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Abs tract 
Neu tron dif frac tion is a very pow er ful tool in tex ture anal y -
sis of zir co nium based al loys used in nu clear tech nique. In
our work, the tex tures of two rolled sheets and three tubes
were in ves ti gated by di rect pole fig ures and in ver sion pole
fig ures. The ex per i ments were per formed on the KSN-2
neu tron diffractometer lo cated at the re search re ac tor
LVR-15 in the Nu clear Re search In sti tute, plc. Rez, Czech
Re pub lic. Tex ture de vel op ment in zir co nium and pro ce -
dures for ob tain ing tex ture pa ram e ters (di rect and in verse
pole fig ures) are also de scribed. Col lected data were pro -
cessed by soft ware pack ages HEXAL and GSAS. It was
found that the ad di tion of al loy ing el e ments breaks the cen -
tral area of basal pole fig ures of tube sam ples into two max -
ima. A char ac ter is tic split of the basal pole max ima tilted
by 45° from the tan gen tial di rec tion to ward the ra dial di rec -
tion can be ob served in basal pole fig ures of tubes. The
(100) and (110) planes of tubes are ori ented per pen dic u lar
to tube axis. Sheet sam ples pre fer ori en ta tion of planes
(100) and (110) per pen dic u lar to roll ing di rec tion and ori -
en ta tion of planes (002) per pen dic u lar to nor mal di rec tion.
The ob tained re sults are char ac ter is tic for zir co nium based
al loys.

1. In tro ducti on

The tex tured ma te rial usu ally ex hib its anisotropic me chan -
i cal, phys i cal and chem i cal prop er ties. Pre ferred ori en ta -
tion oc curs in both pow der sam ples (shape tex ture) and
com pact sam ples (caused by me chan i cal or heat treat ment
of ma te rial) [1].

Look ing on dif frac tion meth ods to mea sure tex tures
mainly three dif fer ent ra di a tions are in use. These are
X-rays pro duced by con ven tional X-ray tube or syn chro -
tron, elec trons and ther mal neu trons. Ba sic dif fer ences of
these ra di a tions are based on in ter ac tion of the ra di a tion
with mat ter [2].

The main ad van tages of neu tron dif frac tion arise from
the high pen e tra tion of neu trons. The in ves ti gated sam ple
vol ume is 104–106 higher than in the case of X-rays. There -
fore, neu tron dif frac tion pres ents an ef fi cient tool for
global tex ture in ves ti ga tions. The sec ond ad van tage is easy 
sam ple prep a ra tion; sur face prep a ra tion is not nec es sary
[3].

This ar ti cle deals with the use of neu tron dif frac tion in
tex ture anal y sis of zir co nium based al loys. Zir co nium has
very low ab sorp tion cross-sec tion of ther mal neu trons,
high hard ness, duc til ity and cor ro sion re sis tance. There -
fore, zir co nium al loys are used in the nu clear in dus try
(Zircaloy) as fuel rod clad ding, es pe cially in wa ter re ac tors
[4]. 

The work gives also a list ing of struc tural pa ram e ters
and tex ture char ac ter is tics of zir co nium al loys. Tex tures of
five sam ples were in ves ti gated by directpole fig ures and
in ver sion pole fig ures.

2. Tex tu re de ve lo p ment in zir co ni um 

2.1 Crys tal lo gra phic cha rac te ris tics of zir co ni um 

Zir co nium is an el e ment of IV.B sub group of the pe ri odic
sys tem. Un der nor mal con di tions zir co nium has a hcp crys -
tal struc ture with the lat tice pa ram e ters a = 0.3231 nmand c
= 0.5141 nm [5]. Space group of this metal is P63/mmc.

The im por tant di rec tions  in zir co nium are slip di rec -
tions <110> and  <113>. Tab. 1 shows the im por tant planes 
in zir co nium [6].

2.2 De for mati on tex tu res in zir co ni um al loys 

Most of the tex ture mea sure ments are re lated to the basal
pole dis tri bu tion which plays an im por tant role. Less
known is the dis tri bu tion of prism or py ram i dal plane
poles. These are strong in di ca tors for de gree of
annealingand, more over are im por tant for quan ti ta tive de -
ter mi na tion of tex tures, for ex am ple, by anal y sis of the ori -
en ta tion dis tri bu tion func tion (ODF) [6].

