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Abstract

Hard X-rays having photon energies o higher than
Al ke are characterized by having a high penclration
power. These high energy X-rays are provided by using
Wetubes or gl storage rings (synchrotron radiation). Pue
to the high photon flux and the excellent brilliance of
synchrotron radialion, experiments can be carried oul
quickly, In situ sirain experiments can be performed in
real time. so that lattice strain evolutions can be invesi-

eated in parallel 1o obtuining conventional stress-sirain
curves. Crystallographic lexture measurements are time
consuming but quick synchrotron measurements al
different points of the stress-strain curve are able to
teseribe the texture evolution during Lension or com-
pression, allowing confirmation of texture simulations
and yiclding material property evolutions during tension
Or COMmpression experiments.
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1 Introduction

Hard X-ravs with cnergics higher than 50 keV are char-
acterized by their high penetration length in most male-
rials. A comparison ol the penetration length for some
common melals with four typical radiations, i.e,, Cu-Ko

L4148 A, 1 keV synchrotron radiation — (0,124 A,
200 ke synechrotron radiation — 0,062 A, thermal neu-
trons 1,250 A [1], is given in Table 1. The penetration
power is given in em (ot o loss of 500% of the primary
beam intensity, The advantages and disadvantages of
hard X-rays, neutrons and solt X-ravs (9keV Cu-Kao,
T keV Co-Ka) ensure that these radiations are comple-
mentary for materials scicnee investigations, for more
detail see Brokmeier and Yi |2], Bunge [3], Spiel et al.
[4], and Reimers [3]. Synchrotron radiation has been
wsed intensively Tor diffraction experiments and Lomo-
aruphy 8], in contrast to material testing tubes, which
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Table 1 Penctration power ol diffzrent cadiations for some mel-
als,
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also have energies up to 430 keV and arc mainly applied
for raciosraphy,

Texture development is among Lthe major characteristics
of materials processing which also includes deformation
and recrvstallization [7,8]. Standard texture investiga-
lions carried out to deseribe the successive states of a
sarnple, imply that sets of sumples with varying composi-
Lion and thermo-mechanical parameters, cg.. deforma-
Lion degree and temperature, anncaling temperature
and time, cte., always have to be measured. Dynamic in-
vestigations on magnitudes such as phase transforma-
tion, strain and texture development during annealing
or applied loading require in situ methods, New experi-
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mental techniques and new instruments at large-scale
facilities (both neutron and synchrotron) allow for much
faster measurements. They are absolutely necessary for
in situ experimentation due to the presence of creep ar
recrystallization processes,

A briel deseriplion is given lor in situ lextare experi-
ments carvicd out at the high encrgy beamline BWS at
Hasylal/DESY (Hambuora) by using casc study cxam-
ples. In contrast o in situ strain measurements, which
are much more commaon, texture measursments are
time consuming, so that the number of this tvpe of ex-
periments performed is still low. Tn arder to describe the
influence of the initial texture on the anisotropy of
materials, insitn texiure analyses can be interpretied by
lexture simulations, ey, VPSC model or erystal plast-
cily model, but this s not part ol the present study.
Loading experiments comparable to standard material
Lesls, Lo, stross-sirain curves, woere carricd outl on alumi-
nivm and magnesivm-alloys in tension mode as well as
in compression mode vsing a 20 kN loading device. Due
ta the high penetration length of 100 kel X-rays, DIN
50123 samples of & mum in diameter werse used in trans-
mission mode. [n addition to standard texture measure-
ments at the initial state and after failure, up to five

podnts of the known stress-strain curve were chiosen Tor
in siu lexiure measurements. An image plate detector
covers a sel ol complete Debve-Scherrer cones, so thal
anly eo-scians are necessary 1o obtain complete pole fig-
wres and the entire experiment is very quick. It is even
fast enough to perform high temperature experiments,
which arc very sensitive, tme-dependent reactions. Two
tvpres ol furnace are available, one which can be com-
bined with the loading deviee and the other which is a
staned alone Turnace. A phase and lexture transition
takes place during processing in many malerials. An-
other example [rom the current authors deseribes the
lirstin situ lnph temperatee experiment on a stcel sam-
ple Lo investigate the phase and texture transition (ler-
rilc-ausienile].

