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ABSTRACT: Sponge zirconium and Zr·2.5 wt% Nb, Zircaloy, or Excel alloys all exhibit
accelerated irradiation growth compared with high-purity crystal-bar zirconium for irradiation
temperatures between 550 to 710 K and nueRees between 0.1 (0 10 x l()-'S n . m-2 (E > 1
MeV). There is generally an incubation period or flucoee before the onset of accelerated or
"breakaway" growth, which is dependent on the particular material being irradiated. its me
tallurgical condition before irradiation, and the irradiation temperature.

Transmission electron microscopy has shown that there is a correlation between accelerated
irradiation growth and the appearance of ,-component vacancy loops on basal planes. Mea
surements in some specimens indicate that a significant fraction of the strain can be directly
attributed to the loops themselves. There is considerable evidence to show that their formation
is dependent both on the specimen purity and on the irradiation temperature. Materials that
have a high interstitial-solute content contain ('-component loops and exhibit high growth rates
even at low fluences « I x 1{P n' m -!. £ > I MeV). For sponge zirconium and the Zircaloys.
('-component loop formation and the associated acceleration of growth (breakaway) during
irradiation occurs because the intrinsic interstitial solute (mainly. oxygen. carbon and nitrogen)
in the zirconium matrix is supplemented by interstitial iron. chromium, and nickel from the
radiation-induced dissolution of precipitates; iron is the most important element. Zr-2.5 wt%
Nb and Excel alloys exhibit accelerated growth which has similar characteristics.

KEY WORDS: zirconium, zirconium alloys. neutron irradiation, irradiation growth, fluences,
solutes, dislocations. stacking-faults. anisotropic diffusion

Accelerated irradiation growth of Zircaloy-4 fuel rods and guide tubes occurs in pressurized
water reactors (PWR) and boiling water reactors (BWR) during service [J ,2]. This causes
problems for reactor design because of uncertainties in predicting when accelerated growth
will occur and also in predicting the final growth rate (3). [t is a potential problem for all
reactors containing core components made of zirconium alloys. Accelerated growth in the
present context refers to an increased (or higher than expected) rate of irradiation growth
as a function of neutron fluences during irradiation. This is also often referred to as "break
away" growth when the growth of a material, which is initially low, accelerates after a
measurable incubation time or fluence. Fluences quoted in the remainder of this paper are
given for E > 1 MeV.

The onset of accelerated growth during neutron irradiation of zirconium alloys was first
postulated by Adamson et al. [J). They measured high rates of irradiation growth in annealed
Zircaloy-2 and -4 at temperatures >640 K. It was suggested that there was an incubation
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period of low, saturating growth before acceleration occurred. It was further suggested that
the incubation period decreased with increasing temperature. The acceleration of growth
after irradiation to a given fluence was later confirmed by Rogerson and Murgatroyd [4.5J.
They showed that annealed Zircaloy-2 (which normally exhibits low, saturating growth
strains) exhibited accelerated growth to rates comparable with cold·worked Zircaloy-2 after
irradiation to fluences >4 x l()l'1 n . m -: at normal reactor operating temperatures (about
553 K), and this is illustrated in Fig. 1 [5,6). Accelerated growth for breakaway has not
been observed for 25% cold-worked Zircaloys at the same temperature (that is, an increase
in the already high rate of growth at least for fluences up to 6 x 10" n . m -2 [5]). Holt and
Gilbert [7) later showed that there was a correlation between "breakaway" growth and the
appearance of c-component defects in the microstructure. Because the c-component defects
fir-it appeared close to amorphous intennetallie particles, it was initially suggested that they
could be dislocations generated by stresses resulting from differential dimensional changes
of the particles and matrix during irradiation. Subsequent analysis by Griffiths and Gilbert
[8J has shown that the c-romponent defects in question were basal plane vacancy loops
having Burgers vectors of b = 1/6(2023) and that they first formed in zones of increased
solute concentration surrounding intermetallic particles. There was a temperature depen
dence for the production of <-romponent loops, which could, in part, be related to the
amount and extent of solute dissolution (dependent on neutron fluence) during irradiation.
It was proposed in Ref 8 that high growth rates in zirconium and the Zircaloys were de
pendent on the formation of (-component loops. Their formation was, in tum, related to
the interstitial solute content of the material. "Breakaway" growth then occurred in materials
with a normally low interstitial impurity content when ,this was increased significantly during
irradiation because of the dissolution of intermetallic particles. Additional support for the
effect of impurity content on accelerated growth has been demonstrated by recent experi
mental results [9]. that show higher rates of accelerated growth at fluences >4 x 10" n .
m -2 in iodide-grade single crystal zirconium compared with zone-refined single crystal zir
conium (containing about 3000 and 2000 ",gig of impurities, respectively). Assuming the
same mechanism as that responsible for accelerated growth in polycrystalline materials, this
discounts any arguments to exP.'lain accelerated growth based on the development of grain
interaction stresses during irradiation. Analysis of the specimen.s is still required to show
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FIG. l-l"adullion growth of annealed and cold-worlctd polycrystalline Zircaloy-2 and -4 having
texture factors, ~ - 0./. at temperatura between 550 to 580 K. Grain siu diameters are indicated where
available.
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whether the difference in geo th rates in this case can be correlated with c-component loop
fonnation.

