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X-RAY DIFFRACTION ANALYSIS OF REFRACTORY MATERIALS USED IN
U.S.STEEL KOSICE

M. Cernik, L. Hrabéakova, S. Stulrajter, P. Vranec

U.S.Steel KoSice, s.r.o., Vstupny areal U.S. Steel, 044 54 KoSice
mcernik@sk.uss.com, lhrabcakova@sk.uss.com, sstulrajter@sk.uss.com, pvranec@sk.uss.com

Different types of refractory materials are used in the re-
fractory lining of the heat aggregates for the steel produc-
tion. Among the basic raw materials used for their
production Corundum (Al,O3), Spinel (MgO-Al,03),
Periclase (MgO) and others are of great matter. The refrac-
tory materials are in direct contact with the slag and steel,
where at the interface area, mainly in the case of the slag,
the refractory material is directly influenced. This influ-
ence is significantly dependent on the type of the refractory
material, operational temperature, exposition time and cor-
rosion activity of slag and steel. Generally, by the
long-term operation the refractory material is worn, what is
not the subject of investigation, but also the structural
changes take place. It can be stated that the Corundum is
stable and it does not change its crystal structure even after
a long-term exposition. Spinel-like structures are however
more interesting as the crystal structures is often influenced
by additional atoms, where the significant changes in lat-
tice parameters occur. Large amount of measured materials
from plant including Spinel structures were divided into

two groups, i.e. castables and castables influenced by slag
on its surface.

Standard lattice parameter of the Spinel MgAl,O,4
with the space group Fd-3m (227) is according to ICDD
card No. 82-2424 a,= 0.80887 nm and according to ICDD
card No. 77-0435 a, = 0.80806 nm. Materials investigated
here include real structures that are often different from the
pure materials that are considered as standards. Therefore,
the lattice parameter of the Spinel is in many cases different
for the analyzed refractory materials containing Spinel
from the plant. In many cases of these real materials the
presence of two types of Spinel with different lattice pa-
rameters was identified. The Spinel structure is in these
cases influenced mainly by temperature and chemical ele-
ments present in such material. It is necessary to mention
that the literature describes the pressure dependence on the
lattice parameter. However, our materials are not exposed
to high pressures; these are operated at high temperatures
and are in contact with liquid iron and liquid slag.
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Figure 1. Samplel, detail of the refined diffraction pattern.

© Krystalograficka spole¢nost



Materials Structure, vol. 21, no.2 (2014)

