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Abstract: Failure of the zirconium alloy claddings due to iodine-induced stress corrosion cracking (I-SCC) will increase the risk of fission
product leakage. The progress of I-SCC has been comprehensively investigated in a massive amount of published literature. For a comprehens-
ive understanding of I-SCC, this review focuses on summarizing the mechanisms and influencing factors of I-SCC. Results show that micro-
pits are formed on the surface of zirconium alloys due to the reaction between iodine and zirconium, and then small pits gradually gather to
form pit clusters. Cracks are easily generated in pit clusters and propagate along the grain boundary. After reaching a particular condition, the
crack will transform into transgranular direction propagation. As the crack develops, it finally becomes a ductile fracture. We also summarize
various factors that may affect I-SCC. The specific cracking conditions are linked to elements, such as iodine concentration, temperature, mi-
crostructure, and alloying elements. Nonetheless, the improvement of the I-SCC resistance of zirconium alloys needs to be further explored.
More attention can be paid to material properties, such as alloying elements, microstructure, and surface treatment, to improve the I-SCC resist-
ance of zirconium alloys.

Keywords: iodine-induced stress corrosion cracking; zirconium; fracture

  

1. Introduction

Nuclear power generation was used as the primary com-
mercial  power  production  in  the  1950s  because  nuclear
power  is  efficient  and  reliable  [1–2].  Accordingly,  several
studies have been conducted. Nuclear power is economically
feasible and meets more than 20% of the world’s demand for
electricity [3]. Additionally, nuclear power helps reduce en-
vironmental degradation caused by power generation activit-
ies [4]. As such, nuclear safety is always considered and em-
phasized. The Chernobyl incident and Fukushima Daiichi ac-
cident  remind  the  world  that  strengthening  nuclear  safety
consciousness is not an option but a necessity [5–7]. The fis-
sion of U atoms produces radioactive materials, such as neut-
rons, γ rays, and α and β particles, which may be fatal to hu-
mans [8]. Therefore, to prevent the leakage of nuclear fission
products,  a  protective  cladding  outside  the  UO2 fuel  block
should  be  provided  as  the  first  barrier  for  nuclear  reactor
safety [9]. Fig. 1 shows the schematic of the fuel cladding in a
nuclear reactor [10]. Rickover et al. [11] discovered the ad-
vantages of zirconium alloys, which influence the recent de-
cision  to  use  zirconium  alloys  as  fuel  cladding.  Zirconium
and its alloys have a low thermal neutron absorption cross-
section, which could reduce the loss of neutrons as they pass

through  the  fuel  cladding  [12–14].  Additionally,  zirconium
alloys  have  good  mechanical  properties  and  irradiation  ef-
fects [15]. The zirconium alloys used in various reactors are
shown in Table 1.
 
 

Fig.  1.     Schematic  of  a  fuel  cladding  in  the  nuclear  reactor.
Reprinted from J. Nucl. Mater., 521, R.B. Adamson, C.E. Cole-
man,  and  M.  Griffiths,  Irradiation  creep  and  growth  of  zir-
conium alloys: A critical review, 167-244, Copyright 2019, with
permission from Elsevier.
 

The  fuel  cladding  failure  was  first  discovered  in  1963
when General Electric used high-power fuel for testing. The
fuel  block that  expands due to high-power temperature rise
squeezes  the  fuel  cladding;  this  phenomenon  is  called
pellet–cladding interaction (PCI), which causes the failure of 
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zirconium  alloy  cladding  [29–30].  Failure  events  have  be-
come frequent since the Canada Deuterium Uranium reactor
started operation in 1969. In fact, PCI failure occurred before
the  widespread  use  of  zirconium  alloys  as  fuel  cladding,
which indicated that  PCI is  a  common phenomenon during
reactor operations [31]. This phenomenon has attracted signi-
ficant attention.  Therefore,  it  is  necessary to understand the
stress  of  fuel  claddings  during  reactor  operations.  Terrani
[32] studied the changes in the diameter of fuel cladding and
fuel block as burnup increases. Fig. 2 shows the curve of fuel
cladding  and  pellet  diameter  with  increasing  power  in  the
light water reactor. As shown in Fig. 2, the pellet and clad-
ding will undergo thermal expansion when the reactor starts
operating.  When  the  burnup  is  below  20  MWd/kgU,  fuel
cladding is not generally subjected to hoop stress because a
gap  still  exists  between  the  fuel  block  and  fuel  cladding
[33–34]. With 20 MWd/kgU, because of the swelling of the
pellet  and creep-down of fuel cladding, extrusion stress oc-
curs between them, which will increase with fuel consump-
tion.

