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Abs tract

The high-tem per a ture phase trans for ma tions of E110G
Zr-al loy were in ves ti gated by us ing “in situ” X-ray dif frac -
tion meth ods. The Zr-Nb E110G al loy is now a days used
for pro tec tive lay ers of nu clear fuel rods in PWR a BWR
nu clear re ac tor. For the ex am i na tion of in ter sti tial ox y gen
and ni tro gen in flu ence on phase trans for ma tion the sam -
ples of pure Zr were used. The mea sure ments pro ceed in
evac u ated high-tem per a ture cham ber be ing a part of au to -
matic pow der diffractometer. Ex per i men tal sam ples were
heated at dif fer ent max i mum ex po sure tem per a tures and
then cooled down at tem per a tures 1000 °C, 900 °C, 850 °C, 
800 °C and 30 °C. At all these tem per a tures the dif frac tion
pat ters were col lected.   

1. In tro ducti on

Ma te ri als on the ba sis of zir co nium are al ready used more
than fifty years in area of nu clear energetics.     Due to com -
bi na tion of high cor ro sion re sis tance in the air, wa ter and
also in any ag gres sive en vi ron ments, e.g. H2SO4, HCl,
KOH, NaOH, good me chan i cal prop er ties and very low ab -
sorp tion cross sec tion for ther mal neu trons, Zr-al loys are
an ideal ma te rial for pro tec tive lay ers of nu clear fuel rods.
For this ap pli ca tion the Zr-al loys can be used in pres sur ized 
wa ter re ac tors (PWR) and boil ing wa ter re ac tors (BWR).
There are two ba sic types of ma te ri als used as clad dings.
The first group of ma te ri als is rep re sented by al loys of zir -
co nium and tin, which are called Zircaloys, Tab. 1. Four
types of these al loys were de vel oped in the USA from a
first half of 1950s, [1-4].  

The sec ond ba sic type of Zr-based ma te ri als was de vel -
oped prac ti cally at the same time in USSR and later also in
Can ada for CANDU re ac tor. As a main al loy ing el e ment
the ni o bium was used. The main clad ding ma te rial was des -
ig nated as E110 (Zr+1%Nb) and its prop er ties are con -
stantly im proved. In the pres ent the mod i fied E110G al loy
is used for fuel rods pro tec tive lay ers, Tab. 2. From late

1990s the Zircaloys are grad u ally re placed by Zr-Nb al loys
with re gard to their much better cor ro sion prop er ties, [1-4].

An im por tant part of Zr-al loys re search is a study of
their be hav iour dur ing the LOCA ac ci dent. This type of re -
ac tor ac ci dent re sults in a rapid cool ing wa ter es cape in a
time shorter than 10 sec onds, fol lowed by a rapid heat ing
of the Zr-al loy in steam en vi ron ment at the tem per a ture
above 1000°C. These se vere con di tions lead partly to a fast
high-tem per a ture ox i da tion and also to a phase trans for ma -

tion of Zr-al loy to high-tem per a ture b-mod i fi ca tion with
body-cen tred cu bic lat tice un til the re ac tor core is flood

with wa ter and the clad ding is quenched back to a-phase
with HCP lat tice. The tem per a ture of Zr-al loy phase trans -
for ma tion is strongly in flu enced by free ox y gen and ni tro -
gen placed in in ter sti tial po si tions of crys tal lat tice and also

by a heat ing rate [5]. The the o ret i cal value of a«a+b
trans for ma tion tem per a ture is for E110G al loy 620 °C,
Fig. 1. In the real ma te rial struc ture the trans for ma tion tem -
per a ture is very strongly in flu enced by ox y gen and ni tro -
gen pres ence. In a form of solid so lu tions these el e ments

sta bi lize the low-tem per a ture a-phase even at high tem per -
a tures. In this work as a main ex per i men tal ma te rial the
E110G al loy was used. The sam ples of pure Zr by
Goodfellow Ltd. were used for the comparison and also for
study of oxygen and nitrogen influence on high- tem per a -
ture phase transformations. 
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Al loy Che mi cal com posi ti on Wt. %

Sn Fe Cr Ni

Zir ca loy-1 2.5 - - -

Zir ca loy-2 1.5 0.12 0.10 0.05

Zir ca loy-3 0.25 0.25 - -

Zir ca loy-4 1.5 0.22 0.10 -

Ta ble 1. Chem i cal com po si tion of Zircaloy al loys [6].