83

V2924

17 000+
16 000
15 000
14 000
13 000 |
12 000
11 000+

10 000
9000{
8000 {

7 000
6 000
5000
4 0004
3 0004
2000

1000+ l
0= P NS

Counts

<] |

M

Corundum 80.90 %
Spinel 4.88 %
CaAl204 0.28 %
Moissanite 0.41 %
Spinel 821%

Anorthite 5.32%

L‘J_JL

o ”U h
8,500 11 o s

-1 000 et i ]j' t o B
-2 noo (I | ‘H mw III\I I‘ ne HII, IIIII\I\II:iI |II|I‘III\I II‘HIIIIIIIJ\IHI‘HIIII \‘III\‘\‘I-II 1III\ IIHIHIJ\IIIIIIIIJI\’ III‘D‘IIIIIIII , \IIJ\I,‘-\l' ' II ll”llll L _:I II\}JI\I‘I-.‘ I" I ' Irll-l \Il\illlll\ll\
-3.000 i J A )LL) RN | IHI‘IiI il II-I-IIhli‘H I-\LI-I-‘III-IIIIIII‘II\ = . ) o 4 = -4- —! ! :
20 30 40 50 60 70 80 90 100 110
2Th Degrees
Figure 2. Sample 2, detail of the refined diffraction pattern.
Table 1. Phase compositions of the samples.
IDENTIFIED PHASE Sample 1 Sample 2 Sample 3
COMPOSITION
CHEMICAL FORMULA Mineralogical name Space Grou Content Content Content
= 1 £ [wi%] [wt%] [Wi%]
ALO; Corundum (167) R-3¢ 67.6 80.9 77.4
MgAl,O4 Spinel (227) Fd-3m 11.1 4.9 11.1
MgALO, Spinel (227) Fd-3m 13.1 8.2 9.8
CaALO, Caletum Aluminium 1 ) po 1 3.5 0.3 0.2
Oxide
Table 2. The lattice parameters of Spinels and Corundums. It has been found from many different mea-
sured and evaluated data that the lattice parameter
L8100 LGN MgAl, O, MgAl,O, ALO; in the structure of material which is in contact
FORMULA R . .
with liquid slag increases to higher values. The
MINERALO- Spinel Spinel Craind most probable reason is the influence of the slag
GICAL NAME pine pme orundum elements such as Na, Ca, Mg, Al, Si and Fe on the
- 297 Spinel structure. The lattice parameter takes on
SPACE (227) (@20) (167) R-3¢ higher values which decrease to the standard val-
GROUP Fd-3m Fd-3m :
ues by the distance change from surface towards
LATTICE 1010 10 -t .t the basic material.
PARAMETER aflo"m aflomi allo m] a[l0"m] The subject of our investigation was sample
including Spinel structure with the lattice parame-
SAMPLE 1 8.0546 8.0856 4.7592 129923 ter of significantly lower value than the standard.
SAMPLE 2 80504 8.0643 4.7591 12.9920 Such crystal structure is less described in the liter-
ature. The TOPAS software was used for the de-
SAMPLE 3 8.0023 8.0174 4.7589 12.9913 termination of phase composition content, Fig. 1.
STANDARD 3.0898 475 12.982 Samp?e.l contaiged Corundul.n., Spinel, C'fllcium
Aluminium Oxide and Silicon Carbide -

Moissanite. Tables 1 and 2 show phase composi-
tion content and calculated lattice parameter of
the Spinel. Table 3 shows the comparison of
chemical analysis of Sample 1 with the chemical
composition calculated from the phase content.
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Table 3. The element content recalculated from phase content of samples.

Sample Al o Mg Ca © Si Fe Ti
Analysis [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
1 - Chem 459 | 439 | 34 1.1 1.3 33 0.03 0.05
1 - X-ray 46.2 442 | 4.2 0.9 1.5 34 -

For the simulation of the operational characteristics of the
material, sample 1 was annealed at 1500 °C 5 hour in the
oxidation atmosphere. After the annealing the surface of
the sample was black (Sample 2) and few millimeters under
the surface the sample remained white (Sample 3). The
content of Corundum increased and the content of Spinel,
Calcium Aluminium Oxide and Silicon Carbide -
Moissanite decreased (Table 1). The formation of Anor-
thite was observed for the Sample 2. The original sample
contained two types of Spinel with different lattice parame-
ters, Table 1. First Spinel with the lattice parameter of
8.0856:10™' m can be considered as standard Spinel while
the second Spinel with the lattice parameter of 8.0546-107"°
m cannot be considered as standard. Chemical composition
of standard Spinel with the cubic structure can be stated by
chemical formula MgAl,O4; non-standard Spinel,
non-stechiometric MgO-nAl,O3, wheren=1.0—7.3 [1]. In
the stechiometric crystals (n = 1.0) the Mg”" ions are in tet-
rahedral positions and A’ ions are mainly in octahedral
positions. When the crystal structure deviates from the
stechiometric ratio (n > 1) the excess of vacant cations is
formed mainly in octahedral positions. By the increase of
Al,O5 content in the non-stechiometric Spinel the lattice
parameter decreases. The substitution of the tetrahedral
Mg*" ions by AI’" ions can be described by the following
reaction:

SL10

Mg” =15+ AI*", where I, 5 are the unoccupied vacant
cations.

In the limiting case the defect Spinel correspond to y —
ALO;. Dependence of the lattice parameter of
non-stechiometric Spinel a = f(n) was deduced by several
authors, see [1].

Annealing in the oxidation atmosphere leads to the re-
versible transformation of the Spinel to Corundum in the
extreme case. Incomplete inversion process leads to
non-stechiometric Spinel MgO-nAl,O3, where the lattice
parameter of the Spinel is directly dependent on n, a = f(n).

