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Dif fer ent types of re frac tory ma te ri als are used in the re -
frac tory lin ing of the heat ag gre gates for the steel pro duc -
tion. Among the ba sic raw ma te ri als used for their
pro duc tion Co run dum (Al2O3), Spinel (MgO·Al2O3),
Periclase (MgO) and oth ers are of great mat ter. The re frac -
tory ma te ri als are in di rect con tact with the slag and steel,
where at the in ter face area, mainly in the case of the slag,
the re frac tory ma te rial is di rectly in flu enced. This in flu -
ence is sig nif i cantly de pend ent on the type of the re frac tory 
ma te rial, op er a tional tem per a ture, ex po si tion time and cor -
ro sion ac tiv ity of slag and steel. Gen er ally, by the
long-term op er a tion the re frac tory ma te rial is worn, what is 
not the sub ject of in ves ti ga tion, but also the struc tural
changes take place. It can be stated that the Co run dum is
sta ble and it does not change its crys tal struc ture even af ter
a long-term ex po si tion. Spinel-like struc tures are how ever
more in ter est ing as the crys tal struc tures is of ten in flu enced 
by ad di tional at oms, where the sig nif i cant changes in lat -
tice pa ram e ters oc cur. Large amount of mea sured ma te ri als 
from plant in clud ing Spinel struc tures were di vided into

two groups, i.e. castables and castables in flu enced by slag
on its sur face.

Stan dard lat tice pa ram e ter of the Spinel MgAl2O4

with the space group Fd-3m (227) is ac cord ing to ICDD
card No. 82-2424 ao = 0.80887 nm and ac cord ing to ICDD
card No. 77-0435 ao = 0.80806 nm. Ma te ri als in ves ti gated
here in clude real struc tures that are of ten dif fer ent from the
pure ma te ri als that are con sid ered as stan dards. There fore,
the lat tice pa ram e ter of the Spinel is in many cases dif fer ent 
for the an a lyzed re frac tory ma te ri als con tain ing Spinel
from the plant. In many cases of these real ma te ri als the
pres ence of two types of Spinel with dif fer ent lat tice pa -
ram e ters was iden ti fied. The Spinel struc ture is in these
cases in flu enced mainly by tem per a ture and chem i cal el e -
ments pres ent in such ma te rial. It is nec es sary to men tion
that the lit er a ture de scribes the pres sure de pend ence on the
lat tice pa ram e ter. How ever, our ma te ri als are not ex posed
to high pres sures; these are op er ated at high tem per a tures
and are in con tact with liq uid iron and liq uid slag.
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Fig ure 1.  Sample1, de tail of the re fined dif frac tion pat tern.
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It has been found from many dif fer ent mea -
sured and eval u ated data that the lat tice pa ram e ter
in the struc ture of ma te rial which is in con tact
with liq uid slag in creases to higher val ues. The
most prob a ble rea son is the in flu ence of the slag
el e ments such as Na, Ca, Mg, Al, Si and Fe on the
Spinel struc ture. The lat tice pa ram e ter takes on
higher val ues which de crease to the stan dard val -
ues by the dis tance change from sur face to wards
the ba sic ma te rial.

The sub ject of our in ves ti ga tion was sam ple
in clud ing Spinel struc ture with the lat tice pa ram e -
ter of sig nif i cantly lower value than the stan dard.
Such crys tal struc ture is less de scribed in the lit er -
a ture. The TOPAS soft ware was used for the de -
ter mi na tion of phase com po si tion con tent, Fig. 1.
Sam ple 1 con tained Co run dum, Spinel, Cal cium
Alu minium Ox ide and Sil i con Car bide –
Moissanite. Ta bles 1 and 2 show phase com po si -
tion con tent and cal cu lated lat tice pa ram e ter of
the Spinel. Ta ble 3 shows the com par i son of
chem i cal anal y sis of Sam ple 1 with the chem i cal
com po si tion cal cu lated from the phase con tent.

IDEN TI FIED PHASE 

COM POSI TI ON
Sam ple 1 Sam ple 2 Sam ple 3

CHE MI CAL FOR MU LA Mi ne ra lo gi cal name Spa ce Group
Con tent

[wt%]

Con tent

[wt%]

Con tent

[wt%]

Al2O3 Co run dum (167) R-3c 67.6 80.9 77.4

MgAl2O4 Spi nel (227) Fd-3m 11.1 4.9 11.1

MgAl2O4 Spi nel (227) Fd-3m 13.1 8.2 9.8

CaAl2O4
Cal ci um Alu mi ni um

Oxide
(014) P21/n 3.5 0.3 0.2

Ta ble 1.  Phase com po si tions of the sam ples.