Several experiments have shown that the failure mode of
PCI  is  stress  corrosion  cracking  (SCC)  [35].  Additionally,
aggressive fission products, such as I and Cs, will be released

with  the  operation  of  the  reactor.  Particularly,  iodine  has  a
great influence on zirconium alloy cladding [36]. Zirconium
alloy  cladding  will  cause  iodine-induced  stress  corrosion
cracking (I-SCC) due to the chemical effect of iodine and the
hoop stress on fuel cladding. Research on I-SCC, which has
been  performed  by  studying  the  production  conditions  and
mechanisms, is targeted to prevent significant losses caused
by the failure of zirconium alloy cladding. This review sum-
marizes the causes and influencing factors of I-SCC in vari-
ous zirconium alloy fuel cladding. 

2. Stress corrosion cracking mechanism 

2.1. Iodine

The SCC mechanism of zirconium alloy claddings is par-
ticularly  complicated,  which  is  mainly  related  to  corrosion
environment, stress, and materials. Therefore, it is necessary
to  determine  the  content  and  source  of  iodine  in  fission
products. Gartner and LaVake [37] reported the diffusion of
Cs  and  I  from UO2.  Approximately  0.5  g  of  I-129  was  re-
leased after a burnup of 30 MWd per kg UO2 in a 3-kg fuel
rod [38]. Fig. 3 shows the production of cesium and iodine
during  reactor  operation  [39].  The  chemical  decomposition
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Fig. 2.    Curve of the fuel cladding and pellet diameter with in-
creasing  power  in  the  light  water  reactor.  Reprinted  from J.
Nucl. Mater.,  501,  K.A.  Terrani,  Accident  tolerant  fuel  clad-
ding  development:  Promise,  status,  and  challenges,  13-30,
Copyright 2018, with permission from Elsevier.
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Adapted  from J. Nucl. Mater.,  87,  P.  Bouffioux,  J.V.  Vliet,  P.
Deramaix,  and M. Lippens,  Potential  causes of failures associ-
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Table 1.    Summary of zirconium alloys for nuclear fuel claddings

Grade Alloy composition Types of reactor Origin Refs.
Zr-2 Sn, Fe, Cr, Ni BWR America [16–17]
Zr-4 Sn, Fe, Cr PWR; LWR America [17–18]

ZIRLO Sn, Nb, Fe PWR America; China; Europe [19–20]
M5 Sn, Nb, O PWR; RBMK America; China; Europe [21–22]

E110 Nb RBMK Russia [23–24]
E125 Nb, O VVER; RBMK Russia [23]
E635 Sn, Nb, Fe RBMK Russia [23–25]
X5A Sn, Fe, Cr, Nb PWR America [26]
NDA Sn, Nb, Fe, Cr PWR Japan [27]
N18 Sn, Nb, Fe, Cr PWR; BWR China [28]
N36 Sn, Nb, Fe, Cr PWR; BWR China [28]

Note: BWR—Boiling water reactor; PWR—Pressurized water reactor; LWR—Light water reactor; RBMK—Graphite moderated boiling
water reactor; VVER—Water–water energetic reactor.
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of CsI can produce iodine, but it is mainly from radiation de-
composition [40].

Generally,  the  specific  chemical  element  responsible  for
SCC  in  claddings  is  I,  which  is  considered  a  pathogenic
factor due to its relatively high yield of fission products, dif-
fusibility, and volatility in fuels. There has been controversy
about whether iodine promotes SCC alone or with other fis-
sion  product  elements,  especially  Cs  [29].  The  argument  is
sparked by volatility and higher fission product production of
Cs compared to that of I. An early investigation claimed that
iodine is the most likely corrosive agent because the fracture
mode  of  SCC  failure  in  the  laboratory  iodine  environment
closely matches the conditions experienced in a reactor. By
contrast,  laboratory failure in the Cs environment is not the
case. 