Specimen purity (including Iloying additions) is a critical factor in determining whether
a material will exhibit aceelc ted growth; however the incubation fluence before "break·
away" growth occurs and the final rate of accelerated growth is largely determined by the
irradiation temperature. Fidleris et al. [lOJ have shown that at low temperatures (5553 K)
and low fluences «2 x 10Z' n . m- Z), annealed and cold·worked Zircaloys exhibit growth
rates that increase slowly wi h increasing temperature. The growth rates show the same
temperature dependence in each case even though the rates for cold-worked Zircaloys 3ce
an order of magnitude higher than annealed Zircaloys (Fig. 2 [1OJ). As the temperature is
increased (>553 K for annealed, and >600 K for cold-worked Zirc,loys) increasingly higher
or accelerated rates of growth can be exhibited. There is generally an incubation fluence
before the onset of accelerated growth that decreases with increasing temperature flO]. This
incubation period is not well defined for the cold·worked materials because they already
exhibit high growth rates and there are complications due to the recovery of the dislocation
network. The onset of accelerated growth is better defined for annealed materials (for
fluences >4 x 10" n . m-, at 553 K [4J and >2 x 10" n . m-, at temperatures >640 K
(lOll. Breakaway growth has not been observed at low temperatures (about 353 K), and
this is probably because the incubation fluence has not been reached in irradiations that
have been performed up to the present time (that is, up to 2 x 10" n . m -'). In an accelerated
growth regime both annealed and cold-worked Zircaloys exhibit similar growth rates. which
increase rapidly with increasing temperature. This is because both develop the same types
of microstructure during irradiation [8,10). The effect of temperature and fluence on ac·
celerated growth in the Zircaloys is inter·related and can be summarized as follows: (1) the
fluence before the onset of accelerated or ("breakaway") growth decreases with increasing
temperature; (2) the rate of growth increases slowly with increasing temperature for material
exhibiting normal (pre·breakaway) growth and increases rapidly with increasing temperature
in the accelerated (post-breakaway) growth regime.
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FIG. 2-Temperature dependence of irradiation growth for the Zircaloys. generalized represtrl,ation
[IOJ.
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Although most of the past experimental work concerns irradiation growth of the Zircaloys,
there is an increasing amount of information about accelerated growth in other zirconium
alloys, especially at high temperatures (640 to 710 K). Zircaloy-2, Zircaloy-4, sponge zir
conium, Zr·2.5 wt% Nb and Excel alloys, which 3re annealed. as-extruded or cold-worked,
all exhibit high growth rates compared wth crystal-bar zirconium after fluences ranging from
0.1 to 10 x 10" n' m- 2 [//,121. Annealed or cold-worked Zircaloy-2 and -4 and annealed
or lightly cold-worked Excel alloys exhibit high or accelerated growth rates from very low
fluences in this temperature range.

This paper describes the microstructure evolution in Zr-alloys that exhibit accelerated
irradiation growth. Previous analyses on sponge zirconium and the Zircaloys are extended
and presented along with new data (or Zr-Nb alloys. Correlations with irradiation temper
ature and specimen purity are discussed, and a mechanism for accelerated growth is pro
posed.

Experimental Procedure

Specimens of annealed and cold-worked crystal-bar zirconium, sponge zirconium (main
impurities, iron, and oxygen, about 1700 ppm by weight), Zircaloy-2 (Zr-I.5Sn-0.15Fe
0.lCr-O.05Ni by wt%), Zircaloy-4 (Zr-I.5Sn-0.2Fe-0.2Cr by wt%), Zr-2.5 wt% Nb. and
Excel (Zr-3.5Sn-I.ONb-1.0Mo-0.1O by wt%) alloys have been irradiated with neutrons up
to fluences of 1.5 x lQ26 n . m -2 in the temperature range 330 to 740 K. The specimen
preparation and corresponding irradiation growth data have been described previously
[J ,7,10-/2].

Thin foils for transmissio·n electron microscopy (TEM) were prepared by twin-jet elec
tropolishing using a solution of 10% perchloric acid in ethanol at temperatures <243 K and
were analyzed using a Philips EM300G electron microscope operating at 100 kY. Chemical
composition data were obtained by Energy Dispersive X-ray Spectroscopy (EDX) using
Philips EM4llOT and EM430 electron microscopes. Dislocation loop analyses were performed
using the Maher and Eyre [13] or Foil and Wilkens techniques [14]. Dislocation loop areas
were measured from micrographs using an IBAS 2 Interactive Im~e Analysis System.

Basal plane vacancy loops having Burgers vectors of b = 1/6(2023) will be referred to as
1/6(2023) or <-component loops.

RESULTS

There are three temperature regimes in which to describe the irradiation growth of zir
conium alloy!., based on data available for fluences up to about 1 x HP60 n ' m -2,

Low Temperatures «550 K)

At low temperatures «550 K) accelerated growth (that is, high non-saturating growth
>0.1 %) has not been observed for annealed or cold-worked Zircaloys for fluences up to
about 2 x 10" n . m -2 although the cold-worked materials do exhibit higher growth rates
compared with the annealed materials (Fig. 2).

Intermediate Temperalures (550 to 580 K)

At temperatures between 550 to 580 K accelerated growth is exhibited by annealed but
not 25% cold-worked Zircaloys for fluences up to about 6 x 10" n . m -2 [8,10].

The accelerated growth of annealed Zircaloy-2 and -4 irradiated at 550 to 580 K for
fluences >4 x IO~ n . m - ~ corresponds with the appearance of vacancy 1I6(2023) dislocation
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loops in the microstructure. They 3re clearly imaged with a 0002 diffracting vector. appearing
as a uniform distribution of li'les parallel with (0001). This is because they mostly have basal
(0001) habit planes (althougH there are some instances where climb occurs on nonbasal
{lOll} planes [8,121) and are lhen viewed in an edge-on orientation. They are distinct from
the c·component network dislocations produced during deformation as illustrated in Fig. 3.
Post-irradiation annealing at 73 K results in the transformation of the loops to vacancy
{OOOl} type loops, which 3re v ry stable, and the formation of large precipitates in the matrix
containing these loops {Fig. 4). The number of precipitates (and c-component loops) is
highest close to intermetallic particles [8J. One explanation for the precipitate formation is
that there is radiation-induce~ dissolution of Zr(Cr,Fe), and Zr,( i,Fe) intermetallic par
ticles resulting in a supersatu.f.tion of solute (principally iron. chromium. and nickel) in the
surrounding matrix {J5.J6). ~lIe appearance of these precipitates after post-irradiation an
nealing could be because of coarsening of sub-microscopic precipitates that are produced
during irradiation or because they are formed from a metastable solid solution that has been
produced by the irradiation-induced dissolution of the pre-existing precipitates. In either
case, the transfer of material from the parent particle indicates that there is a dynamic
increase in the amount of alloying elements (iron, chromium, and nickel) in solution during
irradiation.

