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1.INTRODUCTION

The stress state is a characteristic parameter oh#terial state, together with the
microstructure and the texture, it influences the material piepeithat is why the stress
analysis is of the great significance in industry and technadomglybecame an important
part of materials science. Progress in materials sciandetechnology brought new
challenges for stress analysis and various destructive and trocties methods have

been developed.

Residual stresses are the stresses that remain aftaigimal cause of the stresses
(external forces, heat gradient) has been removed [1]. Thesalh from temperature or
deformation gradients which are present in almost every stapatdrial processing.
Residual stresses can occur as a consequence of various teclahdlegitnents and
manufacturing processes, but they can also arise in the componet itkiservice life.
Both the magnitude and the spatial distribution of residual strgdag key role in the
behaviour of the material subjected either to heat treatment sticpteformation. The
strain - stress analysis is of particular utility for efiading causes of failure. Depending on
the orientation and value of the residual stresses superimpodbkd byternal loads they
can be unfavorable or beneficial for the component. The failurecofrponent in most
cases starts in the near-surface area and occurs due niitt®n of plastic deformation
or fracture when material is subjected to tensile loads. VWhaore all kinds of scratches,
notches, etc. concentrate additional applied tensile stress eresurtace which can cause
the initiation of a crack. That is why; usually it is favorabiéh respect to the component
lifetime to create compressive residual stresses in thesndace area, which can stop
fatigue crack propagation [2]. The basic mechanical surfagntemts which allow

gaining compressive residual stresses are deep-rolling and shot-peening [2, 3].



One of the ways to improve surface properties of the mataeatoatings. They
can be beneficial in example for corrosion or wear resistamdecan provide the long-
term surface protection. The lifetime of a coating is stromglpendent on the residual

stresses profile in the surface area.

Residual stresses influence the strength and fatigue behawioe ofaterials, but
also they affect the chemical, electrical behavior of tha filims and can be very
important in stress corrosion process [2, 3]. That is why resgiieslses have to be taken
into account while designing the structural parts especially in wiete improvement of
their properties and increase of their lifetime. Stress asak/gmportant for constructions
of and especially after various mechanical surface tredsnestudying the residual
stresses of these materials is challenging issue due to gigglients of micro and macro
residual stresses and the influence of different parametetfsemrstability or relaxation.
Consequently, reliable experimental methods for residual stremsniledtion are of great
practical importance. That is why diffraction method, which alloveéparate micro- and
macro-residual stresses and to study stress distribution iranh@esare an indispensible
tool. Despite great progress in stress analysis there amg questions which remain

unsettled.

In the first part of this thesis (chapters 1-3), the diffosc methods of stress
determination are introduced. The principles of lattice distortitystallite size and stress
analysis based on the diffraction peak profile and measurémk lattain are described in
chapter 2. Next, chapter 3 is devoted to a short characterizatiffieoént methodologies
for stress determination using X-ray radiation (classical aydchrotron). The
experimental methods are divided into two groups, i.e.: these in wiclpdnetration
depth of X-rays is constant or these for which penetration varrgsgdmeasurement. On
the basis of first three chapters the aims of the thesis are speciftepbercs.

In chapters 5 — 7 the original results of this work, concerningla@went and
testing of the multireflection grazing incidence X-ray diffract (MGIXD) method for
stress determination are presented. At first, the most immpaarections of experimental

data and tests of experimental setups are described (chapter 5).

In chapter 6 two important theoretical developments of the NDGiXethod are

presented. The first one enabling determinationctt parameter and significantly
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improving quality of experimental data analysis for hexagomatsire has been proposed
and tested. The second one in which density of stacking faults is it@iceaccount is
applied. What is more a verification of different types of ¥-s#&ess factors (XSF), which
can be applied to interpret the experimental data obtained usingKM@lethod, is
presented. Finally, examples of stress determination in sudgee for materials having
high and low single crystal elastic constants anisotropy are shown.

In chapter 7 the methodology of data interpretation is developedian tw treat
data obtained not only for different incident angles but also usingtaimeously different
wavelengths. It is shown that the new elaborated method is not oully-feflection’ but
also ‘multi-wavelength’. Moreover, application of different wawegjhhs enables

verification of the MGIXD measurements.