Al loy Ele ment

Nb [%] Fe [ppm/%] H [ppm] N [ppm] C [ppm] O [ppm] Ni [ppm] Hf [ppm]

E110 1.0 100 25 - - 600-700 < 70 < 100

E110G 1.0 - 1.1 0.055 3 20 100 840 - ~500

Ta ble 2. Chem i cal com po si tion of E110 and E110G Zr-Nb al loys.
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2. Ex pe ri ment

For the ex per i men tal sam ples the heat ing-cool ing courses
with three max i mum ex po sure tem per a tures 1100 °C,
1150 °C and 1200 °C were cre ated, Fig. 2. These courses
also make pro vi sion for a strong affinity of zir co nium for
ox y gen and ni tro gen. Air mol e cules ad sorbed on sam ple
sur face caused rel a tively strong sur face ox i da tion of Zr and 
its al loys. That is why a deaeration step at 250 °C for
60 min utes was added to heat ing-cool ing course of all ex -
per i men tal sam ples. Af ter the deaeration each sam ple was
firstly heated at the tem per a ture 860 °C which is the the o -
ret i cal phase trans for ma tion tem per a ture of pure Zr. This
step dis played if the phase trans for ma tion of ex per i men tal
ma te ri als pro ceeds al ready dur ing the heat ing.

Af ter that the ex per i men tal sam ples were heated at a
max i mum ex po sure tem per a ture and then they were grad u -
ally cooled down at tem per a tures 1000 °C, 900 °C, 850 °C,
800 °C and 30 °C, Fig. 2. At all these tem per a tures the
“in situ” X-ray dif frac tion was mea sured. This form of
heat ing-cool ing course en sures that there will be no in flu -
ence of trans for ma tion tem per a ture hys ter esis for heat ing
and cool ing down. Dur ing the mea sure ments the ex per i -
men tal sam ples were in serted in the evac u ated high-tem -
per a ture cham ber Anton Paar HTK 1200N. This cham ber
uses a ra di a tion heat ing with out tem per a ture gra di ents up
to the tem per a ture 1200 °C. In ner space of the cham ber was 
evac u ated with the aid of dry scroll pump Ed wards XDS 5
and turbo-mo lec u lar pump Ed wards EXT 75 sys tem. The
cham ber was mounted in an au to matic pow der
diffractometer Panalytical X’Pert Pro. This in stru ment is
equipped with a Cu X-ray tube and an ultra-fast
semi-conductor PIXcel with high resolution ability.

3. Re sults and dis cus si on

For the ex per i men tal mea sure ments two pairs and one sep -
a rate sam ple were used. For the high est ex po sure tem per a -
tures 1100 °C and 1150 °C two pairs of sam ples were used.
One sam ple was al ways made from E110G al loy and the
sec ond one was from pure Zr. For the tem per a ture 1200 °C
only E110G al loy was used. 

3.1 Sam ples Zr-1Nb_11 and Zr_29

For the sam ples Zr-1Nb_11 (E110G al loy) and Zr_29 (pure 
Zr) the tem per a ture 1100 °C was used. Re sults of
Zr-1Nb_11 sam ple show at 860 °C sur face cor ro sion layer
com pound of monoclinic ZrO2 and non-stoichiometric
tetragonal ZrO1,95, Fig. 3. This layer is un sta ble at higher
tem per a tures and it disintegrates quite fast. The iden ti fied

high-tem per a ture b-Zr phase is a part of this cor ro sion
layer. Its ap pear ance is then fixed to the cor ro sion layer.
The phase trans for ma tion of in ner vol ume of E110G did
not pro ceed in con se quence of in ter sti tial ox y gen and also
ni tro gen pres ence which sta bi lised the low-tem per a ture

a-phase even at high tem per a tures. The in ter sti tial ni tro gen 
is in the struc ture of both in ves ti gated ma te ri als. At high
tem per a tures it cre ates with zir co nium the sur face cu bic
nitride ZrN which is vis i ble in dif frac tion pat terns at
1100 °C, Fig. 3, 4. Cre ation of this layer strongly in flu -

enced also the phase trans for ma tion of pure Zr. The b-Zr
phase can be seen af ter the cool ing down at 1000 °C. This is 

re lated to sur face a-Zr layer ini tially oversaturated by the

 

Fig ure 1. Zir co nium – ni o bium bi nary phase di a gram [6].
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Fig ure 3. Par tial dif frac tion pat terns of Zr-1Nb_1.