2.2. Crack initiation

According to Armijo et al.’s report [41], high local iodine
concentrations were discovered on cladding at the location of
particle  cracks.  Researchers  speculated  that  iodine  would
probably  weaken  the  bonding  force  between  zirconium
atoms and react  with zirconium. To verify this  assumption,
many experiments have been conducted to explore the causes
and  influencing  factors  of  I-SCC  in  zirconium  alloy  clad-
dings  [42].  Experimental  results  have  shown  that  different
iodine  zirconium compounds  will  be  formed  with  different
amounts of released iodine [43].

Early studies have shown that zirconium and iodine would
generate  four  iodine  zirconium  compounds:  ZrI,  ZrI2,  ZrI3,
and ZrI4 [44]. Cubicciotti et al. [45] believed that there might
be four reaction processes, in which I2 and ZrI4 existed in a
gaseous form:
Zr+n/2I2(g) = ZrIn(s) (1)

ZrIn(s)+ (m−n)/2I2(g) = ZrIm(s), m > n (2)

Zr+n/(4−n)ZrI4(g) = 4/(4−n)ZrIn(s) (3)

ZrIn(s)+ (m−n)/(4−m)ZrI4(g) =
(4−n)/(4−m)ZrIm(s), m > n

(4)

Peehs et  al. [36]  supplemented  the  reaction  process.  A
model proposed in the exploration showed that if the iodine
pressure  was  sufficient,  then ZrI,  ZrI2,  ZrI3,  and ZrI4 layers
were formed in order  on the cladding.  ZrI4 is  exceptionally
volatile  at  high  temperature.  These  are  the  current  under-
standing  for  initiating  I-SCC  cracks  in  zirconium  alloys.
They believed that vapor ZrI4 converted Zr to solid ZrI on the
surface, which would further crack exposure due to the low
tensile  strength  of  ZrI.  The  same  conclusion  was  demon-
strated by Gillen et  al. [46].  The segregation of  iodine was
first detected at the crack tip using the nanoscale secondary
ion mass spectrometry method. The detected iodine is prob-
ably from the ZrI mentioned by Peehs et al. [36]. However,
this result is inconsistent with the previous result by Cox and
Haddad  [47].  In  Cox  and  Haddad’s  experiment,  no  iodine
diffusion  was  detected  before  the  crack  tip  based  on  the
method of  isotope  tracer  elements  [47].  This  result  may be
because the iodine concentration was too low to test using the

Rutherford backscattering spectrometry technique. Addition-
ally, these iodine segregation regions corresponded to the zir-
conium-poor  regions  in  Gillen et  al.’s  experiment  [46]  and
were  presumed to  be  the  grain  boundaries  before  the  crack
tip. The argument that iodine preferentially attacks the grain
boundaries  has  been  repeatedly  mentioned  in  the  past
[48–49].

Aiming  at  explaining  the  occurrence  of  macroscopic
cracks, Jezequel et al. [50] proposed that pits would be gen-
erated on the surface of zirconium alloys and gradually accu-
mulate due to the erosion of iodine. The development of pits
is divided into three steps: In the first stage, when the expos-
ure time is not long enough (45 min in their experiments), the
surface pits are not obvious. The second stage corresponds to
the  transition  period  of  pits  (24  hours  (h)  in  their  experi-
ments). During this period, the pits begin to nucleate, grow,
and merge.  In  the  third  stage,  the  pits  begin  to  merge  on a
large  scale.  However,  Jezequel et  al. [50]  did  not  explain
where the pit started. Before the cracks appeared, pits and pit
clusters  were  generated,  which  was  also  confirmed in  Park
et al.’s experimental results [51–52]. Park et al. [51] specu-
lated about the reason for the preferential pit nucleation at the
grain  boundaries  on  the  surface  of  zirconium  alloys.  Pits
gathered together along the grain boundaries, which contrib-
uted  to  a  crack  among  grain  boundaries. Fig.  4 shows  the
scanning electron microscopy (SEM) images of  the surface
after I-SCC [50]. Fig. 4 also shows that the pits slowly grow
and gather into pit clusters. Fig. 5 shows the SEM images of
the fractured cross-section after I-SCC [51]. In Fig. 5, micro-
cracks  between  the  grain  boundaries  appear  on  the  surface
away from the fracture. 