Chapter 8 concludes all the results presented in the thesisramaldtes practical

recommendations for the users of MGIXD method.






2. STRAINS AND STRESSES MEASURED BY DIFFRACTION

The advantage of the diffraction method is its non-destructive cibarand the
possibility of direct measurements of strains in preciselynddfivolumes of the material.
Not only stresses can be determined from the diffraction methatemsities of the
diffraction lines gives us the information about the crystallogagbkture and the
broadening of the diffraction lines allows to determine the gizbe diffracting domains
and the content of the crystalline defects such as dislocationstacking faults [1].
Presence of stacking faults causes the diffraction peak ahdftit depends on the
probability of finding fault (Wagner 1966) [4].

The great need of precise stress determination has involved tigutton of new
measuring methods and devices into experimental world. This progoesd not have
been possible without a detailed understanding of the theoreticalptes@f the used
methodologies. In this work the diffraction methods of stress measuatewill be used
and developed. Because these methods are based on measuremergtaltdgecaphic
lattice strains, the present chapter is devoted to explain hifnaction sees the strains

caused by different kinds of stresses.

2.1.RESIDUAL STRESSES AND STRAINS

All solid materials are deformed when subjected to exteoaals. The deformation
is manifested in displacement of points in the body under load fieminitial positions.
When a body underlies certain stresses, the strain response deperids elastic
properties of the material. The strain can be of elasticodpdastic kind. As long as the
forces acting on the body are below a certain limit, the defbom is reversible and is
called elastic deformation. For this kind of deformation, when ¢lael is removed the
displacements vanish and the body returns to its unloaded configuratimevet, when

9



the forces acting on the material are higher than the limitméerial undergoes plastic
deformation. In this case some permanent deformation remainshafterad is removed.
If the deformation of the material is homogeneous the deformatidhpuiats of the body
is the same. However, when the deformation varies from point togoimg any direction

in the material volume, the deformation distribution is considered heterogeneous [1, 3].

The relation between the stresses and elastic strain temsgastic body is given

by generalized Hooke’s law [1]:
O =Cué&  Or €y = S4ij G (2.1)

whereg; andg, are the components of stress and elastic straomstenkile ¢, @ )

are the components of stiffness (compliance) tensor.

The stress componesj is defined to be the force per area acting on the i-face in
direction j (Fig. 2.1)The o;; components for which i-forces are normal to the i-faces are
called normal components, and thg components (where#j) for which j-forces are
parallel to the i-faces are called shear components. &relssm a 9 component

symmetrical 2 rank tensor which can be written in the matrix notation [1]:

0-12 0-13

On
Oy =| 0y Opn Op (2.2)
O3

Fig. 2.1. Orientations of stress tensor components with respect to definitiozesurfa
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In static conditions, the principle of conservation of angular nmdune implies

thato; = oji and only 6 of the 9 components are independent [1].

The external forces acting on the material causes the deimnnvehich can be

described by the strain tensor:

&
& T| € € €23 (2.3)
&3

where:

_ow .oV . dv .
g = lim — and g =| lim —+Ilm — for i#]
ox -0 5& 2| o%x -0 Jx ox -0 5)&

while i, j =1, 2, 3 (the displacements for two dimentions are defined in Fig. 2.2).

Fig. 2.2. Displacement of the body used in strain definition.

The proportionality constantgcin Eq 2.1 describe physical property of the elastic
substance under load. Thg densor relating strains and stresses (Eq. 2.1) is a 4-th rank
tensor of elastic stiffnesses, and it has 81 components. Bechuseess and strain
symmetries it is possible to reduce the number of the componentsridep@ndent ones.

In the case of monocrystal this number furthermore can be reduceany tako

consideration the symmetry of the crystal lattice [1]. Fotrapic body the ig constants
depend only on two parameters (E — Young’s modulus and Poisson's ratidhegnrdbt
not change with direction in the body. However, for anisotropic matahake properties
vary with orientation and more elastic constants are neededstalse elastic properties

[3].
11



By definition, the residual stresses are self-equilibratessses [2]. The residual
stresses must fulfill the equilibrium condition in each point of the material [2, 3]:

% - 2.4
And surface condition:
gm=0 ie. o, =0 (2.5)

wheren is the normal versor to sample surface.