In all hcp met als the fi nal ori en ta tion of basal plane
(002) is par al lel to the di rec tion of elon ga tion -de vi a tions
from this pre ferred ori en ta tion ex hibit char ac ter is tic dif fer -
ences be tween the hcp struc tures. There fore, the tex tures of 
the hcp struc tures are cat e go rized into three groups, ac -
cord ing to the ax ial c/a ra tio [6]. For met als and al loys with
be low-nor mal c/a ax ial ra tio (e.g. zir co nium) the po si tion
of the basal poles is tilted by +/-20-60° from the nor mal di -
rec tion to wards the transversal di rec tion [6].

De for mati on tex tu res in tu bing

Re duc tion in cross-sec tion RA can be achieved by re duc tion 
in wall thick ness RW, by re duc tion in di am e ter RD or by any
com bi na tion of RW and RD. Three ex tremes of the dif fer ent
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Pla ne type Miller in di ces

Ba sal pla ne {002}

Pris ma tic pla nes 1st type {100}

Pris ma tic pla nes 2nd type {110}

Py ra mi dal pla nes 1st type 1st
or der

{1-11}

Py ra mi dal pla nes 1st type
2nd or der

{102}

Ta ble 1. Im por tant planes in zir co nium.



re duc tion ra tios RW/ RD ob served in zir co nium al loys are
dis cussed [6]:
• RW/ RD > 1 (Fig. 1a) – Tubes are mainly com pressed in

the ra dial di rec tion, whereas the com pres sive forces in
the tan gen tial di rec tion are com par a tively small. A char -
ac ter is tic split of the basal pole max ima of +/-20 –40°
tilted from the ra dial to wards the tan gen tial di rec tion can 
be ob served.

• RW/ RD ~ 1(Fig. 1b) – The de form ing and com pres sive
forces op er ate with equal strength in the ra dial and tan -
gen tial di rec tions. The re sult is a fi ber tex ture with a ran -
dom dis tri bu tion of basal poles in the ra dial-tan gen tial
plane.

• If RW/ RD < 1 (Fig. 1c) – Tubes are mainly com pressed in
the tan gen tial di rec tion, whereas the com pres sive forces
in the ra dial di rec tion are com par a tively small. A char ac -
ter is tic split of the basal pole max ima of+/-20 –40° tilted
from the tan gen tial to wards the ra dial di rec tion can be
ob served.

De for mati on tex tu res in sheet

Dur ing the roll ing pro cess, the sheet is com pressed in the
nor mal di rec tion (ND), length ened in the roll ing di rec tion
(RD) and slightly changes di men sion in the trans verse di -
rec tion (TD). The re sult is the tex ture which is iden ti cal to

the tex ture in tub ing for RW/RD > 1. This is to be ex pected
since the stress-strain con di tions are com pa ra ble [6].

3. Ex pe ri ment 

The tex ture mea sure ments of five zir co nium sam ples were
per formed at diffractometer KSN-2 at Lab o ra tory of Neu -
tron Dif frac tion, De part ment of Solid State En gi neer ing,
Fac ulty of Nu clear Sci ences and Phys i cal En gi neer ing us -
ing the TG-1 tex ture goniometer with au to matic data col -
lec tion[7]. The mono chro matic neu trons hav ing wave -
length 0.1362 nm were used. The sin gle-crys tal Cu(200)
was used asmonochromator. The KSN-2 dif frac tion de vice 

of fers good in ten sity and the best res o lu tion value of Dd/d
= 0.007 in the re gion d ~ 1.0÷0.1 nm (d is interplanar spac -
ing).

3.1 Sam ples 

Rol led sheets 

Sam ple Zrp was com posed of 11 sheets of cir cu lar shape
with a di am e ter of 50 mm. The thick ness of one sheet was
0.25 mm. The sheets were cold –rolled with 92% re duc tion. 
Sam ple Zr1 was com posed of 3 sheets of square shape, the
side be ing 30 mm long. The thick ness of one sheet was 1.1
mm. The sheets were cold –rolled with 50% re duc tion, an -
nealed at 650 °Cand again cold-rolled with 50% re duc tion.
Tab.2 shows the com po si tion of sheet spec i mens.

Tu bes 

All tubes (Zry2, ZiT a ZrW) were ex truded  into an out side
di am e ter of 50 mm and then cold-rolled with inter-an neal -
ing  (700°C) to the fi nal sizes. Tab. 3 shows  the com po si -

tion and pa ram e ters of tubes. Theren is tube length, je is

out side tube di am e ter and  ji  is in ter nal tube di am e ter.
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Fig ure 1. Ex pected basal pole fig ures for zir co nium based al loys. 