2.3. Crack propagation

Recently, grain-boundary pitting coalescence (GBPC) and
pitting-assisted slip cleavage (PASC) models have been pro-
posed to summarize the mechanism of I-SCC crack initiation
and  propagation  on  the  surface  of  zirconium alloys.  The  I-
SCC failure  can be described in  four  stages:  (i)  crack initi-
ation,  (ii)  localized  intergranular  (IG)  crack  growth,  (iii)
transgranular  (TG)  crack  propagation,  and  (iv)  final  failure
[49]. Fig. 6 shows a diagram of the breakage of GBPC and
PASC  models  [51].  The  microcracks  generated  along  the
grain boundary (GB) will contribute to I-SCC cracks grow-
ing by an IG mode in the early stage of cracking. Farina et al.
[53] believed that IG corrosion is the prerequisite for SCC to
occur. However, in different iodine environments, the factors
affecting  IG  corrosion  are  different.  Zirconium  atoms  are
transferred  through the  Van Arkel  vapor  transport  mechan-
ism in an iodine vapor environment [54]. Conversely, in iod-
ine  solutions,  researchers  believe  that  IG  corrosion  is  con-
trolled  by  the  diffusion  of  active  materials  to  the  crack  tip
[55]. The details will be unfolded in Section 3.1.

When the crack growth reaches a critical point, some IG
cracks  will  change  to  the  TG  mode  and  become  a  mixed
propagation mode of IG and TG. In the mixed propagation
mode, TG cracks can pass through one grain but cannot fur-
ther penetrate into the adjacent grains, so it changes its direc-
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tion  along  the  grain  boundary  with  the  appearance  of  IG
cracks along several grains. A large number of experiments
show that TG cracks in zirconium alloys will propagate par-
allel to the base surface [56–57]. Fig. 7 shows the SEM frac-
ture diagram of the mixed propagation mode of IG and TG in
Zircaloy-4  [51].  Park et  al. [51]  proposed  three  main  situ-
ations  for  the  emergence  of  the  hybrid  model.  In  the  first
case, when the pits and related microcracks are arranged on
the line of the plane of the cleavage habits of the grains, the
cleavage  cracks  will  occur  at  low-stress  intensity.  By  con-
trast,  the  stress  intensity  factor  (KI)  value  increases  as  the
crack  depth  becomes  significant,  and  when  the KI value  is
high enough, cleavage cracks occur only through nanoscale
pittings. In the second case, if the habitual plane of adjacent
grains and TG crack grains are not parallel and the stress in-
tensity is not high enough, then the cleavage will not extend
to the adjacent grains, and the cleavage will stop at the grain

boundary. In the third case, the next cleavage crack will be
induced due to the continuous accumulation of IG cracks.

Furthermore,  crack  growth  develops  to  follow  the  TG
propagation  mode.  Cracks  propagate  through  cleavage-like
TG cracks that pass through one grain to the adjacent grain
without  changing  their  direction.  When  the  crack  depth  is
deep enough, due to the high-stress intensity at the crack tip,
cleavage cracking will occur without PASC or selective crys-
tal planes. Meanwhile, the crack growth rate at this stage is
very high because the cracks caused by TG present continu-
ous cleavage fractures.

Finally, there is the ductile (DUC) fracture zone, as shown
in Fig. 8 [48]. The I-SCC fracture usually refers to IG and TG
fractures. However, the DUC fracture can occur in an envir-
onment where there is no corrosive medium, as long as the
stress is extremely large [58–60]. Therefore, the DUC frac-
ture part is out of the scope of this article. 
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3. Influencing  factors  of  induced-stress  corro-
sion cracking cracking 

3.1. Iodine environment

As mentioned earlier, the iodine environment has a great

influence on the corrosion and cracking of the zirconium al-
loy  fuel  claddings.  Currently,  the  corrosive  environment  in
which stress  corrosion occurs  in  laboratory research can be
divided  into  the  iodine  vapor  environment  and  the  iodine
solution environment. Cox and Wood proved [61] that I-SCC
is the condition closest to the state of use in a gaseous iodine
environment of approximately 300°C. However, many stud-
ies regarding I-SCC testing in iodine solution are conducted
at room temperature because experimental equipment is quite
vulnerable  in  the  iodine  vapor  environment,  which  is  also
valuable.  In  the  iodine  vapor  environment,  the  influence  of
partial iodine pressure on I-SCC is mainly studied, while in
the  iodine  solution  environment,  the  influences  of  different
solutions and iodine concentration are mainly studied.