High Temperatures (64fI to 710 K)

For irradiation temperatures between 640 to 710 K, Zircaloy-2, Zircaloy-4, sponge zir
conium, Zr-2.5 wt% b, and Excel alloys that are annealed, as-extruded, or cold-worked,

FIG. 3-Comparison of (-compon~ntdislocation structures in Zirca/oy-4 produud by d~fonnation

and irradiation: (a) ann~a/~d. (b) 20% co/d-work~d and srress-r~li~v~d, (e) irradiQl~d at 560 K to a
flu~nu of J x UP n . m-2 (pr~.brtakaway), and (d) irradiated at 560 K to a flu~nc~ of 8 x UP n .
m -2 (post-breakaway). Diffracnng vectors, g = ()()()2 in each case.
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all exhibit accelerated or "breakaway" growth compared with crystal-bar zirconium after
fluences ranging from 0.1 to 10 x 10" n . m- l [IO,II] (Figs. 2 and 5).

In this temperature range (640 to 710 K) both annealed and cold-worked Zircaloys exhibit
high growth rates from low fluences, and annealed materials often exhibit higher accelerated
growth strains compared with the normal rate for cold-worked materials pO]. The high rates
of irradiation growth are associated with the presence of 1/6(2023) vacancy loops (Fig. 6a).
Accelerated irradiation growth is observed in sponge zirconium at temperatures of about
700 K for tluences >6 x 1()2S n . m-2. This also corresponds with the appearance of ('
component loops [8J (Fig. 6b).

The 27% cold-worked Zr-2.5 wt% Nb alloys represented in Fig. 5 exhibit anomalously
low or negative growth at low fluences. This is probably because there is some recovery of
the original cold-worked dislocation structure from a prior stress-relief treatment (3 h at
743 K [11) and during the irradiation, and the grain boundaries are therefore predominant
interstitial sinks at this temperature [/71. Growth accelerates after irradiation to fluences
>5 x 102' n . m -2 at 650 to 700 K. There is little evidence for c-component loops (or c
component dislocation climb) at low fluences, but they then appear (in some grains) as the
fluence increases above 5 x 102' n . m -2 corresponding with accelerated growth. At high

AG. 4-Precipitates (labelled A) and (-component/oops (/alNlled B) in ZircaJoy-4 irradiated at 580
K to a fluenct! oL8 x UP n . m -1 and annealed for J h a187-! K. (a) Diffracting vector r: = 0002. beam
direction B - 112101 and (b) many beam conditions, 8 -1/321).
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FIG. 6-Sections of basal plUM 116<,2023) dislocation loops (arrowed) in: (a) annealed Zirca!oy·2
irradiated at 710 K 10 a fluence 0/4.2 x UP n • m-z, (b) annealed sponge zirconium irradiated at 700
K to a fluence of 1.5 x J(P't n . m- J• Oif/roeling vectors and beam directions art! the same for both
micrographs and shown in (a).

fluences they are readily observed throughout the material and can be distinguished from
c-romponent network dislocations because they exhibit fault contrast when imaged with a
lOT1 diffracting vector (Fig. 7).

It should be noted that although "breakaway" growth is exhibited for 27% cw Zr-2.5
wt% Nb at tbese temperatures between 680 to 710 K there is presently no evidence for
breakaway growth at lower temperatures. Comparisons with the data for Zircaloys indicate
that fluences much higher than 5 x 10" n . m-, would be required before "breakaway"
occurred at reactor operating temperatures (about 553 K). "Breakaway" growth may not
even occur at these temperatures because of the high dislocation density. However, by
analogy with the Zircaloy-2 behavior, one might eventually expect growth "breakaway" in
ZrNb alloys with low dislocation densities at reactor operating temperatures.

Excel alloys, which are either in the as-extruded (3% cold-worked) or annealed condition,
exhibit high and nearly constant growth strain rates with increasing fluence for irradiation
temperatures >650 K (Fig. 5). The high growth strains are again coincident with a high
concentration of c-component loops. Unfortunately, the microstructure in as-extruded spec
imens has only been analyzed in a specimen irradiated to a low fluence (Fig. 80) and that
in an annealed specimen has only been analyzed in a specimen irradiated to a high fluence
(Fig. Bb). However, because the growth characteristics of both are similar [1/], it can be
assumed that the <-component loops are observed at low and high fluences in both. There
are no data available concerning accelerated irradiation growth of Excel, or other Zr-Nb
based alloys at lower temperatures.

FIG. 7-Sections of 116(2023) dislocation loops (Iabd/~d A) and t-<ompon~nt n~twork dislocalions
(/abe//ed B) in 27% cold-worked Zr·2.5 wt% Nb i"adialed al 650 K 10 a fluence of 1.2 x I~ n . m -I.
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FIG. 8-Srcrions of 116(2023) dislocation loops (o"owed) in: (a) as-extruded (3% cw) £Xed a/loy
irradiated 01657 K 10 a fluenu of J.5 x UP n . m-1, (b) annealed Excel alloy irradiated 01700 K 10 a
fluence of1.5 x lfP' n . m -2. Diffracting ,,«Iors and Nom direclions are che same lor both micrographs
and shown in (b).

Impurity or Alloying Elements and Accelerated Growth

Previous work has already shown that "breakaway" growth (corresponding with the a~
pearance of vacancy c-component loops) occurs when there is an increase in interstitial
solute in the matrix for the Zircaloys and sponge zirconium [81. The extent qf solute dis
solution and therefore c-component loop formation is temperature dependent. The volume
containing an increased solute concentration associated with dissolving precipitates increases
at higher temperatures for a given fluence. This is one reason why accelerated growth occurs
at lower fluences with increasing temperature. The other reason is that c-component loops
are more stable at higher temperatures for a given interstitial solute concentration in the
matrix.