2 Experimental Equipment

The work horse instrument. Tor the in situ cxperimenls,
presented in this paper, was the high enerpy beamline
BWS a1 Husvlab/1DESY {H.m'lhur;f} [8]. The typical Tay-
oul of such a dillractomeler s shown in Figare 1, 'The
hasic components are 4 monochromator, a sample siape
lor standard sample peometries as well as for additional
couipment such as furnaces, loading deviees and arca
detectons.

Aonew malerials science beamline (Harwi 11) operated
by the GRSS5-Research Center complements the instru-
mentation using high energy X-rays al the Doris 11 sto-
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rage 1ing at Hasylab/Desy Hamburg, When using a two-
dimensional image plate detector (MAR3ZAZ) one to
five seconds is the tyvpical exposure time required (o ob-
tain a high quality image plate picture, as shown for a
carundum powder in Figure 2, Due ta the high photon
energy and the low wavelength, relatively small scatter-
ing angles are possible, Consequently, a set of 15 com-
plete Debye-Scherrer tings are delecled simullaneously
ina 20 range of ca. 8% 10 should be noted that a glass ey-
linder aof B mm in diameter was lilled with corundum
powder without any preferred orientation. One can see
clearly that the Debye-Scherrer cones in the powder
sample show homogensous intensity distributions along
the different rings. This indicates good grain statistics
and, simultaneously, a random distribution of the grains,
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Fig. 2z Tenee planae pictures ol corundum powder.

Due o thermo-mechanical processing, most samples
have a preferred orentation Lthat s visible Tor a tita-
nivm-aluminide sample in the intensity  distribution
along the differcnt Debeye Scherrer rings (sce [a-
ure 3a). This sample of cubic shape (14 mm thickness)
wis [ine prained {sce Figure 3b) with excellent prain sta-
istics hecause of the dense arrangement of the intensi-
Lics along the Debye-Scherrer rings.
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Fig. 32 Image plale pictures a), and microstrocture 59, of Gne
arainad titanivm alurminide,

[n cases of coarse grained materials, the prain size statis-
tics can be insulficient and spotty intensily distributions
ean result. Figure 4 shows such an example of a coarse
vraingd titanium-aluminide sample, with both, the im-
ige plate (Figure 4u) and the microstructure (Figure 4h)
shown,

The i sitn measurement of crystallographic texture is 4
dilferent type of a non-destructive measurement, which
requires special cquipment, Due to the high photon flux
and the excellent brilliance, high energetic sources of
synchrotron radiation are a fanlastic tool, particularly
tor fast experiments. Morecover, the high penctlration
power of these hard X-rays (50 10 200 keV) allows the
investigation ol standard tensile samples defined by the
DIN-norm. A loading device with a power up to 20 kN
wits used at the hard wiggler beamline BWS {TIASY-
LAB-DESY) to perlorm in situ strain and in situ texture
analysis, One obtains short wavelengths using 100 ke
A-ritys, 50 that a 21 image-plate detector offers a wide
range of diffraction patterns within the lirst 10° in 24
Rectangular extruded Mg-AZ31 was investigated by an
in situ tensile experiment, Samples were cut at 0, 437
and 907 to the cxtrusion direction [4] In situ strain
studies show that the lattice dependent sirains are per-
pendicular and parallel to the loading direction. More-
over, in hexagonal Mg-AZ31, a strong influence of the
initial lexture on the tensile behavior can be explained

s
e
a) i
E

Fig. & [mape plate plctures a), aml microstructure b, of coarsse
grained titanium-aluminide,

by a combination of texture simulation with in situ mea-
surements. An initial experiment with steel at high tem-
peratire ways performed to moessure the texture evolu-
tion occurring together with the phase transition. Three
differcnt Lypes of in situ devices are shown in Figure 5
(sce also Brokmeier et al. [10]).