Whether the experiments are performed in iodine vapor or
in an iodine solution, the consistent result is that an increase
in iodine concentration can increase the rate of crack growth.
The higher the iodine concentration is, the shorter the failure
time is when the other conditions are the same. Additionally,
a  low-stress  intensity  factor  is  required  for  crack  initiation
with a high iodine concentration [62]. Serres et al. [63] com-
pared the test results in an iodized methanol solution with dif-
ferent  iodine  concentrations,  and  the  results  showed  that
when the iodine concentration was increased to 10 times, the
crack  growth  rate  could  be  accelerated  to  2.6  times.  They
concluded that when the KI value is constant, the increase in
the iodine concentration will boost the growth rate of cracks.
It is assumed that the IG fracture will be affected by the iod-
ine concentration. Using the fractal observation method, Gil-
len et al. [64] came to a positive conclusion that the rate of
crack  growth  increases  with  the  iodine  concentration.  The
proportion of TG fracture area will decrease, whereas the IG
fracture and DUC fracture area will increase because of the
increase  in  iodine  concentration.  Fournier et  al. [62]  found
that  at  an  iodine  concentration  of  6  ×  10−6 g/g,  crack  initi-
ation occurred at a macroscopic plastic strain of 0.5%, while
no significant crack initiation was observed at an iodine con-
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centration of 10−6 g/g. This finding manifests that the intens-
ity factor required for crack propagation is reduced because
of the high iodine concentration.  It  is  agreed that  excessive
iodine would react with zirconium to form complex zirconi-
um iodide, which is the cause of crack initiation. More iod-
ine present will result in more Zr attacked, and consequently,
more complex zirconium iodide will be formed, and the cor-
rosion rate will increase [65]. However, there is a saturation
value when the iodine concentration rises.  After  the satura-
tion  value  is  exceeded,  the  iodine  concentration  will  no
longer affect the failure time [66–67]. Recently, Gillen et al.
[64]  studied  compression  tests  of  C-rings  with  iodine  con-
centrations  between  0.1  and  20  mg/cm3 in  iodine  ethanol
solutions. Fig. 9 shows the failure time of cold working (CW)

and recrystallized (RX) ZIRLO in iodized ethanol solutions
with  different  iodine  concentrations  after  C-ring  compres-
sion tests.  They confirmed once again that  when the iodine
concentration is greater than 1 mg/cm3, the failure time will
no longer decrease as the iodine concentration increases. Al-
though  the  saturation  values  obtained  from  various  experi-
ments  are  slightly  different,  the  magnitudes  are  the  same.
When iodine reaches a saturated state, there is enough iodine
locally, and the amount of zirconium available is nearly con-
sumed. The amount of zirconium is the same, so further in-
creasing the iodine concentration will  not  cause more reac-
tions.

In  the  early  stage  of  crack  propagation  (IG  propagation
stage),  many  scholars  believe  that  the  crack  propagation
mechanism  in  iodine  vapor  and  iodine  solution  varies  [68]
because  alcohol  iodine  has  more  extraordinary  corrosive
properties  than  gaseous  iodine  [69].  Zirconium  atoms  are
transferred following the Van Arkel vapor transport mechan-
ism in the iodine vapor environment [54]. ZrI, ZrI2, ZrI3, and
ZrI4 layers are formed in order on the cladding when the iod-
ine pressure is sufficient. ZrI4 is a volatile solid that will then
diffuse  as  a  vapor  from the  crack  tip  to  its  mouth,  thus  re-
moving Zr and deepening the crack. Conversely, many stud-
ies  have  shown  that  the  stress-assisted  dissolution–adsorp-
tion mechanism may cause the  IG propagation stage in  the
iodine  solution  environment  [70].  The  IG  attack  occurs
through  a  chemical  dissolution  of  the  grain  boundaries,  as-
sisted by the applied stress. Zirconium is adsorbed by the free
iodide  ions  in  the  solution  to  form  zirconium-iodide  com-
pounds.  However,  the  zirconium-iodide  compounds  do  not
exist as gases because of the low temperature. Moreover, the
diffusion  of  the  active  species  (iodine-alcohol  complex)
probably controls IG cracking [71]. Generally, whether in the
environment  of  iodine  vapor  or  iodine  solution,  when  the
stress intensity factor, KI, reaches a critical value, the IG–TG
transition will occur. 
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propagation  modes  in  Zircaloy-4;  (b)  enlarged  micrograph  of
the dotted area in (a). Reprinted from J. Nucl. Mater., 376, S.Y.
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3.2. Temperature