There is dissolution of alloying elements (mainly iron and chromium) from intermetallic
particles in Zircaloy-4 during irradiation at about 580 K, and there is a corresponding increase
in the number of c-component loops. This is clearly revealed by post irradiation annealing
(Fig. 9a). Figure 9b illustrates that precipitation or solute dispersion (and c-component loop
formation) is much more widespread in Zircaloy·2 at higher temperatures (685 K). The
micrograph in this example was chosen because it clearly shows the larger number, arid
uniform distribution, of c-component loops at the higher temperature. The pyramidal plane

FIG. 9-Dislribulion ofpr«ipilales or precipitale-lib def«u (labelled A) and c-eomponenl disloca/ton
loops (iabe/fed B) in: (a) Zircaloy-4 irradialed al 580 K 10 a fluence of8 x UP n . m -z and annealed
for J h al873 K, and (b) Zircaloy-2 irradiated al 685 K 10 a fluence of 5.5 x UP n . m -Z.
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defects (labelled A in Fig. 9~) appear to be precipitates, but they are too small to analyze
chemically using available e~iPment. They are believed to be precipitate platelets similar
to (OP) zones on pyramidal {I II} planes. This is because they have nonrational displacement
vectors [15], they are simila to iron-rich platelets found in irradiated titanium [/8]. and
they are only formed in Zir loy-2 and not Zircaloy-4 [/2J. They do not appear to be tin
precipitates because those ti precipitates that have been positively identified have a dif
ferent, distinctive morphology and are found in both Zircaloy-2 and Zircaloy-4 [/2]. Alter
native diffraction conditions show larger, more substantial precipitates of Zr·Cr-Fe, Zr-Fe
Ni, or Zr-Sn-Fe dispersed throughout the matrix and at grain boundaries [/6], indicating
that widespread dispersion of the alloying elements chromium, iron, and nickel (especially
iron and nickel) occurs during irradiation at the higher temperature. In all cases, the solute
dispersion observed is a radiation effect and is not reproducible by thermal treatment only.
The appearance of t-component loops corresponds with regions containing precipitates, that
is, where the solute concentration is high during irradiation. In addition to the loops there
will be a contribution to the growth strain from the precipitates. There are insufficient data
available to assess what this contribution might be. even whether it is positive or negative.
Volume measurements would be useful in this respect.

There are little data available on the effect of impurities or interstitial solute on the
irradiation growth of the Zr- b and Excel alloys. However, iron has been detected in the
l3-phase of both alloys, and radiation-induced dispersion of this impurity element can be
expected (based on experience with the Zircaloys [8,/2,/6]) as the fluence is increased.
There is precipitation of both niobium and tin from the a-phase in each case (Fig. 10). There
are no data available on the composition of the Niobium-rich precipitates; however analysis
of the tin-rich precipitates in the Excel alloy has shown that they contaio iron. The l3-phase
in this case was depleted of iron indicating that it had been dispersed into the a-phase during
irradiation.

The correlation between specimen purity (including alloying additions which diffuse in
terstitially during irradiation) and c-component loop formation is illustrated in Table 1. The
relationship between temperature and f1uence with the evolution of a c-component loop
structure is also included.

FIG. lo----t'<omponenl disloclJlions (labelled A) and pr«ipilales (/abt'lled B) in (a) annealed Excel
alloy irradialed a1700 K to afluence of 1.5 x UP' n' m-: and (b) 27% cold-worked Zr-2.5 wl% Nb
irradiated al 650 K 10 a fluence of 1.2 x I~ n . m -l.
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TABLE I-Relationship of chemical composition, irradiation temperature, and fluence with
(-component loop formation in various zirconium alloys. The content of the main alloying or impurity

elements (except hydrogen) is given in JLglg; the balance is zir,conium.

Chemical Content
Irradiation Aucncc.

Specimen Material Temperature. K I(FI n . m- 2 Fe C, Ni C N 0 (-Loops'?

BT03(#5) Z,-4 5(,() 1.0 2200 1100 35 80 40 >1300 ".BT03(#6) Z,-4 580 8.0 2200 1100 35 80 40 >1300 yes
LZI2(A) Z,-4 644 0.1 2100 1000 30 115 30 1400 yes
LZ3(H) Zr-2 700 1.1 1600 1050 600 125 40 1000 yes
LZIll(H) Zr-2 710 5.5 1600 1050 600 125 40 1000 yes
J2 sponge Zr 690 5.5 700 55 30 ISS 50 1000 ""037 sponge Zr 702 15.0 700 55 30 ISS 50 1000 yes
030 Z, 702 15.0 250 30 10 65 10 250 ""43 Excel" 657 1.5 IGl5 115 30 130 40 1175 yes
08 Excel 691 16.0 1100 70 30 80 25 1100 res
21 Zr-2.5 wt% Nb'" 660 1.8 1100 90 10 195 50 1250 ".C66 Zr·2.5 wt% NIJb 660 5.8 1100 90 10 195 50 1250 res'
B6 Zr-2.5 wt% Nbb 648 12.0 1100 90 10 195 50 1250 res

• 3% cold-worked (as-extrudcd,.
" 27% cold-worked.
r c<omponent loops in some. but not all. grains.

DiscussioD

(-Component Loops and Accelerated Growth

Historically, vacancy (-component loops have been the subject of much interest because
they were central to early theories of irradiation growth during neutron irradiation (/9].
However, they have not been considered seriously in growth models until recently because
of a lack of evidence for their existence.