3 Experiments and FExamples
31 Texture Measurement by Synchrotron Radiation

The basic method for pole ligure measurement using
synchrotron radiation follows lilm lechniques that have
been standard since the beginning of the  1960s
[11,12,13]. Film technigques use an arca detector {film)
with gray scalc analysis to obtain the inlensities. New
ared detectors such as image plates or CCID cameras
provide direct pixel dependent information of the scat-
tered intensities. Due 1o the high brilliance ol the syn-
chrotron source, lexture measurement using synchro-
lron radiation is very efficient for fast meassurements,
lor local investigation [14, 15] and for in situ studies [16].
The basic principles of pole figure measurement using
synchrotron radiation with an area deteclor are de-
seribed in detail by Brokmeier and Yi [2], (see Figure 6.
In order to obtain a complete pole figure ong has to cal-
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Fig. 5 Bguipment for in silu experiments: a) 20 kN loading deviee,
B dome Ternace, and o) cylindrical Turnace for the loading deviee.

Fig, & a) pole lpure with the projection of one Tebye-Scherrer
ring with o = 17.4% b sample table with anly one g-ratation table,
anel e} projection of the Debye-Scherrer ving Tor different o:-rota-
LivHis.

lect a set of image plate pictures for different eo-rota-
tions,

Two examples ol a single shot at o = 07 and 4 complele
pole figure mensured from e = =907 to 490° with Aw =57
are shown in Figure 7. The lirst example 1s a magnesium
(Mg) sample following a tensile test. One can see lhe
hroken portion inside a sample holder, Tigare 7a). The
Lexture at the fracture repion can be measured with o

Pmax= 1.49mrd

Fig. % Exumples ol pole fpure measurement with hacd X-rays,
a) My sample aller fensile test, 1) (0006} pale fiaure, o) stecl shali,
and 3T pole figare of iron.

synchrotron beam cross section of 1 mm”, The basal
planc pole figure (0006) is shown in Figure 7h} Sample 2
demonstrates  the high penetration  power ol hard
X-rays. A steel shaft of varving dinmeter between
22 mm and 35 mm (see Figure 7¢) can be analyzed de-
spite the strong absorption, This is possible due o the
high phaton flux, as shown for the Fe (110) pole ligure
in Figure 7d). 1t should also be neted that the counting
time varics lvom 3 5 for the Mg sample 1o 30 = [ (he
stecl sample.

One opltion that has been developed by Bunge ¢l al 1o
lollow texture changes [14], is the so-called ‘moving de-
Leetor method’, which is based on a direct correlation of
the detector movement with a sample stale parameter
such as temperature. The disadvantage of the technigue
is Lhat only a part of one Debye-Scherrer cone ean he
used, which is obained by a slit system. The combina-
tion of detector movement with an auntomatically con-
trofled temperature increase provides the texture evalu-
tion during reerystallization for one  pole  Dgure,
Different mades of this method allow the measuremenl
ol texture gradients or of dynamic recrystallizalion pro-
cesses. lurther details of this technique are provided by
Bunge et al. |14, Another option is to combine the
conventiomal pale fzure measurement with a loading
device [1X8]. The conventional method is based on the
collection of a suflicient number of pole figure inten-
sities in @ step sive mode. The number of steps depends
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on the pole fisure window and the texture sharpness.
Sharp textures require finer counting grids than weak
[ e,

32 Insite Lattice Steain Measurement

The goul of the present activities is to improve the avail-
able in sip experimental methods 10 match material
processing speeds, e.p., heating, lension, compression.
and torsion. This is o new application ol an in situ load-
ing device using synchrotron radiation. [n the Grst step,
the diffroction pattern of Me-powder was used 1o deter-
mine the X-ray wavelength to (L1366 A, which is alwiays
necessary to calibrale the instrument with a random
sample before running the actual in situ experiment. A
tensile sample cut from an extruded bar of Mp-AZ31
wirs lensioned at room temperature with a loading ram
speed of 00018 mm/s. The Debye-Scherrer cones were
registered at the beginning and under continuously in-
creasing loading conditions. Fipure Ba) shows the stress-
strain curve, The dots express the points at different
mutcro strain levels where the ditfraction pattern were
taken, The sample strain and the load were obtained in
paralle] so that a correlation of the macroscopic strain
and the lattice strain s possible. Therefore, fundamental
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Fig, 8 a) stress-strain curve with measurement positions {or lattice
slrain measurements, by lensile sample with onentation marks,
pod o) image plate picture of Me-AL3] (unsirained ).