Azevedo [72] proposed that, under normal conditions, the
temperature of the inner diameter of the cladding can reach
300–400°C when the reactor is in operation. However, in the
event of a pellet–cladding physical interaction, the temperat-
ure of the cladding can reach 1000°C. Therefore, to study the
effect of temperature on iodine-induced SCC, the temperat-
ure range is mostly set between 300 and 400°C (iodine vapor
environment). For the iodine solution environment, the tem-
perature is usually between 10 and 100°C. In the I-SCC pro-
cess of zirconium alloys, the rise in temperature can lead to
three  consequences.  The  first  one  is  the  reduction  in  the

strength of the material and the increase in its toughness. The
second one is the promotion of stress release at the crack tip.
The  third  one  is  the  acceleration  of  the  corrosive  effect  of
iodine on zirconium alloys. A large number of experiments
have  shown that  the  stress  intensity  factor KI will  decrease
with the increase in temperature [57,73]. When the temperat-
ure rises in the crack initiation stage, the stress at the crack tip
is  likely  to  release  due  to  local  plastic  deformation,  which
makes the diffusion of iodine along the grain boundary easy,
so the required cracking stress becomes low. Moreover, the
failure time of zirconium alloys will be shortened due to the
increase in temperature, which has been confirmed in many
kinds of research. Jezequel et al. [50] studied the I-SCC be-
havior  of  zirconium  alloys  in  iodine  vapor  environments
from 320 to 380°C. They also agreed that an increase in tem-
perature will decrease failure time and increase failure strain.
They found that the increase in temperature will increase the
minimum strain  at  failure.  When the  temperature  increased
from  320  to  380°C,  the  minimum  failure  strain  increased
from 0.4% to 1%. However,  the threshold stress would not
change when the temperature rose (240 MPa in this experi-
ment). This finding is consistent with previous ones [74–75].
The authors believe that the threshold stress is related to the
strength  of  the  material  itself.  Moreover,  temperature
changes have no obvious effect on pitting corrosion behavior.
Sanchez et al. [76] explored the failure of zirconium alloys in
iodized butanol  and iodized pentanol  solutions  at  temperat-
ures ranging from 20 to 90°C. Fig. 10 shows the failure time
crack propagation rate (cpr) diagrams of zirconium alloys at
different temperatures. In Fig. 10, the failure time and cpr de-
crease as the temperature increases from 20 to 90°C. The in-
crease  in  temperature  will  increase  the  total  length  of  the
brittle area (IG plus TG).
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3.3. Microstructure

After each CW of zirconium alloy plate or pipe, it needs to
restore its ductility through annealing treatment [77]. RX zir-
conium  alloy  is  usually  annealed  at  550  to  669°C,  and  its
grain morphology is equiaxed. Additionally, there is a stress
relief (SR) state, which avoids complete recrystallization by

lowering the final annealing temperature [78]. The morpho-
logy of the grains presents the characteristics of long grains
and a high density of dislocations. Gillen et al. [46] studied
the I-SCC behavior of zirconium alloys under CW and RX
conditions. Fig. 11 shows the electron backscatter diffraction
images of CW and RX ZIRLO cladding tubes. The CW ma-
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terial exhibits typically elongated grains with an approximate
dimension of 2 µm × 10 µm. The RX process produces an
equiaxed microstructure with grains of ~2 µm diameter. This
experiment shows that the direction of crack propagation is
different  on  CW and RX materials  from the  perspective  of
macroscopic  cracks. Fig.  12 shows  optical  micrographs  of
typical  cracks  in  RX  and  CW  ZIRLO.  Cracks  mainly
propagate  in  the  radial  direction  on  the  RX  sample.  In  the