A correlation has now been established between accelerated or "breakaway" growth and
the presence of vacancy c-component dislocation loops in the microstructure. Because in
creased c-component loop densities correspond with increased growth [8,12], it is possible
that much of the growth can be attributed to the c-component loops. One can then calculate
the contribution to the irradiation growth strain caused by these loops by measuring their
total area from transmission electron micrographs. The strain from the loops is given by

. A!, c
% stram = 2 W tan 9

where A is the fractional area of the loops measured from a micrograph, 9 is the angle
between the beam direction and the c axis, f~ is the resolved basal pole fraction for the
direction in which the strain is measured, c is the c axis lattice parameter for zirconium
(0.514 nm), and W is the projected width of a loop, which is completely intersected by
both foil surfaces (provides a measure of the thin foil thickness). For example, a typical
1/6(2023) vacancy dislocation loop structure in a specimen of Zircaloy-4 (LZI2(A)) irradiated
at 644 K to a fluence of about 1 x lCP n . m- 2 is shown in Fig. 11. The total projected
area covered by stacking-fault is about 50%. For a foil thickness of about 42 nm and a beam
orientation close to [OI11J the strain along c from the loops is about - 0.21 %. Transforming
to specimen coordinates, the strain contribution from the loops resolved along the transverse
direction having a texture factor of 0.736 is about -0.15%. The measured growth strain in
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FIG. 11-Typical fau/I~d loop structure in Zircoloy-4 irradiated 01 644 K to a fluence of -1 x JfP'
n . m ~ (specimen LZ/2(A». Basal plane dislocation loops (arrowed) having #urgers vectors of b =
}/6(2023) are fau/led and exhibit fringe f.0n/rast thaI is clearly visible using a 10/ J diffracting vtc/or for
this micrograph, beam direction B - 10/JJ).

the same direction is -0.38%. It is therefore clear that the growth cannot be directly
attributed to the strains from the loops, however the strain from the loops is a minimum
estimate. The area covered cannot be totally measured because of loop overlap and the
presence of surface hydrides.

Qualitative agreement between the measured and calculated strains is only achieved at
low fluences or just after "breakaway" has occurred and even then the strains from the
loops cannot fully account for the measured irradiation growth. As the fluence is further
increased after the onset of accelerated growth there is even less agreement between the
calculated and measured strains. There is better qualitative agreement between growth rates
(as a function of fluence) and c-component loop densities. The irradiation growth of a series
of specimens is listed along with the strain calculated from .-component loop formation in
Table 2. In some cases there are no available data for directions along which there is a high
It factor (shrinkage). Therefore the available growth data along another direction (longi
tudinal) are listed, along with the appropriate texture factors, to illustrate where high growth
strains are observed (that is, typically nonsaturating strains >0.1 %).

The discrepancy between the negative c-axis strain resulting from the vacancy c-component
loops and the total measured strain may be because the loop growth is constant and the
loops have overlapped or grown into a network. The visible loop areas are not then rep
resentative of the total loop growth that has occurred. This is what is observed in many
cases [8,12]. The discrepancy could also arise if there is another net sink for vacancies with
a c-component strain field, such as grain boundaries perpendicular to the c-axis. The latter
effect is dependent on some degree of anisotropic diffusion. Both factors appear to be
applicable. It is also significant that there is a correlation between growth rates and loop
densities. This will be discussed further in the section, Grain Size Dependence of Accelerated
Growth.

It may be argued that the correlation between accelerated growth and the presence of .
component loops is coincidental (even though the loop strain contributes to the growth).
The factor (presumably interstitial impurities or alloying elements in solution) that is re
sponsible for one also affecting the other. However, it is difficult to conceive of a mechanism
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TABLE 2-1rradiation growth dalo for various zirconium and zirconium-aJ/oy specimetU along with
corresponding strains calculated from c-component loops. Measured growth slrains E. are given in

percent. Direc/ions of measurement art! denoted by L (longitudinal) or T (lransverse) and the resolved
strain from c·component loops is given for the transverse direction ('{T). Materials are annealed unless

otherwise sialed.

Growth
Rate

Growth Parameters Loops (',(L»
Irradiation Auence. .,(L)IIO"

Spttimen Material Temperature. K l~n' m-z f.{L) .,(L) fAT) .,(T) .'(T) n' m- 2

Bl1l3(IS) Z,-4 560 1.0 0.1- 0.06 0.00 <O.OJ
BT03(16) z,-4 580 8.0 0.1- 0.13 0.45- -0.01' 0.02
LZI2(A) Z,-4 644 0.1 0.16 0.21 0.74 -0.38 -0.15 0.11
LZ3(H) Zr·2 700 LI 0.20 0.05 o.n -0.05 0.08
LZIO(H) Zr·2 710 5.5 0.18 0.66 o.n -0.10 0.16
'2 Sponge Zr 690 5.5 0.13 om 0.5' -0.02 0.00 0.01
G37 Sponge Zr 702 15.0 0.13 0.68 0.5. -0.02 om
GJO Z, 702 15.0 0.11 0.23 0.52 0.02' 0.00 0.01
43 Excc'" 657 1.5 0.08 0.09 0.65 -0.06 -0.02 0.06
G8 Exoc' 691 16.0 0.06 3.41 0.61 -2.67 -0.11 0.21
21 2r-2.5 wt% Nb" 660 1.8 0.08 0.04 0.60 -0.01 0.00 -0.05
C66 Zr-2.5 wt% Nb" 660 5.8 0.08 -0.14 0.60 -0.02 -0.011 0.00
86 Zr-2.5 wt% Nb" 648 12.0 0.08 0.47 0.60 -0.47 -0.06 0.04

• Estimate .
• Calculated from loops having b-I<XM)I) produced by post-irradiation annealing for 1 h at 873 K. Recovery of

the c-component structure is assumed to be negligible for comparison purposes with measured strains.
~ Positive because of swelling eaused by void formation.
4 3% cold-worked (as-extruded).
~ 27% cold-worked.
I Small contribution from loops but there is a nonuniform grain-grain distribution making it difficult to estimate

the strain (probably -0.01%).

where the growth rate accelerates in the absence of other consistent features in the micro
structure that could be appropriate interstitial or vacancy sinks. The only other possibility
is that the interstitial solutes enhance the intrinsic anisotropic diffusion of self-interstitial
atoms in the basal plane [17]; this in itself would help stabilize c-component loops. There
is no experimental or theoretical evidence to support this possibility. Therefore, because
the one consistent microstructural feature that is coincidental with accelerated growth is the
vacancy c-component loop, it can be assumed that the loops are directly responsible for the
observed effect.