When flat samples are taken into consideration the ‘planes’st@sdition can be
assumed. It is possible due to their small expansion in one dir¢etgpnx) as compared
to the other two directions, so often stresses in théirgction can be assumed to be
negligible 613= 623 = 633 = 0). The stress equilibrium conditions imply that tensiledresi
stresses in a certain direction within one part of a body am@yalbalanced by matching
compressive residual stresses in another part. Thus, the rediégalstate of a component
can never be expressed by a single residual stress téungoonly by residual stress
distribution. This also implies the presence of residual stresdiegits. Strong residual
stress gradients are often present in the near-surface aceanpbnents, due to surface
treatment, or because the residual stress component normal toftlee sigreds to vanish

but stress continuity has to be observed in the bulk material [2].

Due to granular structure of polycrystalline aggregates, thessand strain states
in these materials should be considered and described at diffeadmt I§ is possible to
type
(microstresses). The residual stress distribution in a rabhterihe sum of type |, type I,

distinguish residual stresses of' kype (macrostresses) and™Iitype, III

and type Il residual stresses:
ot)=d +d" +d" (r) (2.6)

[a(rdv =0 (2.7)

Vtot

where:Vy is the total volume of the sample and  describes position.

12



Type | residual stresses' represent the average residual stresses acting within all
phases and crystallites in the gauge volurge These stresses are defined by mean value
over volume of considered part of the samplg,( for example gauge volume in

diffraction experiment), i.e.:

o =1 [ a(ryav (2.8)
Vga Vga

The gauge must be large enough to represent macroscopic hwetaning a sufficient

number of crystallites and all phases present in the material.

Type | residual stresses (or first order) result from longyeastrain incompatibilities
introduced, e.g., by strain or temperature gradients in a manufgctprocess. The
distribution and magnitude of type | residual stresses often ceonbelled by modifying

the process parameters of a production process [2].

Type |l residual stressew{ , second order) describe the mean deviation from the

macroscopic residual stress level' calculated over the volume of individual

polycrystalline grain\(y), i.e.:

o' = [[o(i) -0 lav 2.9)
Vgr Var
In a multiphase material type Il residual stresses (a@rgkorder) are taken as the volume

weighted average residual stress€scalculated over the volume of crystallites belonging
to a phaser (V,) or as the average residual stresses for those crystalfitthe phase

which contribute to the measurement:

o° :%Vj[a(F) ~o'ldv (2.10)

Type Il residual stresses arise for instance due to defornmatgiits between neighboring
grains and due to temperature or deformation induced misfits betwéerdi phases in

a multiphase material [2].

Type Il residual stresses" (r)  represent the local deviatioth@fresidual

stresses within an individual crystallite from its averagsidual stresses in the grain
13



(variation on the atomic scale). Thus, the average type Il rdstheases does not result
in macroscopic distortions. Type Il residual stresses are d¢aesg., by voids, solute

atoms, or dislocations in the crystal lattice [1, 2].

The all three types are present, for example, in mechanicathined samples.
The microstructure of materials subjected to plastic deformation ekangnificantly. Due
to twinning mechanism and slips occurring on the crystallographic laestic
deformation of the grain occurs. In general, this irreversiblerdeftion it is slightly
different for neighboring grains, which leads to compression ockingt of single grains.
This mechanism is a primary source of internal second onsesss. In addition, during
the plastic deformation, a large amount of point defects and dislosasi generated. The
latter phenomena lead to creation of internal stress fields. Adation of dislocation

inside the grains produces the third order stresses.

Each type of stresses existing in material influencestadiggraphic lattice causing
its distortion. The first and second order stresses cause nesdit dhttice strains for
particular polycrystalline grains. The third order stressesld to distortion and strain
heterogeneity within grains. Both effects can be seen in diffraexperiment as the shift
and broadening of the diffraction peaks. To present methods for stemsunement, at

first the diffraction phenomenon must be described.

2.2.DIFFRACTION

Diffraction on crystallographic lattice is associated wiht@in phase relationships
between waves scattered in all directions by the atoms. Thespbfabe scattered rays are
relatively shifted in the most of directions. However, in some qadati directions the
reflected waves exhibit the same phase and due to construckréernence they are

strengthened, creating a diffracted beam.