CHE MI CAL

FOR MU LA
MgAl2O4 MgAl2O4 Al2O3

MI NE RA LO -

GI CAL NAME
Spi nel Spi nel Co run dum

SPA CE

GROUP

(227)
 Fd-3m

(227) 
Fd-3m

(167) R-3c

LAT TI CE 

PA RA ME TER
a [10

-10
 m] a [10

-10
 m] a [10

-10
 m] a [10

-10
 m]

SAM PLE 1 8.0546 8.0856 4.7592 12.9923

SAM PLE 2 8.0504 8.0643 4.7591 12.9920

SAM PLE 3 8.0023 8.0174 4.7589 12.9913

STAN DARD 8.0898 4.75 12.982

Ta ble 2.  The lat tice pa ram e ters of Spi nels and Corundums.

Fig ure 2.  Sam ple 2, de tail of the re fined dif frac tion pat tern.
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For the sim u la tion of the op er a tional char ac ter is tics of the
ma te rial, sam ple 1 was an nealed at 1500 °C 5 hour in the
ox i da tion at mo sphere. Af ter the an neal ing the sur face of
the sam ple was black (Sam ple 2) and few mil li me ters un der 
the sur face the sam ple re mained white (Sam ple 3). The
con tent of Co run dum in creased and the con tent of Spinel,
Cal cium Alu minium Ox ide and Sil i con Car bide –
Moissanite de creased (Ta ble 1). The for ma tion of An or -
thite was ob served for the Sam ple 2. The orig i nal sam ple
con tained two types of Spinel with dif fer ent lat tice pa ram e -
ters, Ta ble 1. First Spinel with the lat tice pa ram e ter of
8.0856·10-10 m can be con sid ered as stan dard Spinel while
the sec ond Spinel with the lat tice pa ram e ter of 8.0546·10-10

m can not be con sid ered as stan dard. Chem i cal com po si tion 
of stan dard Spinel with the cu bic struc ture can be stated by
chem i cal for mula MgAl2O4; non-stan dard Spinel,
non-stechiometric MgO·nAl2O3, where n = 1.0 – 7.3 [1]. In
the stechiometric crys tals (n = 1.0) the Mg2+ ions are in tet -
ra he dral po si tions and Al3+ ions are mainly in oc ta he dral
po si tions. When the crys tal struc ture de vi ates from the
stechiometric ra tio (n > 1) the ex cess of va cant cat ions is
formed mainly in oc ta he dral po si tions. By the in crease of
Al2O3 con tent in the non-stechiometric Spinel the lat tice
pa ram e ter de creases. The sub sti tu tion of the tet ra he dral
Mg2+ ions by Al3+ ions can be de scribed by the fol low ing
re ac tion:

Mg2+ = I1/3 + Al3+, where I1/3 are the un oc cu pied va cant
cat ions. 

In the lim it ing case the de fect Spinel cor re spond to g –
Al2O3. De pend ence of the lat tice pa ram e ter of
non-stechiometric Spinel a = f(n) was de duced by sev eral
au thors, see [1].

An neal ing in the ox i da tion at mo sphere leads to the re -
vers ible trans for ma tion of the Spinel to Co run dum in the
ex treme case. In com plete in ver sion pro cess leads to
non-stechiometric Spinel MgO·nAl2O3, where the lat tice
pa ram e ter of the Spinel is di rectly de pend ent on n, a = f(n).

Nev er the less, there are still sev eral ques tions that are
un an swered, such as:

• How the physico-met al lur gi cal char ac ter is tics
of the Spinel de pleted by Mg change?

• What are the physico-met al lur gi cal char ac ter is -
tics of the cu bic g – Al2O3 in con trast to Co run -
dum for the ex treme case?

• What are the physico-met al lur gi cal char ac ter is -
tics of the Spinel en hanced by el e ments such as
Fe and oth ers? 