Effect of Nerwork Dislocation Density on Accelerated Growth

The importance of c-component dislocations in materials exhibiting high growth strains
was first established by Holt et aL [7,20], although at that time it was not known whether
the c-component defects in question were dislocations (produced by deformation) or dis
location loops. It was proposed that any material containing large numbers of c-component
dislocations (either radiation or deformation-induced) would exhibit high irradiation growth
strain rates. There is some justification for this because measurements of a-component and
c-component dislocation densities in cold-worked Zircaloy-2 indicates that there is a rela
tionship between irradiation growth rates and the relative number of c-component dislo
cations. In Fig. 12, the growth rate of Zircaloy-2 irradiated at 330 K is plaited against
dislocation density. The slope of the curve increases with an increase in the relative number
of c compared with a-component dislocations up to a saturation value of about 30 to 40%
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FIG. 12-S1~ady sta/~ irradiation growth 0/ Zirea/oy·2 QI330 K as a function of dislocation density.
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(the ratio of c:a components is given beside each data point). Even though the graph in
this case applies to irradiation at 330 K, it is probable that a similar relationship exists at
higher temperatures.

The increase in growth rates with an increasing c-component network dislocation density
should be distinguished from accelerated or "breakaway" growth resulting from c-component
loop formation. The magnitude of the latter effect is larger, and this is probably because
the c-component loop microstructure that develops during irradiation is not the same as
that produced by deformation (Fig. 3).

At high irradiation temperatures (-673 K), the dislocation density appears to be reduced
by thermal (irradiation-enhanoed) recovery and the microstructures of annealed and cold
worked Zircaloys become very similar. Note that all cold-worked materials received a stress
relief treatment (3 h at 763 K) before irradiation [1,10-12J. No data are available concerning
the extent of dislocation recovery (see Fig. 15 in Ref /0). There is precipitate dissolution
and redistribution in both cases and both contain faulted, basal plane c-component loops
(Fig. 13). Both exhibit high growth strains, however the growth of the annealed material
at these higher temperatures tends to be higher than the cold-worked material [10). This
indicates that the net strain from the absorption of point defects in a material containing a
low network dislocation density together with c- and a-component loops is less than that
from a material containing only c- and a-component loops (loops produced by irradiation).
This can be explained in tenns of relative bias factors for the different types of dislocations
and the net strain produced by the climb of each type [15J.

Recovery of the network dislocations also occurs for cold-worked Zr-2.5 wt% Nb alloys.
In this case, the early (prebreakaway) growth is dominated by the grain boundary sinks
[17]. This can account for the onitial "negative" growth rate illustrated in Fig. 5.

At lower temperatures (-580 K), there is little recovery of the original cold-worked
microstructure, no solute redistribution, and no c--component loop fonnation in 20 to 25%
cold-worked Zircaloy-2 [8,15,16]. Correspondingly, there is no evidence for "breakaway"
growth (at least for lIuences up to 6 x 10" n . m-, [5]). It appears that a heavily cold-
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FIG. 13---Microstructure in annealed and 20% cold-worked Zircaloy-2 afler irradiation to a fluence
of 6 x UP n . m- 2 at about 673 K. Sections of faulted loops (arrowed) in (a) annealed and (b) 20%
cold-worked Zirca/oy-2. Secondary matrix precipitates (arrowed) formed during irradiation caused by
the dissolution of pre-existing imermelolfic particles in (e) annealed and (d) 20% cold-worked Zirca
loy-2.

worked microstructure can suppress accelerated growth in Zircaloy-2 although growth rates
are still high relative to the annealed material [8,/0]. "Breakaway" growth may be suppressed
in this case because the high network dislocation density limits the diffusion of impurity or
solute elements, which would otherwise contribute to (-component loop formation 18,161.
Alternatively the high sink density could limit the vacancy concentration to levels less than
the supersaturation necessary for c-component loop formation. Although the growth rate
is higher than for the annealed material, it is more predictable and therefore desirable for
reactor design.

Elfect of Specimen Purity on Acce/erated Growth

There has been considerable evidence [8,21] to show that <-component loop formation is
dependent on the purity of the zirconium, and specifically it is interstitial impurities that
appear to be important. This is illustrated in Tables 1 and 2 for sponge zirconium and crystal
bar zirconium irradiated at the same temperature and fluence, which show that there is a
correlation between impurity content and the formation of c-component loops during ir
radiation. Interstitial impurities stabilize these loops either by segrelating to the bounding
dislocation and thereby modifying the interstitial bias of the 1/6(2023) dislocation [/5,2/]
or by lowering the stacking-fault energy (22). This in itself cannot account for the fact that
the loops are vacancy in character [151. They are vacancy in nature either because they are
formed in collision cascades [19] or because interstitial loops are unstable on basal planes
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because of anisotropic diffusion [23]. Increasing the temperature appears to be important
in promoting c-component loop formation when the interstitial (oxygen) impurity concen
tration is high. Increasing the temperature is also important because of increased solute
dissolution and dispersion, and this is believed to be the main cause of "breakaway" growth
[8,/5,/6].

Effect of Temperature on Accelerated Growth

The temperature dependenoe for c-component loop formation in zirconium specimens
with high interstitial impurity concentrations has been reported previously by 105t5005 et
aJ. [21]. This is also shown in the present work because c-component loops form in LZ12(A)
irradiated at 644 K but not in BT03(#5) irradiated at 560 K, even though the latter is
irradiated to a higher f1uence (Tables 1 and 2). The effect of temperature may be related
to increasing the mobility of interstitial solute elements, such as oxygen, which can then
readily migrate to and stabilize stacking-faults. Alternatively, a reduction in stacking-fault
energy with increasing temperature could contribute to the stability of the loops [22]. There
is a very strong temperature dependence for the rate of growth of material containing c
component loops (Fig. 2). Apart from increasing the stability of c-component loops (by
reducing the stacking-fault energy, increasing the dissolution of alloying elements, and
increasing solute mobility), there appears to be a strong inverse grain size dependence for
growth, which will increase with increasing temperature.