Rol led Sheets Ele ment content [mass %]

Cu Fe Mo W

Zrp 0.5 0.5 0.45 0.25

Ta ble 2. Chem i cal com po si tion of ma te rial (rolled sheets).

Tubes

Ele ment con tent
Tube pa ra me ters

Rw/RD

[mass %] ppm

Sn Fe Cr O H N C
n

[mm]

je

[mm]

ji

[mm]

Zry2 1.46 0.21 0.09 1090 10 50 12 39.6 12.1 11.2 0.08

ZiT 1.39 0.25 0.11 1110 20 60 12 30 9.1 8 0.14

ZrW 1.42 0.26 0.12 1080 15 45 12 30 9.2 8 0.15

Ta ble 3. Chem i cal com po si tion of ma te rial (tubes).



3.2 Used methods 

The re sult of tex ture mea sure ments is rep re sented by di rect
pole fig ures andinverse pole fig ures.

Di rect pole fi gu re

The di rect pole fig ure is a ste reo graphic pro jec tion of spa -
tial dis tri bu tion of poles of the par tic u lar plane to the pro -
ject plane which is par al lel to the sig nif i cant sam ple plane. 
Di rect pole fig ures were mea sured for (100), (002), (101),
(110)and (102) re flec tions of sam ples Zr1, Zry2 and ZiT
us ing the TG-1 tex ture goniometer. The step size was 5 °.
The ex per i men tal data were mea sured in trans mis sion or
re flec tion ar range ment. The mea sured data were cor rected
for ab sorp tion, ir ra di ated vol ume and nor mal ized us ing
soft ware pack age HEXAL [8].

Inver se pole fi gu re

The in verse pole fig ure shows  how the se lected di rec tion
in the sam ple ref er ence frame is dis trib uted in the ref er ence 
frame of the crys tal.

In most cases, in verse pole fig ures are re cal cu lated
from the 3D ODF. How ever, in verse pole fig ures can also
di rectly be mea sured by means of dif frac tion meth ods [8].
The sam ple is mounted in re flec tion ge om e try with its nor -

mal par al lel to the di rec tion of in ter est -usu ally RD, TD, or

ND-and the re flected in ten si ties are mea sured de pend ing
on Bragg an gle.The re sult ing peak in ten si ties are nor mal -
ized to the in ten si ties ofa stan dard sam ple with ran dom tex -
ture (by us ing Mueller for mula [8] and soft ware pack age
GSAS [9]).

The in ten sity ra tios phkl,q were cal cu lated by Mueller
for mula[8] for (100), (002), (101), (102), (110), (103),
(112) and (201) re flec tions for di rec tions q = TD, ND, RD
and di rec tion be tween ND and TD (la bel as (0,45), see Tab. 

4). In verse pole fig ures were calculated for sam ples Zrp,
Zry2, ZiT and ZrW.

Fig. 2 shows the dis tri bu tion of poles in the in verse pole 
fig ure. Cal cu la tion pro ce dure con sisted of cal cu la tions of
sev eral poles given in the figure.

3.3 Re sults 

Fig. 3 shows the ob tained basal pole fig ures of sam ples
ZiT, Zry2and Zr1 (us ing soft ware pack age HEXAL). The
cal cu lated pole den si ties of se lected hkl polesare show in
Tab.4 (sam ple Zrp), Tab.5 (sam ple Zry2), Tab.6 (sam ple
ZiT) and Tab.7 (sam ple ZrW).
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Fig ure 2. Dis tri bu tion of poles in in verse pole fig ure.

Fig ure 3. Com par i son of basal pole fig ures of zir co nium sam ples Zr1, Zry2, and Zit. Sys tem of co or di nates is rep re sented by ND, RD,
and TD.

Miller in di ces phkl,TD phkl,ND phkl,RD

100 1.74 0.17 2.74

002 0.57 3.08 0.14

101 0.89 0.16 0.57

102 0.55 1.03 0.21

110 1.64 0.40 1.68

103 0.34 2.44 0.12

112 0.91 0.53 1.06

Ta ble 4. Cal cu lated in verse pole fig ures of sam ple Zrp.