1. G.I. Belykh, V.T.Gritsyna , L.A.Lytvykov,
V.B.Kolner:Trans for ma tion og spinel crys tals struc ture
MgO.nAl2O3 un der high-tem per a ture an neal ing, Func -
tional Ma te ri als 216, No.3 (2009).
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Úvod 

Pomocí rentgenové a neutronové difrakce byly zkoumány

dvì série vzorku èistého a-Zr. První série vzorkù byla
deformována na trhaèce INSTRON 5882 pøi pokojové
teplotì, zatímco druhá série byla deformována pøi teplotì

300 °C. Obì série byly deformovány od deformace 0 % do
deformace 30 %, pøièemž deformaèni krok byl zvolen 5 %.
Parametry preferované orientace byly urèeny užitím
pøímých a inverzních pólových obrazcù. Neutronografická
mìøení probíhala na difraktometru KSN-2 v Laboratoøi

Sam ple

Ana ly sis

Al

[%]

O

[%]
Mg
[%]

Ca

[%]

C

[%]

Si

[%]

Fe

[%]

Ti

[%]

1 - Chem 45.9 43.9 3.4 1.1 1.3 3.3 0.03 0.05

1 - X-ray 46.2 44.2 4.2 0.9 1.5 3.4 -

Ta ble 3.  The el e ment con tent re cal cu lated from phase con tent of sam ples.
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neutronové difrakce FJFI ÈVUT (umístìné v Øeži u
Prahy). Rentgenografická mìøení probíhala v na theta/theta 
difraktometru X’Pert PRO. Namìøená data byla zpraco -
vána užitím programových balíkù GSAS a X’Pert Tex ture. 

Vzor ky 

Vzorky z èistého a-Zr mìly tvar pásku s rozšíøenými konci

o rozmìrech aktivní èásti 3.3 ´ 7 ´ 50 mm. Struktura
vychoziho nedeformovaneho vzorku je na obrázku 1 -

velikost zrn je cca 20 mm. 

Vý sled ky 

Vypoètené hodnoty pólových hustot užitím Harrisova
vztahu ve tøech význaèných smìrech vzorku zobrazuje
obrázek 2. Namìøené pøímé pólové obrazce jsou v tabulce
1. 

Dis ku ze vý sledkù 

Z tabulky 1 lze pozorovat orientaci rovin (002) do smìru
normály (ND) s tendencí rozšiøovat se o 30° smìrem k
transverzálnímu smìru (TD). Srovnatelný výsledek lze
získat také z hodnot pólových hustot získaných neutro -
novou difrakcí pro smìr ND (obrázek 2), pøièemž je patrné
výrazné zvýšení pólové hustoty pro deformaci e = 20%
(pND

002 = 2.91). 
Kolmo ke smìru normály se orientují také roviny (102)

a (103), avšak dochází k postupnému slábnutí pólové
hustoty. Naopak je pozorovatelný mírný nárùst hustoty pro 
tyto roviny ve smìru transverzálním (obrázek 2). Bìhem
deformace tedy dochází ke stáèení rovin (102) a (103) od
ND smìrem k TD. 

Z pøímých i inverzních pólových obrazcù je patrné, že
dochází k orientaci rovin (100) kolmo ke smìru válcování
(obrázek 2). Podobné chování lze pozorovat také pro
roviny (110), avšak pólová hustota postupnì klesá
(obrázek 2). 

Roviny (101) byly pùvodnì (e = 5%) orientovány
kolmo k transverzálnímu smìru (obrázek 2), bìhem
deformace tahem však dochází k jejich stáèení o 45 ° od TD 
smìrem k RD (tabulka 1).

Obrázek 1. Struktura výchozího vzorku - metalografie (vlevo), difrakèní obraz - zpìtný odraz (vpravo).

Obrázek 2. Vypoètené inverzní pólové obrazce.
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In tro ducti on

Unique prop er ties of mag ne sium al loys pre des tine them for 
many ap pli ca tions. Es pe cially trans por ta tion in dus try takes 
ad van tage of their low den sity and high spe cific strength.
Ow ing to their hex ag o nal close packed (HCP) struc ture
and c/a ra tio close to ideal value the de for ma tion be hav ior
dif fer from the other, e.g. fcc of bcc met als. The low est
value of crit i cal re solved shear stress (CRSS) is for basal
slip ( )0001 1120á ñ , fol lowed by pris matic slip ( )1010 1120á ñ

and the first ( )1011 1120á ñ and sec ond-or der ( )1122 1123á ñ  py -

ram i dal slip sys tem [1]. Com bi na tion of all sys tems hav ing 

á ña   (i.e. á ñ1120 ) pro vides only 4 in de pend ent slip sys tems.