Fig ure 2. Heat treat ment of ex per i men tal sam ples.
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ni tro gen. With the sur face ZrN growth this layer was de -
pleted of ni tro gen which caused de creas ing of trans for ma -

tion tem per a ture. At 850 °C is the b-Zr com pletely changed 

back into a-Zr which cor re sponds with bi nary phase di a -
gram, Fig. 4.

3.2 Sam ples Zr-1Nb_12 and Zr_32

For this pair of sam ples the high est ex po sure tem per a ture
was 1150 °C. At 860°C the dif frac tion pat tern of
Zr-1Nb_12 sam ple (E110G al loy) shows the cor ro sion
layer again. Dur ing sub se quent heat ing to 1150°C this

layer com pletely dis in te grated. The trace amount of b-Zr
phase iden ti fied at this tem per a ture is in in ner vol ume of al -
loy, Fig. 6. Dur ing the cool ing down at 1000 °C the

high-tem per a ture Zr phase changed back to a-Zr very fast
due to ox y gen and ni tro gen pres ence. The cor ro sion layer
of Zr_32 sam ple (pure Zr) is a con se quence of ox y gen dif -

fu sion to ma te rial even at room tem per a ture, Fig. 6. Also
here the cor ro sion layer dis in te grated dur ing the heat ing at

1150 °C and the (110) line of b-Zr is ob vi ously ev i dent in

dif frac tion pat tern, Fig. 7. The in creas ing amount of b-Zr
vis i ble at 1000 °C is again caused by ZrN layer cre ation as
well as in case of Zr-1Nb_11 sam ple. At 850 °C a trace

amount of b-Zr could be iden ti fied in the struc ture but

nearly un der this tem per a ture it changed to a-Zr.

3.3 Sam ple Zr-1Nb_13 

With re gard to higher amount of b-Zr phase which was cre -
ated in Zr_32 sam ple af ter the heat ing at 1150 °C only a
sam ple made from E110G al loy was used for the heat ing at
1200 °C. The cor ro sion layer cre ated dur ing the heat ing at
860 °C com pletely dis in te grated dur ing sub se quent heat ing 
at 1200 °C, Fig. 8. The phase trans for ma tion is again in flu -
enced by in ter sti tial ox y gen and ni tro gen. The rel a tively

strong (110) line of b-Zr can be iden ti fied at 1200 °C. Af ter 
the cool ing down at 1000 °C the high-tem per a ture mod i fi -

ca tion changed back to a-Zr phase.
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Fig ure 4. Par tial dif frac tion pat terns of Zr_29.
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Fig ure 5. Par tial dif frac tion pat terns of Zr-1Nb_12.

Fig ure 7. De tailed par tial dif frac tion pat tern of Zr-1Nb_12 at
1150 °C.

Fig ure 6. Par tial dif frac tion pat terns of Zr_32.



4. Conclu si ons

The re sults show that the high-tem per a ture phase trans for -
ma tion of E110G and also of pure Zr is ab so lutely fun da -
men tally in flu enced by ni tro gen and also ox y gen dis solved
in in ter sti tial po si tions. Both these el e ments even in a small
amount strongly in crease the phase trans for ma tion tem per -
a ture of ex per i men tal ma te ri als. The heat ing-cool ing
courses used for ex per i men tal sam ples dem on strated that

for the E110G a trace amount of high-tem per a ture b-Zr
phase was in in ner vol ume of ma te rial cre ated af ter the

heat ing at 1150 °C. At 1200 °C the (110) of b-Zr is rel a -
tively strong, but this tem per a ture is still nearly above
trans for ma tion tem per a ture due to ni tro gen and ox y gen.

Dur ing the cool ing down at 1000 °C the b-Zr phase com -

pletely changed back to a-Zr in all sam ples of al loy. The
in flu ence of ni tro gen show it self also in the case of pure Zr.

The small amount of b-Zr is shown in the struc ture dur ing
the cool ing at 1000 °C af ter the heat ing at 1100 °C. This is

due to de ple tion of un der sur face a-Zr layer of ni tro gen
which is used for sur face ZrN layer cre ation. Af ter that the

pres ence of b-Zr con forms the bi nary phase di a gram.
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Fig ure 8. Partial dif frac tion pat tern of Zr-1Nb_13 at 1200 °C.