4. Dis cus si on and Conclu si ons 

The ad di tion of al loy ing el e ments breaks the cen tral area of 
basal pole fig ures of tube sam ples into two max ima – see
Fig. 3 [10]. For (002) pole fig ure of Zr1, the po si tion of the
basal poles is tilted by 60° from the nor mal di rec tion (ND)
to ward the trans verse di rec tion (TD). This is typ i cal for
met als and al loys with be low-nor mal c/a ra tio, e.g., zir co -
nium, ti ta nium and haf nium. A char ac ter is tic split of the
basal pole max ima tilted from the tan gen tial to ward the ra -
dial di rec tion for sam ples can be ob served in basal pole fig -
ures for Zry2 and ZiT. Tubes were de formed by a high
di am e ter and low wall thick ness re duc tion (RW/RD < 1) [6].
Sam ple Zrp shows ori en ta tion of planes (002) per pen dic u -
lar to nor mal di rec tion (p(002), ND= 3.08, Tab. 4). It is not
pos si ble to de ter mine (from the cal cu lated pole den si ties of
se lected hkl of sam ple Zrp, Tab. 4) if the po si tion of the
basal poles is tilted by  60° from the nor mal di rec tion (re -
sult ob served from basal pole fig ure of sheet sam ple Zr1)
be cause in verse pole fig ures were cal cu lated only for sev -
eral poles given in Tab. 6.

The (100) pole den sity maximumof Zrp sam ple is  tilted 
from the roll ing di rec tion to wards the trans verse di rec tion
-planes (100) are ori ented per pen dic u lar to roll ing di rec -
tion. An anal o gous sit u a tion can be ob served for planes
(110).

The (100) planes of tubes are ori ented per pen dic u lar to
tube axis.  An gle po si tion of (002) pole max i mum of sam -
ple ZrW is tilted by 45° from the trans verse di rec tion to -
ward the nor mal di rec tion (Tab. 7). Sim i lar sit u a tion oc curs 
for sam ples Zry2and ZiT but the value of pole den sity is
lower (Tab. 5 and Tab. 6). The pole den si ties pre sented for
sam ple Zry2 (Tab. 5) dif fer from the pole den si ties for sam -
ples ZiT (Tab. 6) and ZrW (Tab. 7) be cause pa ram e ters of
tubeswere sig nif i cantly dif fer ent.

Level of re sult ing tex ture and max ima po si tion is dif -
fer ent for the sheets and for the tubes. Sub stan tial in flu ence 
also has a fi nal tube thick ness. The re sults ob tained are
char ac ter is tic for zir co nium based al loys (see [1], [11]).
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Miller
in di ces

phkl,
TD

phkl,
ND

phkl,
RD

phkl,
(0,45)

phkl,
(45,45)

phkl,
(90,45)

100 0.89 0.47 1.17 0.80 0.60 0.65

002 0.62 1.70 0.32 1.73 0.50 0.42

101 0.61 0.26 0.23 0.40 0.42 0.78

102 1.09 1.10 0.47 1.00 1.35 1.49

110 0.93 0.62 2.78 0.77 1.05 0.75

103 1.03 1.80 0.59 1.15 1.61 0.89

112 1.08 0.74 0.70 0.78 1.15 1.49

Ta ble 5. Cal cu lated in verse pole fig ures of sam ple Zry2.

Miller
in di ces

phkl,
TD

phkl,
ND

phkl,
RD

phkl,
(0,45)

phkl,
(45,45)

phkl,
(90,45)

100 0.75 0.48 3.77 0.67 1.04 0.93

002 1.39 1.16 0.34 1.81 0.65 0.66

101 0.23 0.12 0.12 0.18 0.67 0.45

102 0.88 1.58 0.51 0.84 1.25 1.33

110 1.57 1.20 0.72 1.16 0.77 1.03

103 1.18 1.47 0.55 1.22 1.50 1.50

Ta ble 6. Cal cu lated in verse pole fig ures of sam ple ZiT.

Miller
in di ces

phkl,
TD

phkl,
ND

phkl,
RD

phkl,
(0,45)

phkl,
(45,45)

phkl,
(90,45)

100 0.44 0.65 2.95 0.47 1.35 0.06

002 1.85 1.17 0.40 2.40 0.47 0.51

101 0.14 0.23 0.14 0.02 0.68 0.60

102 0.75 0.66 0.50 0.66 1.40 1.43

110 1.17 1.67 0.79 1.30 0.56 0.46

103 1.65 1.13 0.54 1.14 1.53 1.49

Ta ble 7. Cal cu lated in verse pole fig ures of sam ple ZrW.