There fore, the von Mises cri te rion re quir ing five in de pend -
ent slip sys tems for ho mog e nous de for ma tion is not ful -
filled and ac ti va tion of sec ond-or der py ram i dal sys tem or
me chan i cal twinning is nec es sary. Since ac ti va tion of sec -
ond-or der py ram i dal sys tem re quires high stresses or high
tem per a tures, me chan i cal twinning is the pre ferred de for -
ma tion mech a nism at room tem per a ture.

In mag ne sium, the most eas ily ac ti vated twinning mode 
is  ( )1012 1011á ñ ex ten sion twinning. The twinning on { }1012

plane causes re ori en ta tion of the lat tice by 86.3° and ex ten -
sion along the c-axis of the twinned grain. Ow ing to its po -
lar na ture dif fer ent grains un dergo twinning dur ing ten sile
and com pres sive de for ma tion and dif fer ent de for ma tion
tex ture evo lu tion is ob served.

In the pres ent pa per the twinning evo lu tion is stud ied
us ing in-situ neu tron dif frac tion tech nique. The main ad -
van tage of this method is in its ca pa bil ity to ex am ine large
sam ple vol ume ow ing to the deep pen e tra tion length of
ther mal neu trons. Fur ther more, the in ten sity changes of

par tic u lar dif frac tion peaks char ac ter ize the twinning and
shift of dif frac tion peaks pro vides in for ma tion about lat tice 
de for ma tion and in ter nal stresses. The over all twinned vol -
ume can be de ter mined from the in ten sity vari a tions of par -
tic u lar peaks, caused by the crys tal lat tice re ori en ta tion
dur ing the twinning [2-5].

Ex pe ri men tal tech nique

Cast polycrystalline mag ne sium with 1 wt.% Zr con tent
was used for the ex per i ment. Zir co nium ad di tive sta bi lize

the grain size to the value of 110 mm. The ND mea sure ment 
showed that the ini tial sam ples have ran dom grain ori en ta -
tion dis tri bu tion. (Fig. 1) The monotonic com pres sion and
ten sile tests was ap plied at room tem per a ture at a strain rate
of . The test was stopped for approx. 70 min at par tic u lar
strain val ues in or der to col lect the neu tron dif frac tion data. 

Fig ure 1. Mea sured ND pat tern of ini tial state com pared with ide -
ally ran dom dis tri bu tion.

Fig ure 2. Com par i son of ND pat tern of ini tial state (a,c) and af ter com pres sion (b) and ten sion (d).



The SMARTS en gi neer ing in stru ment at LANSCE [6] was 
used for col lect ing the dif frac tion pat tern. The dif frac tion
pat terns were mea sured us ing two de tec tor banks at ±90° to 
in ci dent beam. The an gle be tween the in ci dent beam and
the load ing di rec tion was 45° [7]. This setup pro vides dif -
frac tion mea sure ment of crys tal lo graphic planes both per -
pen dic u lar and par al lel to the load ing di rec tion.

The {00.2}–{10.0} par ent-daugh ter sys tem char ac ter -
ize well the twinning ac tiv ity [8] ow ing to the fol low ing
rea son: in ten sion those grains are ide ally ori ented for
twinning, which nor mal of the basal plane is par al lel with
the load ing di rec tion. In the ini tial state those grains con -
trib ute to the 0002 peak. As ex ten sion twinning oc curs, part 
of the grains re ori ents by al most 90° and con se quently in -
crease of the 1010 peak can be ob served. Since in com pres -
sion the grains hav ing their c-axis per pen dic u lar to the
load ing axis are op ti mally ori ented for ex ten sion twinning,
the in ten sity changes have op po site sense (Fig. 2). 

Re sults

As dem on strated in [7], the de ter mi na tion of the twin vol -
ume frac tion dur ing the de for ma tion is pos si ble from the
dif frac tion data by per form ing a 2-bank Rietveld re fine -
ment as sum ing an axisymmetric tex ture. The ini tial tex ture
is ran dom in the pres ent case, and the uni ax ial de for ma tion
is an axisymmetric op er a tion, and hence the as sump tion
should be valid. The re fine ments were done us ing the
GSAS [9] and SMARTSware [10] soft ware pack ages de -
vel oped at Los Alamos Na tional Lab o ra tory. The ax ial dis -
tri bu tion func tion was cal cu lated for the 00.2 peak dur ing
de for ma tion. The 0002 dis tri bu tion is al most ran dom at the
start. When ex ter nal stress is ap plied, the dis tri bu tion of
0002 plane starts to change due to the twinning (Fig. 3).
From the changes in the area un der the curve above (ten -
sion) and be low (com pres sion) the cross-over point we can
di rectly de ter mine the twin vol ume frac tion as de scribed in
[7]. Fig. 4 shows the twin vol ume frac tion as a func tion of
the ab so lute value of the ap plied strain for the ten sion and
com pres sion sam ples. In the en tire range the twin vol ume
frac tion is larger for com pres sion than it is for ten sion.
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Fig ure 3. Dis tri bu tion of 0002 plane be fore and dur ing de for ma -