The incubation period for "breakaway" growth or c-component loop formation in an
nealed Zircaloys at temperatures -570 K has been related to the increase in solute in the
zirconium matrix because of the radiation-induced dissolution of intermetallic particles con
taining iron, chromium, and nickel [8]. A similar effect is observed in sponge zirconium
irradiated at 700 K (Fig. 5 and Tables 1 and 2). The f1uence at which "breakaway" growth
occurs is inversely related to the temperature [S,lI]. This is probably because increasing
the temperature increases the rate of dissolution and extent of dispersal of alloying elements
(for example, iron, chromium, and nickel) throughout the matrix [16]. The latter elements
are dispersed in a metastable radiation-induced state. They probably diffuse interstitially
during irradiation [8,16] and therefore supplement the intrinsic interstitial solute concen
tration. They are then partly responsible for c-component loop formation and whoiely
responsible for "breakaway" growth.

Effect of Substitutional Solute Elements on Accelerated Growth

Zircaloy-2 and -4, Zr-Z.5 wt% Nb, and Excel alloys all contain substitutional solute
elements (tin and niobium) in the a-phase. "Breakaway" growth in the Zircaloys has been
shown to be dependent to a large extent on the increase in interstitial solute concentration
(mainly iron) during irradiation. For Zr-Nb alloys, iron has peen identified as an impurity
element (mostly in the ~-phase), which is dispersed into the a-phase during irradiation;
however, there is at present no direct correlation between the distribution of iron, and the
c-component loop formation. The incubation period fQr "breakaway" growth may be de
pendent on other factors in these cases such as relaxation of internal stresses (10].

Changes in volume caused by precipitation of substitutional solutes, such as tin and
niobium, may contribute a fixed amount to the growth at some stage during irradiation, but
the growth rate is unlikely to be affected unless the growth is initially suppressed by solute
binding with point defects [24]. There are differences in the amount of tin contained in
Excel alloys (3.5 wt%) compared with the Zircaloys (1.5 wt%), but the growth rate at about
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700 K is higher in the former case. Also, the rate of growth of both is higher than for sponge
zirconium (Fig. 5) indicating that solute binding is not important at this temperature. Tin
precipitation may contribute to the strain for each material. Assuming that the tin precipitates
are ZrsSnJ because they contain iron [16], then approximate calculations based on lattice
parameter data (25) indicates that the maximum volume changes resulting from tin precipita·
tion are approximately 0.1% and 0.2%, respectively, for the zircaloy and Excel alloys. This
is not significant enough to account for the differences in growth between the different
alloys.

Although tin clustering appears to be unimportant for accelerated growth at high tem
peratures (-700 K), it may be important in explaining apparent "breakaway" growth in the
zircaloys or ZrSn alloys irradiated at about 353 K. Murgatroyd and Rogerson [5) have shown
that the growth of Zircaloy-2 eventually increases during neutron irradiation at 353 K after
a fluence of about 4 x 1()2S n . m ·2 although the growth then appears to saturate at a strain
<0.1 %. There are three possible explanations for this increase:

I. The growth is initially suppressed because of residual stresses which are then relieved
during irradiation [26).

2. There is an incubation period for c-component loop formation.
3. Tin in solution or in a finely dispersed state, enhances recombination of point defects

[24]. The growth is therefore initially suppressed but eventually increases as tin is removed
from solution as it precipitates during irradiation.

The latter (3) is the most likely explanation because: (I) there is no data available concerning
<-oomponent loop formation in Zircaloy-2 irradiated at 353 K and (2) work on the effect
of residual stresses indicates that, if anything, growth should be increased and not suppressed
[261·

A Qualitative Model for Breakaway Growth

Assuming that accelerated growth is dependent on c-component loop formation and
therefore on the interstitial solute content of the zirconium matrix then the growth rate
should be dependent on the volume of the matrix containing a critical interstitial solute
concentration. For material that initially has less than the critical solute concentration, this
volume increases from zero up to 100% as the intrinsic interstitial impurity concentration
is gradually supplemented by the radiation-induced dissolution of elements such as iron
from intermetallic precipitates or Il-phase (Zr-Nb alloys only). At the early stages of "break
away" growth, the rate of increase of the growth should be dependent on the rate of solute
dispersion into the matrix. On this basis it is possible to derive a qualitative model for
"breakaway" growth as follows.

The volume fraction of material containing a critical solute concentration is determined
by

where R is the mean-free-path for solute diffusion from a precipitate. R IX. v75i, therefore

V <X (DI)"

where D is the diffusion coefficient during irradiation, and t is the time of irradiation.
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Assuming that the growth rate is proportional to the number of c-component loops and
therefore the volume fraction 0 material containing c-component loops given by V, then

E, a: (Dt)U or E, = Cll~

where E. is the irradiation growth strain, and C is a proportionality factor, which includes
the diffusion coefficient.

For a given neutron flux, irradiation growth of an annealed zirconium alloy can then be
expressed as

" = All - exp (- 81)J + Ct'~

The first term represents the normal saturating growth strain in the absence of c-component
loop formation (this could be replaced by a linear function of ( for cold-worked materials).
A, B, and C are numerical constants that will be determined by the temperature and micro
structural variables (precipitate distribution, specific alloying elements, grain size, and dis
location or loop density). The above expression is plotted in Fig. 14 where the parameters
A(5 x 10-'),8(1), and C(O.05) have been chosen to fit the experimental data for Zircaloy
2 at about 553 K (Fig. 1).

Each precipitate or ~-phase filament can be considered as a source of elements such as
iron, chromium, or nickel, and eventually. as it diffuses outward, the volumes containing
these elements will overlap and the growth rate will reach equilibrium (become linear).
Also, the time to reach linearity will decrease with increasing temperature. This is what is
observed.