Nevertheless, there are still several questions that are
unanswered, such as:

* How the physico-metallurgical characteristics
of the Spinel depleted by Mg change?

* What are the physico-metallurgical characteris-
tics of the cubic y — AL,O5 in contrast to Corun-
dum for the extreme case?

* What are the physico-metallurgical characteris-
tics of the Spinel enhanced by elements such as
Fe and others?

1. G.I Belykh, V.T.Gritsyna , L.A.Lytvykov,
V.B.Kolner:Transformation og spinel crystals structure
MgO.nAlI203 under high-temperature annealing, Func-
tional Materials 216, No.3 (2009).

X-ray and neutron diffraction Study of texture of Zr-samples deformed by uniaxial
tension

STUDIUM TEXTURY ZIRKONIO\{YCH VZORKU ’DEFORMOVANY(’:H
JEDNOOSYM TAHEM POMOCI NEUTRONOVE A RENTGENOVE
DIFRAKCE

M. Kuéerakova', S. Vratislav', Z. Trojanova?

"Department of Solid State Engineering, FNSPE CTU in Prague, Trojanova 13, 120 00, Prague, Czech Re-
public
’Department of Physics of Materials, Faculty of Mathematics and Physics, Ke Karlovu 5, 121 16, Prague,
Czech Republic
monika.kruzelova@fjfi.cvut.cz

Uvod
Pomoci rentgenové a neutronové difrakce byly zkoumany
dvé série vzorku Cist¢ho o-Zr. Prvni série vzorki byla

deformovana na trhaéce INSTRON 5882 pii pokojové
teploté, zatimco druha série byla deformovana pii teploté

300 °C. Obg¢ série byly deformovany od deformace 0 % do
deformace 30 %, pricemz deformacni krok byl zvolen 5 %.
Parametry preferované orientace byly urceny uzitim
pfimych a inverznich pélovych obrazct. Neutronograficka
méfeni probihala na difraktometru KSN-2 v Laboratofi
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Obrazek 1. Struktura vychoziho vzorku - metalografie (vlevo), difrakéni obraz - zpétny odraz (vpravo).
neutronové difrakce FJFI CVUT (umisténé v Rezi u Smér normaly
Prahy). Rentgenografickd méfeni probihala v na theta/theta 35
difraktometru X’Pert PRO. Namétend data byla zpraco- 3 | R
véana uzitim programovych balikit GSAS a X’Pert Texture. 25 W —m-002
Vzorky EREN B
215 T _ ——102
Vzorky z Cistého a-Zr mély tvar pasku s rozsifenymi konci 1 ; ; - =110
o rozmérech aktivni ¢asti 3.3 x 7 x 50 mm. Struktura 05 % ——103
vychoziho nedeformovaneho vzorku je na obrazku 1 - 0" ——112
velikost zrn je cca 20 pm. 0k Gk Ak AR O N i
Deformace
Vysledky . o
Vypoctené hodnoty podlovych hustot uzitim Harrisova be Sgrtansvarsami
vztahu ve tfech vyznaénych smérech vzorku zobrazuje ’ P
obrazek 2. Namétené piimé polové obrazce jsou v tabulce : o S
1. 2,5 —&-002
= =101
Diskuze vysledki = ——102
Z tabulky 1 lze pozorovat orientaci rovin (002) do sméru —_:EZ
normaly (ND) s tendenci rozsifovat se o 30° smérem k ’U it
transverzalnimu sméru (TD). Srovnatelny vysledek Ize 0% S%  10% 1% 20%  25%  30% o0
ziskat také z hodnot pélovych hustot ziskanych neutro- Deformace
novou difrakci pro smér ND (obrazek 2), pficemz je patrné
vyrazné zvySeni polové hustoty pro deformaci e = 20%
(p"Poo2 =2.91). Smér valcovani
Kolmo ke sméru normaly se orientuji také roviny (102) 3
a (103), avSak dochazi k postupnému slabnuti polové 25 | ——100
hustoty. Naopak je pozorovatelny mirny narast hustoty pro ’ //\ / e
tyto roviny ve sméru transverzalnim (obrazek 2). Béhem —  ? \/ 101
deformace tedy dochazi ke staceni rovin (102) a (103) od Eﬂ_ 15 -
ND smérem k TD. 1| -
Z ptimych i inverznich pélovych obrazci je patrné, ze o B
dochazi k orientaci rovin (100) kolmo ke sméru valcovani ’ %—___::;EF# i
(obrazek 2). Podobné chovani lze pozorovat také pro o B e TR
0% 5% 10%  15%  20%  25%  30%

roviny (110), avSsak polova hustota postupné klesa
(obrazek 2).

