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Abstract

The methods most commonly used for the determmafithe elastic lattice deformation and
distortion are diffraction methods, which enablepterform measurements of stresses and elastic
properties of polycrystalline materials. The magvantages of diffraction methods are associated
with their non-destructive character and the positybto be used for macrostress and microstress
analysis of multiphase and anisotropic materials.iffrAction methods enable taking
measurements selectively only for a chosen all@s@hThis is very convenient when several
phases are present in the sample since measureroerssparate diffraction peaks allow the
behaviour of each phase to be investigated indegahd

In this work, a method for analysis of diffractiasith synchrotron radiation is described. The
methodology is based on the measurements of latieens during “in situ” tensile testing for
several hkl reflections and for different orientais of the sample with respect to the scattering
vector. Some initial results are presented.

Keywords:diffraction, synchrotron radiation, lattice straimicromechanical properties of duplex
steel, in situ tensile test

METHODOLOGY
Classification of stress types in polycrystalline @terials

As an effect of technological treatment and praogssf a material, or thermal treatment of
two-phase composites (different thermal expansioefficient of every individual composite
phase causes a different strain to appear in gueage), the residual stresses may appear. These
stresses are defined as derivate of elastic stthatsremained after the technological treatment
and processing of the material. Residual stresse®in in the material even after specimen
lightening (e.g. in the case of plastic deformatidriney remain in the material when the surface of
the specimen was deformed to a considerably greatent than the inner part of the specimen.
Another reason for the occurrence of residual sé®ss the laser treatment of the surface.

There are three types of residual stresses. Ssre$sest order represent these for a relatively
big part of the specimen, for big amount of graifiseir value does not depend on the position of
the measurement point. First-order stresses appgain rolled specimens where a component
appears which is parallel and perpendicular torttieng direction. Second-order stresses change
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from grain to grain. They can be observed in rofipdcimens, too. Second-order stresses originate
from different plastic deformations of an individugrain. Third-order stresses’ values change
inside every single grain. This type of stressegimates from dislocations or grain boundaries.
The average value of second and third-order sseagte whole volume of the grain is zero.

The effect of residual strain and stress on the difaction image

Diffraction methods are very convenient for thedstigation of the residual stress state. This is
due to the fact that the effect of the latticeistan the position of diffraction peaks or changes
full width at half maximum (FWHM). The first and @nd-order stresses cause a systematic shift
of diffraction peaks on the intensity v®@raph (Fig. 1). Diffraction peaks originate fronamy
grains so the information about measured stramvesaged out. It is important to note that not
every grain gives diffraction peaks, but only thegéh the appropriate orientation and which
satisfy Braggs’ law. The third-order stresses oagg from dislocations of the atoms (atoms are
not placed in their nodes) (Fig. 2a). This causesdiffraction peaks to broaden (Fig. 2b). The
same phenomenon appears for specimens made ofiahatiéh a different grain size. There are
some methods (Sherrer or Williamson-Hall formulak)ch enable calculating the grain size from
the broadening of diffraction peak.
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Fig. 1. Deformation of the crystal lattice in casd first and second order stresses (a)
and its influence on the position of diffraction ds (b)
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Fig. 2. Deformation of the crystal lattice in casd third order stresses (a)

and its influence on the broadening of diffractiopeaks (b)
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Figure 3. shows the relation between the changmtar-planar distances and the value of
Braggs' angle. When the specimen is stretcheds-piar distances grow (Fig. 3a,b). This
causes Braggs’ angle to decrease and diffractiak fmeshift (Fig. 3c).
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Fig. 3. Relation between the change of inter-plandistances and the value of the Braggs’ angle

It is very important to notice that diffraction ags only for grains for which the scattering
vector is perpendicular takl planes (the darkest grains in the Fig. 4).

incident Q scattering  jiffracted

Fig. 4. X-ray diffraction for grains which hkl plaes are perpendicular to the scattering vector

Exact strain values can be obtained employing tagdequations 1 and 2:
N\ =2d,,, Sin® (eq. 1)

Where:

n — natural number,

A — wavelength of the X radiation used in the expent,
dna— inter-planar distance for the specimen after whefdion,
® — Bragg’s angle.