tion.
Fig ure 4. Twin vol ume frac tion as a func tion of strain.
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Neu tron dif frac tion has been ap plied to in ves ti gate lat tice
de for ma tion and in ter nal stresses in mag ne sium al loy
Mg-5wt.%Al -1wt. %Sr (AJ51) re in forced with short
Saffil® fi bers Al2O3 with vol ume frac tion 18% de formed
in com pres sion at room tem per a ture. Lat tice strain was cal -
cu lated from po si tion changes of dif frac tion peak {10.1}
by us ing the Bragg equa tion.

The re sid ual stress was mea sured with ex-situ neu tron
dif frac tion in the ax ial and ra dial di rec tion with re spect to
the load ing axis. It was found that in the ma trix phase at ini -
tial state ten sile re sid ual stress is pres ent in the ma trix. In
ax ial di rec tion ten sile re sid ual stress evo lu tion in ma trix
phase shows in verse be hav ior; it in creases with ap plied
com pres sive de for ma tion. In ra dial di rec tion the re sid ual
stress ex hib its sig nif i cant changes only at the be gin ning of
de for ma tion, dur ing fur ther de for ma tion stays con stant
within the ex per i men tal er ror. 

In-situ neu tron dif frac tion was used for de ter min ing lat -
tice strain in ax ial de tec tor di rec tion in sam ples with two
dif fer ent fi ber ori en ta tions. The mea sure ments re vealed
more in ten sive plas tic de for ma tion in the ma trix for per -
pen dic u lar fi ber ori en ta tion, which is in agree ment with the 
shear lag model [1], de scrib ing the load trans fer from the
ma trix to the fi bers.    

The au thors are grate ful for the fi nan cial sup port of the
Czech Sci ence Foun da tion un der the con tract
P108/12/J018. GF ac knowl edges the sup port from the
Grant Agency of Charles Uni ver sity un der con tract Nr.
676112.

1. R. M. Aikin, L. Christodoulu, Scripta Metall. Ma ter., 25,
1991, p. 9.
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Shape mem ory al loys have been in ves ti gated for cou ple 
of last de cades in IoP ASCR. Main at ten tion has paid to in -
ves ti ga tion of the sin gle-crys tals to de scribe martensitic
trans for ma tion prop erly af ter some years of polycrystals
prop er ties stud ies. Nev er the less, prog ress of knowl edge
turn at ten tion to ward ap plied prob lems as well and thus
polycrystalline be came in ves ti gated again. Novel pro ce -
dures of pow der met al lurgy as spark plasma sintering
(SPS), self-com bus tion high-tem per a ture syn the sis (SHS)
and me chan i cal al loy ing are ap plied now.

I would like to pres ent the com pi la tion of re cent re sults, 
which were per formed on two ma te ri als. The first one is
less com mon SMA Co38Ni33Al29, which was stud ied as sin -
gle crys tals and SPS pre pared sam ples. The martensitic

trans for ma tion in this al loy was quite un der es ti mated by
other au thors in last de cades and some de tails of trans for -
ma tion ki net ics are not doc u mented even now.

The sec ond one is the cor ner stone of SMAs – the NiTi
al loy here pre pared by com bi na tion of SPS and SHS pro -
cesses, when the ig ni tion of SHS is done in SPS ma chine
cham ber. Such pro cess should help the con ve nient prep a ra -
tion of Nitinol thin wires for med i cal ap pli ca tions. It can
avoid the cre ation of par ti cles, es pe cially car bides, which
pre cip i tates dur ing all cast ing pro cesses as are VIM and
VAR. 

Au thors would like to ac knowl edge the fi nan cial sup port
from the Czech Sci ence Foun da tion pro jects 101/09/0702
and 14-03044S.