Roviny (101) byly ptvodné (e = 5%) orientovany
kolmo k transverzalnimu sméru (obrazek 2), béhem
deformace tahem vSak dochazi k jejich staceni 0 45 © od TD
smérem k RD (tabulka 1).

Deformace

Obrazek 2. Vypoctené inverzni polové obrazce.
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Tabulka 1. Pfimé po6lové obrazce.
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TWINNING EVOLUTION AS A FUNCTION OF LOADING DIRECTION IN MAGNESIUM
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Department of Physics of Materials, Faculty of Mathematics and Physics, Charles University, Ke Karlovu 5,
121 16 Prague, Czech Republic

Keywords: magnesium, twinning, neutron diffraction

Introduction

Unique properties of magnesium alloys predestine them for
many applications. Especially transportation industry takes
advantage of their low density and high specific strength.
Owing to their hexagonal close packed (HCP) structure
and c/a ratio close to ideal value the deformation behavior
differ from the other, e.g. fcc of bec metals. The lowest
value of critical resolved shear stress (CRSS) is for basal
slip (0001)1120) , followed by prismatic slip (1010)(1120)
and the first (1011)(1120) and second-order (1122)(1123) py-
ramidal slip system [1]. Combination of all systems having
(ay (i.e. {1120)) provides only 4 independent slip systems.
Therefore, the von Mises criterion requiring five independ-
ent slip systems for homogenous deformation is not ful-
filled and activation of second-order pyramidal system or
mechanical twinning is necessary. Since activation of sec-
ond-order pyramidal system requires high stresses or high
temperatures, mechanical twinning is the preferred defor-
mation mechanism at room temperature.

In magnesium, the most easily activated twinning mode
is (1012X1011I) extension twinning. The twinning on {1012}
plane causes reorientation of the lattice by 86.3° and exten-
sion along the c-axis of the twinned grain. Owing to its po-
lar nature different grains undergo twinning during tensile
and compressive deformation and different deformation
texture evolution is observed.

In the present paper the twinning evolution is studied
using in-situ neutron diffraction technique. The main ad-
vantage of this method is in its capability to examine large
sample volume owing to the deep penetration length of
thermal neutrons. Furthermore, the intensity changes of
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Figure 1. Measured ND pattern of initial state compared with ide-
ally random distribution.

particular diffraction peaks characterize the twinning and
shift of diffraction peaks provides information about lattice
deformation and internal stresses. The overall twinned vol-
ume can be determined from the intensity variations of par-
ticular peaks, caused by the crystal lattice reorientation
during the twinning [2-5].

Experimental technique

Cast polycrystalline magnesium with 1 wt.% Zr content
was used for the experiment. Zirconium additive stabilize
the grain size to the value of 110 um. The ND measurement
showed that the initial samples have random grain orienta-
tion distribution. (Fig. 1) The monotonic compression and
tensile tests was applied at room temperature at a strain rate
of . The test was stopped for approx. 70 min at particular
strain values in order to collect the neutron diffraction data.
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Figure 2. Comparison of ND pattern of initial state (a,c) and after compression (b) and tension (d).
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Figure 3. Distribution of 0002 plane before and during deforma-
tion.

The SMARTS engineering instrument at LANSCE [6] was
used for collecting the diffraction pattern. The diffraction
patterns were measured using two detector banks at+90° to
incident beam. The angle between the incident beam and
the loading direction was 45° [7]. This setup provides dif-
fraction measurement of crystallographic planes both per-
pendicular and parallel to the loading direction.