The definition of strain is as follows:

<E> — <d>hkl ~

b g ﬁkl (eq. 2)

Where:
<£>hk| — average strain for grains taking part in diffraw, for hkl planes, for deformed material,

<d>hk| — average inter-planar distancesti@r planes, for deformed material,

dr?m — inter-planar distances fokl planes, for undeformed material
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After measuring strain values for selected grasisgss values can be obtained with the
following equation:

(e(9.w)), =F; (hki,0.p)o; (eq. 3)

Where:
<£((|),L|J)>hkl — the average value of strain fokl planes, direction defined lyandy angles,

F, (hkl,¢,y) — diffraction elastic constants fokl planes, direction defined by andy angles;

values which depend on the Miller indideldl and the¢p andy angles. Values of the diffraction
elastic constants can be known as a result of g@ppte experiment or modeling,

0, — first-order stress values,

¢ — angle between the direction of measured stiamaisthe preferable axis of the specimen, first
angle which defines the orientation of the scattguector,

Y — angle between the scattering vector and thexsairperpendicular to the specimen surface,
second angle which defines the orientation of tiadtering vector.

Synchrotron radiation and its application in residual stress measurements

Every charged particle accelerated or deceleratedsethe electromagnetic wave. This
phenomenon can be observed in two main casese lir$h case the velocity change is joined with
rectilinear motion and the particle is deceleratdudle in the second case the charged particle is

accelerated radially (av). In the latter case synchrotron radiation isdoiced. Depending on the

particle's energy, the spectrum of synchrotronatamh can vary from high energy radiation to
infrared radiation. The radiation produced by haytergy particles is extensively collimated
tangentially to the particle's trajectory. It indarly polarized in the plane of the particle's iomt

At the end of the beam, circular polarization is@tved. The synchrotron radiation impulses last
only few picoseconds and are repeated every 1ns.- The spectrum of radiation produced is
continuous but it is possible to cut/single outeayvnarrow radiation range of the wavelength of
interest for the researcher and to obtain monocatiemadiation. For X radiation, the intensity of
synchrotron radiation is higher by few orders ofgm#&ude than in the case of X radiation
produced by X-ray tubes. Depending on the wavelenggnchrotron radiation can be a very
useful tool for investigating materials in solidt&. It can be used for investigation of crystallin
as well as amorphous materials. High-energy ramiattan be applied to carry out strain
measurements. Additionally, the application of $yntron radiation with the wavelength beam of
0,1lum enables researchers to obtain information abwainsfor an individual grain or inside

a single grain. To summarize, synchrotron radiaisamseful when the measurement is meant to be
performed in the volume inside the material andetk@mined volume is expected to be relatively
narrow (see Fig. 5, the diamond shape measuredmeoloan be even few micrometers).
Additionally, synchrotron radiation allows straireasurements to be carried out much more faster
and with better resolution than in the case of dia@on.

50 pm
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Fig. 5. Examined volume and its shape for synchratrradiation
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The most popular mode for synchrotron radiatiorthis transmission mode (Fig. 6). The
Debeye-Sherrer rings are observed on the two-dimealsdetector.
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Fig. 6. Transmission mode for synchrotron radiation

ESRF EXPERIMENT AND SOME RESULTS
The ESRF synchrotron and the experiment

The experiment was performed at the European Sgtromr Radiation Facility (ESRF),
Grenoble, France. Figure 7 below presents the sgtrom scheme with beamlines indicated. The
experiment was performed on beamline 15b with thenaouhromatic wave dedicated to
polycrystalline materials.
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Fig. 1 The ESRF synchrotron scheme

Beamlinel5b is dedicated to diffraction experimewifs powder specimens, amorphous
materials and single crystals. The electromagneisiea/ed on beamline number 15b are able to
generate the magnetic field of 8T magnetic indunctid special apparatus is used to apply forces
equal to 50kN. The beams are of three differentggegs 30 keV, 60 keV and 90 keV. It is
possible due to monochromators attached. The beanmtan change; the minimal possible cross
section is 50m x 5Qum and the maximal isBmx 6mm The research data was obtained from the
experiment conducted for the two phase (austendderrite) steel. The presence of two phases in

this alloy causes the appearance of unique advesitégistenite phase increases ductility and the
ferritic phase increases hardness and strength.
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Fig. 8. Transmission mode of the diffraction exparent