investigations of material properties can be carried
out 1o characterize new alloys, Figures 8h) shows the
sample orientation ol the tensile sample with Tpsivilllel
andl Tperpendicutur-

A detector image from the unstrained initial sample and
the geometrical relationship between the sample diree-
tion and the detector image are shown in Figure sc),
The dilfraction profile Irom the horizontal (vertical) line
on the detector image represents the erystallographic
plines perpendicular (parallel) to the loading axis, Fig-
wre 9 also presents the evolution of internal struins for
dilferent [hk.l} during tensile loading. Due to the texture
ol the present sample, it was possible to evaluate three
diflraction peaks in the loading direction, ic., {10.0],
O} ane [LLO). Sinee the internal strains patallel Lo the
loading axis are more constrained by external boundary
conditions, the internal strains in this direction show
areiter agreement with the stress-strain curve, The in-
ternal strains on [10.1] parallel to the loading axis show
citrlier micro-vielding at 0.7 % of sample strain. On the
olher hand, the internal strains on [10.0] and [LLO} par
allel to the loading axis show later micro-vielding al
about 1.5 % of sample strain. The ratio ol the internal
strain on [1000) and [10.1] is 2.4, This means that the dis-
loeation gliding on the [10.] plane, the so called soft-o-
ientation, oceurs more easily an this plane than on other
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Fig. 9 Lauice dependent strain a) paraliel, and b) perpendicular
to the toadimg: uxs.
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planes. In addition, the crystallographic plancs perpen-
dicular to the loading axis, which are under compres-
sion, clearly show the anisolropic response ol internal
straing, although the ratio of maximum and minimum in-
ternal strains is smaller than in the case for strain paral-
lel Lo the loading axis. The (00.2] plane perpendicular te
the loading axis shows the hardest behavior, while [(10.1]
his Lhe softest response for the internal strains,

3.3 In Situ Texture Measurements on an Aluminium
Sample

Texture measurement is a much slower technigue than
battice strain measurement, Therelore, this measure-
ment cannot be undertaken continuously. The loading
experiment has Lo be stopped, while the texture mea-
surement is perlormed under constant load. The loading
curve is shown together with the 4 haolding positions for
texture measurements in Figure 10a). Firstly, the texture
was medsured in the unloaded state, and secondly, load-
ing to 1.5 % strain was undertaken with subsequent tex-
ture analysis. The third and fourth steps were performed
at 0.7 % sirain (position 3) and at 20.3 % strain (position

a)
- A Tensile sampale 07 5 RO
i_-r'r-.q‘"
2001 !
/I'
2

150 .'j Hana v S d

- e ng ok ISR FkE

(LN 122 2 B T

Siress (MPa)

Fip. 10 Stress-strain curve for in siie texware analysis a). and ten-
sile sample mounted in the loading device ).

4). respectively, The rectangular tensile sample can be
seen in Figure 100). Typically, a texture measurement
lakes between 60-90 min for one position.

IDala analysis was performed in a conventional manner
using the iterative serics expansion method. However,
due to the walls of the loading device. only incomplete
pole figures can be measured. The walls provide a re-
striction in e-rotation between =70% and 707 However,
due lo the iteration procedure in the serics expansion
calculation, incomplete pole figures can be conveniently
processed. Further details about the iterative serious ex-
pansion calculation are given elsewhere by Dahms and
Bunge [18]. The texture itself and the texture evalution
during loading will be presented in more detail in an-
other paper. As shown by Yi [9], in situ lexture evelu-
tion during loading is an excellent tool Tor making
comparisons with texture simulations, Furthermere, ani-
sotrapic physical propertics such as the clastic modulus
or Youne's modulus can be caleulated Irom the quanti-
lative texture data [19]. As an example, the evolution of
planar and normal anisotropy during loading up 1o
20,3 %, strain is shown in Figure 11, Due to the load in-
duced texture chanpe, a minor modification of rm-nor-
mal anisotropy and Arplanar anisotropy can be seen.
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Fig. 11: Evolution ol wormal (rm) ancd planar AF) andselropy of o
Al sheet during in situ leading,