The {00.2}—{10.0} parent-daughter system character-
ize well the twinning activity [8] owing to the following
reason: in tension those grains are ideally oriented for
twinning, which normal of the basal plane is parallel with
the loading direction. In the initial state those grains con-
tribute to the 0002 peak. As extension twinning occurs, part
of the grains reorients by almost 90° and consequently in-
crease of the 1010 peak can be observed. Since in compres-
sion the grains having their c-axis perpendicular to the
loading axis are optimally oriented for extension twinning,
the intensity changes have opposite sense (Fig. 2).

Results

As demonstrated in [7], the determination of the twin vol-
ume fraction during the deformation is possible from the
diffraction data by performing a 2-bank Rietveld refine-
ment assuming an axisymmetric texture. The initial texture
is random in the present case, and the uniaxial deformation
is an axisymmetric operation, and hence the assumption
should be valid. The refinements were done using the
GSAS [9] and SMARTSware [10] software packages de-
veloped at Los Alamos National Laboratory. The axial dis-
tribution function was calculated for the 00.2 peak during
deformation. The 0002 distribution is almost random at the
start. When external stress is applied, the distribution of
0002 plane starts to change due to the twinning (Fig. 3).
From the changes in the area under the curve above (ten-
sion) and below (compression) the cross-over point we can
directly determine the twin volume fraction as described in
[7]. Fig. 4 shows the twin volume fraction as a function of
the absolute value of the applied strain for the tension and
compression samples. In the entire range the twin volume
fraction is larger for compression than it is for tension.

40 . T o T o T . T = T i T
< 351 x Tension ]
g 30/ + Compression . ]
}:; 254 ., X
i@ 20 = ]
p= + X
£ 151 X .
3 10 x ]
2
£ 51 X .
I . S ———

0 1 2 3 4 5 6

Strain (%)

Figure 4. Twin volume fraction as a function of strain.
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Neutron diffraction has been applied to investigate lattice
deformation and internal stresses in magnesium alloy
Mg-5wt.%Al -1wt. %Sr (AJ51) reinforced with short
Saffil® fibers Al,O3; with volume fraction 18% deformed
in compression at room temperature. Lattice strain was cal-
culated from position changes of diffraction peak {10.1}
by using the Bragg equation.

The residual stress was measured with ex-situ neutron
diffraction in the axial and radial direction with respect to
the loading axis. It was found that in the matrix phase at ini-
tial state tensile residual stress is present in the matrix. In
axial direction tensile residual stress evolution in matrix
phase shows inverse behavior; it increases with applied
compressive deformation. In radial direction the residual
stress exhibits significant changes only at the beginning of
deformation, during further deformation stays constant
within the experimental error.

SL13

In-situ neutron diffraction was used for determining lat-
tice strain in axial detector direction in samples with two
different fiber orientations. The measurements revealed
more intensive plastic deformation in the matrix for per-
pendicular fiber orientation, which is in agreement with the
shear lag model [1], describing the load transfer from the
matrix to the fibers.
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Shape memory alloys have been investigated for couple
of last decades in IoP ASCR. Main attention has paid to in-
vestigation of the single-crystals to describe martensitic
transformation properly after some years of polycrystals
properties studies. Nevertheless, progress of knowledge
turn attention toward applied problems as well and thus
polycrystalline became investigated again. Novel proce-
dures of powder metallurgy as spark plasma sintering
(SPS), self-combustion high-temperature synthesis (SHS)
and mechanical alloying are applied now.

I would like to present the compilation of recent results,
which were performed on two materials. The first one is
less common SMA CossNiszAlyg, which was studied as sin-
gle crystals and SPS prepared samples. The martensitic

transformation in this alloy was quite underestimated by
other authors in last decades and some details of transfor-
mation kinetics are not documented even now.

The second one is the cornerstone of SMAs — the NiTi
alloy here prepared by combination of SPS and SHS pro-
cesses, when the ignition of SHS is done in SPS machine
chamber. Such process should help the convenient prepara-
tion of Nitinol thin wires for medical applications. It can
avoid the creation of particles, especially carbides, which
precipitates during all casting processes as are VIM and
VAR.
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