The experiment involved measuring the lattice stodithe specimen made of duplex steel with
diffraction of synchrotron radiation. The specimenas subjected to the one axis tensile test.
Applied force caused stresses of the first andrseavder. The diffraction image was recorded
over one hundred times during the experiment. Huakation applied in the experiment was the
synchrotron radiation with the wavelengthief 0,14256 4, and the beam cross-section of (160
x 10Qum After diffraction on the crystallographic plandise diffracted beam was detected on the
CCD detector. The detector was 8#6x 345mmsquare. The distance between the specimen and
the detector was 897,5%In The output data were diffraction images saved agmap of size
2640 x 1920 pixels. The diffraction image was reedrevery 10 seconds.
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R synchrotron diffraction image
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RESULTS

The initially obtained results showed a certain rdegof disagreement between the
experimental results and the model, which was nposbably due to the existence of initial

stresses in the specimen. The values of initiassers were predicted with thiz?y method and
are given below.

-49,7 O 11,
0-ijaustenite: 0 _352’4_ 9a3

11,3 - 9,3 0

111,3 O 1,6
o =| 0 3551 30,

ij ferrite

16 30,7 O

Taking into account the right values of initialestses and correcting the original values.pf
andH we were able to predict the material behavior wihenforce was applied to it. Experimental
results in comparison with the model are preseimtdeilg. 10 and 11 while the corregt andH
values are given in Table 1.

phase Cll(GPa) C121(GP(1) C44(GPa) Ti (MPa) H(MPa)
modeling without initial | austenite 198 125 122 50 255
stresses ferrite 231 134 116 550 130
modeling with initial austenite 198 125 122 140 255
stresses ferrite 231 134 116 450 130

Table 1. Initial and corrected material data
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after initial stresses were taken into account +rféc phase

It was found that the initial stresses significanthanged the critical shear stre00#%3sfor
both phases. Meanwhile, the hardening parametee¥akemained unchanged for ferrite as well
as for austenite. Below, different peaks are pibtte the austenitic and ferrite phase separately.
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Fig. 3 Strain vs. macrostress for the austeniticgse.
Two upper plots are for LD direction, lower onesrfoD direction
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A very good agreement between the experimentaltseand the model was observed for the
LD direction after the initial stresses were taketo account (Fig. 12). Only for peaks (111) and
(222) there was a significant discrepancy betwéerekperimental data and the model. On every
plot it is possible to observe the yield point bétmaterial I and Q points). For the second
direction i.e. TD direction, the agreement betwéss experiment and the model was the least
satisfactory. Good agreement could be observeddak withhkl (220) until the stress value equal
to 900MPa.
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Fig. 4 Strain vs. macrostress for the ferritic phas
Two upper plots are for LD direction, lower onesrfoD direction

In the case of ferrite there was good agreementdsat the experiment and the model for the
LD direction (Fig. 13). However, for the plasticnge of strain, the experimental data and the
modeling results diverged for peaks (200) and (2Eby the TD direction the model and the
experimental results agreed well.

CONCLUSIONS

The aim of the work was to analyze and interpret tbsults of the diffraction experiment
performed for the two-phase steel during in sitstie testing in transmission mode. The main
goal was to show the relation between the matstrain and the applied macrostress. The yield
point for separate phase of the material can ke frean the plots. The comparison of the plots for
the austenitic and ferritic phase shows the depwwlbetween these phases during the elasto-
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plastic deformation process. The modeling trialevslthat the model fits experimental data very
well only when the initial stresses are taken imtoount. The plots of the relatig¢g) vs.X; that
included the initial stresses showed a better ageeé between the experimental data and
modeling results. The significant difference wasaslied in the. value when the initial stresses
were taken into account and when they were nandans that the residual stress state affects
a yield point of both ferrite and austenite.

The relation between lattice strain and stressiegpb the specimen was presented. It can be
concluded that for the elastic range of strainrtiedel results fitted the experimental data very
well. It was observed that when the material wenb ia plastic range of strain this agreement
deteriorated. The reason of this phenomenon caa $gnptom of an anisotropic stress state in
each phase (in other words: about the presenaecohd order stresses).
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