �C and 83 MPa taken with (a) a ½0�110� beam direction and (b) a ½1�21�1�
beam direction, showing two diffracting conditions proving the presence of at least two families of dislocations.

Fig. 12. Bright-field TEM micrographs of Zircaloy-4 crept at 593 �C and 42 MPa taken with (a) a ½30�31� beam direction and (b) a ½0�33�1�
beam direction.
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may be due to differences in thermo-mechanical
processing and texture [13] and solute effects. How-
ever, the form of these normalized curves appear to
be quite promising. The predicted stress exponent
value is somewhat smaller than the value of 6
observed in the low r/G regime. However, the



Fig. 13. Bright-field TEM micrographs of Zircaloy-4 crept at 593 �C and 42 MPa taken with (a) a ½0�110� beam direction, (b) a ½1�100�
beam direction, (c) a ½0�110� beam direction, and (d) a ½0�110� beam direction.
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higher stress exponent regime is predicted to occur
at approximately the same value of r/G. Additional
creep testing over a wider range of stresses will be
required to fully evaluate the model against the
presently studied Zircaloy-4 alloy.

5.2. Implication of these observations to creep of

irradiated Zircaloy-4

Following the terminology defined by Franklin
et al. [14], three different phenomena make up
irradiation creep; these are irradiation-retarded,
irradiation-enhanced, and irradiation-induced creep.
Irradiation-retarded creep represents the retarding
effect of irradiation damage on thermal creep. Irradi-
ation-enhanced creep is the flux enhancement of
thermal creep in irradiated materials. Irradiation-
induced creep is a separate mechanism that occurs
in parallel with these thermal-creep based mecha-
nisms. This separate mechanism involves a stress
enhancement of the stress-free growth mechanism,
which is related to the preferential formation of
interstitial and vacancy loops on different planes
relative to the applied stress [14,15]. Although the
possibility of flux enhancement of the jog drag-
ging mechanism has been recognized, in general,
the mechanism identified with irradiation-enhanced
creep has been climb-glide of edge dislocations
[14,15]. In particular, Nichols discounted the jog
dragging mechanism as he thought it did not explain
the creep strengthening observed during irradiation-
retarded creep since the screw dislocations could
easily cross slip around the irradiation damage. His
other criticism of the jog dragging mechanism was
related to an analysis by Holmes [16] that the
jogged-screw dislocation velocity reaches a limiting
value with increasing stress rather than increasing
exponentially (or by a hyperbolic sine); however,
Holmes did not consider the effect of jog height.

The results presented herein support the tell-jog
dragging mechanism, and thus warrant a rethinking
of the mechanism of irradiation-retarded and irradi-
ation-enhanced creep. To address Nichols’ first
criticism of the jog dragging mechanism, a scenario
describing the interaction of jogged-screw dislocation
with irradiation damage where irradiation-retarded



Fig. 14. Plot of (a) variation of dislocation density as a function
of the resolved shear stress and (b) average jog spacing as a
function of stress.

Table 2
Dislocation density measurements from TEM micrographs

Specimen
number

Resolved shear
stress, MPa

Dislocation
density, m�2

Image/figure
number

5037 84 6.7 · 10+13 4
5038 61 4.2 · 10+13 6(b)
5039 42 2.8 · 10+13 10(a)
5041 21 9.3 · 10+12 12

Table 3
Results of jog spacing measurements from TEM micrographs

Specimen
number

Resolved shear
stress, MPa

Average jog
spacing, nm

Image/figure
number

5037 84 380 4
5038 61 540 6(c)
5039 42 610 Not shown
5041 21 1080 12(b)

Fig. 15. The minimum stress required for each of the three
processes for dislocation motion for different jog velocities
together with jog heights.

Fig. 16. Model predictions at 260 �C (533 K), 371 �C (644 K),
510 �C (783 K), and 593 �C (866 K). The creep rate predictions
are in good agreement to experimental data.
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creep dominates is as follows. Assuming the presence
of tall jogs, the screw dislocations will bow causing
the edge component of the dislocation to increase.
When these bowed dislocations interact with irradia-
tion damage, the screw component can cross-slip
over the damage while the edge component must
climb over the damage. Thus, the motion of the
jogged-screw dislocation could be limited by the



Fig. 17. Plot of normalized strain rate vs. normalized stress for
model predictions at various temperatures together with creep
data from the present study and previous studies of a-zirconium
creep [3]. The transition to the power-law breakdown regime
exhibited in the previous experiments is indicated.
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climb of the edge components over the irradiation
damage or by the jog dragging mechanism, dipole
dragging mechanism, and/or dipole bypass mecha-
nism. In addition, the effective increase in the resis-
tance to glide would likely cause the average jog
height to increase (since the jog height for dipole
bypass would increase) – leading to an increase in
the jog dragging force and decreasing creep rates
compared to the non-irradiated case.

For the case of irradiation-enhanced creep, the
effect of flux/fluence dependence on the velocity of
the jogged-screw dislocation could be accounted
for by including a flux/fluence dependence on the
concentration of vacancies and interstitials (effec-
tively increasing the diffusivity) in the model deriva-
tion. The increase in point defect concentration with
flux/fluence would enhance the jog dragging mecha-
nism at lower temperatures potentially suppressing
the dipole dragging mechanism observed in non-
irradiated Zircaloy at 260 �C.
6. Conclusions

1. Screw dislocations with tall jogs (�100b) are

the predominant dislocations observed in Zirca-
loy-4 creep tested at 260 �C/165 MPa, 371 �C/
122 MPa, 510 �C/83 MPa, which yielded steady-
state strain rates in the range of 10�9–10�8 s�1.

2. Evidence of edge dislocations and dislocation net-
works increased as the test temperature, increased
indicating a transition to a more general climb
mechanism between 510 �C and 593 �C.

3. The modified jogged-screw model shows promise
in predicting creep in Zircaloy.

4. Since irradiation-enhanced and irradiation-
retarded creep typically occur at temperatures
less than 510 �C, screw dislocations with tall jogs
should be considered when trying to understand
and model the effect of irradiation on creep in
Zircaloy.
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