CW  sample,  it  first  propagates  in  the  radial  direction,  then
changes  to  the  tangent  direction  of  30°,  and  finally  splits  a
crack toward 130° to the tangent line. There are more linear
and fewer cracks in the CW sample than in the RX sample at
the initial stage. However, CW cracks tend to have more tan-
gential crack paths macroscopically. This condition is prob-
ably because the macroscopic crack direction generally fol-
lows the shortest and highest stressed route [79].
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Fig. 11.    Electron backscatter diffraction images of ZIRLO cladding tubes: (a) CW and (b) RX [46].
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Fig. 13 shows the schematic diagrams of pits formed on
the surfaces of SR and RX grains [48]. In Fig. 13, the SR ma-
terial exhibits typically elongated grains, which are similar in
shape to CW grains. During the I-SCC cracking, grain shape
and  cleavage  habit  plane  play  an  important  role  in  grain
cracking. Park et al. [48,51] found that the failure time of the
RX sample was 80 times that of the SR sample. For Zircaloy-
4,  RX  can  increase  the  resistance  of  I-SCC.  Its KI is  4.8
MPa·m0.5,  and SR’s KI is  3.3 MPa·m0.5.  However,  for alloy
ZIRLO, there  is  no difference  in  the  results  of  RX and SR
samples.

The performance of fracture varies with the shape of the
crystal grains. Fig. 14 shows the SEM images of IG, TG, and
DUC fractures of zirconium alloys with CW [64], SR [51],
and RX [64] grains. Fig. 14 shows the features of similar size
and shape to the grains in the IG fracture for CW and SR ma-
terials. In the TG fracture region, perpendicular fluting steps
interrupt the stepped cracking with cleavage planes. For the
RX material, the features of size and shape to the grains in the

IG fracture are similar to those of the CW and SR materials.
In the TG fracture region, the fracture exhibits flat TG crack-
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Fig. 13.    Schematic of pits formed on the surface of (a) SR and
(b)  RX  grains.  RD  stands  for  radial  direction;  TD  stands  for
tangential  direction;  AD  stands  for  axial  direction.  Reprinted
from J. Nucl. Mater., 372, S.Y. Park, J.H. Kim, M.H. Lee, and
Y.H.  Jeong,  Stress-corrosion  crack  initiation  and  propagation
behavior  of  Zircaloy-4  cladding under an iodine  environment,
293-303, Copyright 2008, with permission from Elsevier.
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ing of cleavage without fluting. In CW, SR, and RX materi-
als, spherical microvoids are exhibited in the DUC region. 

3.4. Alloying elements

Generally,  among  the  alloying  elements  Sn,  Ni,  Nb,  Fe,
Cr, and O, oxygen is regarded as an alloying element rather
than an impurity.  Previous studies  have shown that  various
zirconium alloys contain different elements, which will lead
to different material strengths. However, it has not been ob-
served that the types and contents of these elements have a
significant  impact  on  I-SCC  mechanics  [80].  However,  re-
cent studies have found different conclusions, suggesting that
alloying elements have an influence on the fracture of I-SCC.
In 2008, the Park group [51] compared the I-SCC behavior of
Zircaloy-4  and ZIRLO alloys.  They found that  the  GB pit-
ting corrosion resistance of Zircaloy-4 is  lower than that  of
alloy  ZIRLO  because  according  to  the  SEM  fractographs,
many pits severely attack the surface of the IG region in the
Zircaloy-4 alloy, and there are only small pits (nanoscale) on
the  surfaces  of  IG  and  TG  regions  in  the  ZIRLO  alloy.
Moreover, the I-SCC performances of the two zirconium al-
loys after heat treatment are different. Specifically, the KI in
the SR and RX states of Zircaloy-4 are 3.3 and 4.8 MPa·m0.5,
respectively, but there is no difference between the KI values

in the SR and RX states  of  the ZIRLO alloy.  Additionally,
experiments have shown that adding oxygen can form inter-
stitial  solid  solutions  and  increase  the  yield  strength  of  zir-
conium alloys. Traces of Fe, Cr, and Ni in Zircaloy occur as
precipitated compounds [81]. The iodine reaction rates with
Fe and Ni are much higher than that with Zr at the in-reactor
temperatures,  so  precipitated  phases  will  react  with  excess-
ive iodine to form metal iodides and thus supply ZrI4 locally.

Up to now, the studies on zirconium alloys are not com-
prehensive enough. Li et al. [82] prepared pure Zr coatings
on the surface of the ZIRLO alloy. They found that the I-SCC
resistance of the ZIRLO alloy was enhanced by Zr coatings.
Specifically,  Zr  coatings  could  reduce  the  diffusion  rate  of
iodine from 3.258 × 10−12 to 0.175 × 10−12 m2/s. Therefore, al-
loy elements certainly have an influence on the I-SCC beha-
vior of zirconium alloys. 