FLUENCE/1025 n.m-2 IE>t1.V)
FIG. I4-Jrradialion growth as a funclion offlu~nct for Zircafoy-2 01 a lemp~ralure of aboul570 K.

Th~ .r/rain caustd by c-eompontnt loop formalion is addtd 10 the normal sOlural;ng Slra;n of ann~aftd
polycrystalline Zircaloy·2. The raultanl strain follows a Iypicaf "breakaway" curve.
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Grain Size Dependence of Accelerated Growth

It was shown previously that the negative (-axis strain that is measured for materials
exhibiling acceleraled growlh can beSI be explained if, in addilion 10 Ihe <-componenlloops,
there is a net vacancy flux to grain boundaries oriented perpendicular to the c·axis. The
corresponding positive strain measured in directions having small basal pole texture factors.
that is. a-axis strain, is the result of partitioning between interstitial and vacancy point
defecls such Ihal vacancies are biased lowards Ihe <-eomponenlloops (also possibly 10 grain
boundaries perpendicular to the c-axis) and interstitials are biased towards grain boundaries
(especially Ihose parallel wilh Ihe <-axis) and (o) Iype dislocalions. In many cases, especially
for annealed materials at high temperatures, there is little evidence for the production of
large numbers of (o}-type dislocalion loops wilh interstilial characler, which could accounl
for the large o-axis expansions [12). Also, (o}-type dislocations are nOI necessarily suitable
interstitial sinks because they can be alternative sinks for vacancy point defects and can
lower the growth rate. Therefore, anisotropic diffusion of interstitial point defects to grain
boundaries oriented parallel with the (-axis has to be an important factor in determining
Ihe rale of accelerated growth (17,23J.

Apart from enhancing the partitioning of vacancies and interstitials between grain bound
aries with different orientations. it can be argued that anisotropic diffusion is a major factor
responsible for Ihe growlh of Ihe large <-eomponenlloops [15,23]. However, an alternative
view is that the intrinsic anisotropy of diffusion in the material may be increased if the
stacking-fault from the (-component loops impedes interstitial motion parallel with the [
axis. The latter effect could largely account for the strong relationship between accelerated
growth rates and the presence of [-component loops because the anisotropic diffusion would
increase with increasing concentration of [-component loops.

The importance of grain boundary sinks is apparent when comparing growth rates of
materials with different grain sizes irradiated at the same temperature. There is a relationship
between grain size. temperature, and growth rate for materials showing linear accelerated
growth. that is, containing [-component loops. Approximate growth rates for a range of
specimens are listed in Table 3. Each of the growth rates along a given direction having a
known texture factor Ie has been normalized to an equivalent growth anisotropy factor [10],
I - 3h = I, Ihal is, f< = 0, in Table 3. It can be seen thai the growlh rale is dependenl
on the particular material, the temperature of irradiation and also. to a large extent, on the
grain size for a given temperature. The importance of grain boundaries as a sink for interstitial
point defects has been discussed above. This could largely account for the temperature
dependence of the final accelerated growth rates because of the increased sink strength of
grain boundaries wilh increasing temperalure [17]. Temperalure can also affecllhe micro
structure in two ways: (1) c-component loop stability is increased at higher temperatures;
(2) Ihe (o) dislocation densily is reduced and therefore does not compele wilh <-component
loops for Ihe absorplion of vacancy point defeclS.

Condusions

I. Accelerated irradiation growth is exhibited by zirconium alloys containing [-component
vacancy loops.

2. Vacancy [-component loops form in specimens with a high interstitial impurity con
centration.

3. The onset of "breakaway" growth is related to an increase in interstitial solute in the
zirconium matrix because of radiation-induced dissolution of intermetallic precipitates.
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TABLE 3--Posl·br~Qka'rWlYgrowlh rates for Zr·alJoys j"adialed al temperatures
b<twun 64() 10710 K {IO.IIJ.

Growth
Texture Rate (I,)

Irradiation f.,(%)/l()l5 NonnaJized i, Grain Size.
Specimen Temperature. K I, I - 3/r n' m- J (I - 31,) 2 I .m

Zt·2 680 0.Q7 0.79 0.04 0.05 32.0
Zr-2 680 0.05 0.85 0.10 0.11 12.0
Zt·2 680 0.18 0.46 0.05 0.11 9.0
2r-2 700 0.18 0.46 0.10 0.22 9.0
Zt-4 64ll 0.16 0.52 0.11 0.21 16.0
Zt-4 610' 0.12 0.64 0.35 0.55 16.0
Sponge: Zr 695 0.13 0.61 0.Q7 0.11 23.0
Zr-2.S wt% Nb 695 0.08 0.76 0.12 0.16 3.0'
Ex",1 695 0.06 0.82 0.21 0.26 1.0

• Maximum value; actual temperature: betwccn 644 K and 670 K.
• Grain siu gi..'cn in Fig. 2 is for lhe radial direction (0.3 1AJ11) and corresponds with a textute factor fr ., 0.324.

Tnnsverse and longitudinal dimensions arc: typically about 1 and 3 ~. respectivdy. and the latter is incluckd in the
lablt because the measurement in Ihis case corresponds to a kmgitudinal direction.

4. The effect of temperature on accelerated or "breakaway" growth is two-fold: (I)
increasing the temperature reduces the incubation period before "breakaway" growth oc
curs; (2) increasing the temperature increases the final rate of accelerated growth. This is
because (1) for agiven fluence the volume of material containing acritical interstitial impurity
concentration (required to stabilize vacancy c-component loops) increases with increasing
temperature and (2) the stability of the <-component loops and the sink strength of grain
boundaries for interstitials increases with increasing temperature.

5. There is a strong inverse grain size dependence for growth in materials exhibiting
accelerated irradiation growth.

6. Anisotropic diffusion is an important factor contributing to the rate of accelerated
growth because of (1) increased stability of vacancy c-component loops on basal planes and
(2) increased partitioning of vacancy and interstitial point defects to grain boundaries ori
ented perpendicular and parallel to the c-axis, respectively.
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