3.4 In Sitn High Temperature Investigations on Steel

Figure 3 shows the furnace, which can be positioncd on
the w-stage of the goniometer, A guartz dome surrounds
the small sample inside the furnace, which was a devel-
opment of the Hasylab at DESY/Hamburg. A high tem-
perature Lreatment is included in more or less all indus-
trial processes, c.p., recovery, recrystallization or phase
transition, Thus, high temperature phase analysis by
X-rays or neutrons is very common. However, high tem-
perature texture analysis is resiricted due to a much

bty v prpse-f ol e
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longer total counting time. New instrumentation on high
[lux beams offers the possibility of measuring complele
textures in less than 60 min, Recent developments have
reduced the measuring lime for a complete texture ana-
lysis to 10=20 min. "Test experiments were carried oul 1o
study phase transformation in ‘li-alloys, steel and shape
memory alloys, 1o investigate Lhe thermal cxpansion
coetlicient in Mg-ullovs and in steel and to make 2 high
lemperature lexturg measuremenl on steal, The invosti-
sated test sample was composed of ST3TE steel with o
chemical composition of D10 C, D01 8§, (.72 M,
0027 P and D.027 S balanced Fe. A 5= 5 mm® sample of
stech of height 10 mm was prepared for the synchrotron
measurement. In order to minimize the total counting
time, a set of 9 image plate pictures with different o an-
ules were taken at each temperature. The exposure time
wits 1 5 and the readout time was ca. 60 s ‘The reduced
number of image plate piclures is possible because of
the orthorhombic texture symmetry. The dilfraction pat-
tern for one e-position and three temperatures are
shown in Figure 12,

The program package MAUDY (Materials  Analysis
Using Diffraction) [20] offers on the one hand, the de-
lermination ol erystallographic and microstructure data
{volume lraction, grain size and strain) usin ir i Rietveld
refinement and on the other hand, a quantitative texture
analysis using a WIMVY lexlure program. Thus, it was
possible Lo determine the thermal expansion coefficients
of a-ferrite, the phase transition (a-ferrite (o p-auste-
nite}, the volume fractions in the two-phase region and

roam lemperalirs

Bz20°C

Fig. 120 Ditfraction pallern of ST37K ol room temperalurg,
R0 O ancl ot 520707

the texture transition |21]. Moreover, the lexture transi-
tion ol w-ferrite at room temperature o the high tem-
perature y-austenite phasc is shown in Tigure 13 for ter-
rite and in Figure 14 for austenile,

Ferrita {111)
Prmax=1.9mrd

Farrite (200)
Prmax=1_TFrnrel

Ferrite (220
Pmax= 2. 1mrd

Fig, 13 Ferrite pole lipures measured at room (emperature {cotm-
terlevels 1.0, 1.1, 1.2, 1.5 .}

Alstenite (1117
Pmax=1.3mrd

Avustenita (200)
Prmax= 1.2 mrd

Austenite (220
Prmax= 1.4 mrd

Fig. 14 Austeniie pole fignures measured at 2090 {counter levels
n 30 1 5 N s P
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From a comparison of the high temperature austenite
texture measured at 820 “C with the room temperature
ferrite texiure, one can conclude thit in the current case,
the ¢ < > transformation follows the Kurdjumaov-Sachs
madel, L. (1L (0171 )i

4 Conclusions

It can be coneluded from this work that high technology
texture instruments, developed at larpe-scale facilities,
mdependent of which technigue (encrgy dispersive or
angular dispersive) or which radiation {thermal neu-
trons or high energy synchrotrons) is used, are playing
an increasingly important role in erystallographic tex-
ture determination. The present work provides a brief
introduction o in situ texture analysis under applied
lewaeh and hipgh temperature conditions. [nvestigations are
in progress W improve these technigques, The first aim of
these improvements is 1o reduce the total counting tme
by employing more elfective detector systems and time
saving scanning routines. Sccondly, it is hoped to m-
prove existing devices such as furnaces and loading
deviees and, thirdly, to develop new in situ devices for
monitoring torsion., welding and melting,
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