3.5. Oxide layer

Zirconium oxides are easy to form by reacting with oxy-
gen.  A natural  oxide  with  a  nanometer  thickness  is  easy to
form on the surface of zirconium alloy cladding. Therefore,
considerable research has focused on whether oxides can res-
ist I-SCC. Mattas et al. [83] reported that a layer of thick ox-
ide can slow down the occurrence of I-SCC because of the
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compressive stress due to the volume (Pilling–Bedworth) ra-
tio of oxide to metal for ZrO2. I-SCC occurred after the oxide
was mechanically breached. The loss of ductility at the frac-
ture of Zircaloy-4 is more significant when iodine is admit-
ted  in  a  vacuum  than  in  the  air.  However,  an  oxide  film
should  not  be  relied  on  as  a  long-term  protection  method
against I-SCC. When the oxide film is not thick enough, iod-
ine can easily penetrate the oxide film and react with zirconi-
um. Additionally, pitting corrosion was found on the surface
of the zirconium alloy [50]. Based on observations reported

in the literature [84–85], the following pitting mechanism is
proposed. Fig.  15 illustrates  the  proposed  mechanism  [50].
First, the oxide film is produced because of the oxygen react-
ing between oxygen and zirconium. Iodine can penetrate the
oxide  layer  and  react  with  zirconium  to  form  gaseous  zir-
conium tetraiodide (ZrI4). Then, gaseous zirconium tetraiod-
ide makes the gas pressure too high to break the oxide layer.
Eventually, the entire oxide layer flakes off, leaving the en-
tire zirconium surface covered in pits, which corresponds to
the generalized pitting phase previously mentioned.
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4. Conclusions and prospects

The PCI failure occurs between the zirconium alloy clad-
ding and fuel block, which will cause huge losses. I-SCC will
occur on the zirconium alloy cladding under the chemical ac-
tion of the fission product iodine. In this review, the mechan-
ism of I-SCC among various zirconium alloy fuel cladding is
summarized. Micropits are formed on the surface of the zir-
conium alloy due to the reaction between iodine and zirconi-
um, and then small pits gradually gather to form pit clusters.
Cracks are easily generated in the pit clusters and propagate
along the grain boundary. After a critical point, the crack will
transform into TG direction propagation. As the crack devel-
ops, it ends with a DUC fracture. Iodine will affect the initi-
ation  of  I-SCC  cracks  and  plays  an  important  role  in  IG
cracking.

We also summarize various factors that may affect I-SCC.
The specific cracking conditions depend on various factors,
such as iodine concentration, temperature, microstructure, al-
loying  elements,  and  oxide  layer.  Specifically,  the  time  for
the  specimens  to  break  will  increase  due  to  the  increase  in
iodine concentration, whether in an iodine solution or an iod-
ine vapor environment. The higher the iodine concentration
is, the lower the stress intensity factor required for crack initi-
ation.  Additionally,  the  proportion  of  the  TG  fracture  area
will shrink, whereas the IG and DUC fracture areas will en-
large  because  of  the  increase  in  iodine  concentration.  The
stress  intensity  factor KI will  decrease  with  the  increase  in
temperature, which will accelerate the corrosive effect of iod-
ine on zirconium alloys.  Microstructure also affects  the de-
velopment of I-SCC. In a nutshell, equiaxed crystals are more
resistant  to  I-SCC  than  long  strips.  Until  now,  research  on
zirconium alloy  is  not  comprehensive  enough,  but  alloying
elements certainly have a particular influence on the I-SCC

behavior of zirconium alloys. The oxide layer is chemically
resistant  to  iodine  corrosion,  but  it  is  likely  to  crack  under
stress,  resulting  in  pits  and  stress  concentration,  which  is
unideal for the effect of resisting I-SCC. Hopefully, the sum-
mary on the impact of these factors on I-SCC will provide a
reference for the effective prevention of I-SCC in the future.

Based  on  this  review,  we  recommend  two  research  as-
pects  for  resistance  to  I-SCC.  One  is  to  adjust  the  element
types  and  proportions  of  zirconium  alloys.  The  other  is  to
find coating materials that can resist I-SCC on the surface of
zirconium alloys. Because the environment inside the reactor
is  uncontrollable,  more  attention  can  be  paid  to  material
properties,  such  as  alloying  elements,  microstructure,  and
surface  treatment,  to  improve  the  I-SCC  resistance  of  zir-
conium alloys. 
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