In order to describe the diffraction phenomenon using kinematic thegsyal can
be treated as a periodic arrangement of atomic planes, whidikea& mirror for the
incident radiation [5]. The incident beam strikes the crystalfggcaplanes at an angle
0 and it is reflected from them also at an argjlsee Fig. 2.3b). Therefore, the total angle

of deflection of the diffracted beam is eq@él If the distance between adjacent planes is

14



equal to'd’ the difference of the paths for the rays reflected froesdlplanes is equal to
2d sirg (Fig. 2.3a). Constructive interference will occur when the wavee H& same
phase, so when the path difference between them will be equalritegarimultiplesrf)
of the wavelengthij, so when the equation:

mMA =2dsinéd (2.11)

is fulfilled. The above equation is called Bragg’'s law [1] ands i basic geometrical

diffraction condition.

T ~%

N
2 / - 1 g
(hkl) planes \ 2
2dsin(Q)
a)

Fig. 2.3. Difference between paths of the beams reflected freeighboring
crystallographic planes (a) and construction of the scattegowr (b), wherek — and,
denotes wave vectors for the incident and diffracted beams, respectively.

Bragg’s equation can be expressed also in an equivalent way. Letate bgl% a wave
vector of the incident beam and ky ~ a wave vector of diffracted H@iiraction vector

can be defined astk = k, —k  and it is perpendicular to the plane of refiggtig2.3 b).

The length of the diffraction vector is given by:

4rrsin @
A

[ak| =k, K| = (2.12)
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Considering Bragg’s law, the above equation can be rewritten as:

‘AIZ‘ :j—” (2.13)

hkl

where: hkl are the indices of reflection which for the first order wften (i.e., for the
lowest hkl and m=1 in Bragg’ law) are equal to Miller indices of the of théemwing

planes, while for then-thorder of reflectionsl,,, eé/mwhered is the interplanar space.

2
‘éhkl ‘

Becaused,,, = (wher&s,,, is the reciprocal lattice vector), so the aJerandition

for the occurrence of diffraction (when both vectosk aB¢, have the same

orientations, i.e., they are perpendicular to the reflecting plane) can b& astte
Ak =G, (2.14)

Expressing theG,, vector by primitive translation vectors of the reciprocatidat
G,, =hh + kb + I and multiplying both sides of Eq. (2.14) by primitive translation
vectors &, &,, & (where the latter basis vectors are defined foretildattice) the Laue

equations can be obtained [7]:
a0k = 27th a,Ak = 277k and a,Ak =2ml (2.15)

The Miller indices of crystallographic plane in the real spggk,)) correspond to

the coordinates of lattice point in the reciprocal space.

Bragg or Laue equations give the geometrical condition of theclibn; however,
they do not contain the information about the intensity of the diffdadieam. The
intensity will depend on the kind of the diffracting atoms and threfimgement in the unit
cell. In the case of X-ray diffraction electrons are respon$ibleoherent scattering of the
electro-magnetic wave. During the diffraction each of the reestin the atom scatters
elastically part of the incident beam. In order to describe lihigyaof diffraction for each
atom the atomic factdrdepending on th& (atomic number) of the element is used [8]. In
the direction of diffraction, specified by the Bragg condition, thetghof diffraction by
the unit cell is described using the structural faBiQr The complex value of this factor is

16



calculated as a sum of the amplitudes of the coherently défiarays from the atoms in
the unit cell (assuming unit amplitude of the incident beam) [8].udr cell havingM
atoms at positions described with the coordinatgsy§, z,), the structural factor can be

expressed as [6]:

M
—_ 271 (hx, +ky, +1z,)
Fhkl - Z fne (2.16)
n=1

where:hkl are the indices of considered reflectifnis the atomic factor of the-th atom

andM denotes number of atoms in unit cell

The intensity of the beam diffracted from all the atoms inuhg cell in the
direction described with the Braggs law is proportional to the sapfatee amplitude of
the resultant beam, and consequently, it is proportionalFtg *. The above equation
allows calculating the intensity of ealkl reflection when the atomic positions are known.
Analyzing intensities of the beams diffracted on different pléies, knowing the values
of | F  from experiment) the arrangement of the atoms in unit aalbe refined. In this

aim the numerical Rietveld method can be used [9].

In description of diffraction experiment it should be rememberedtiieacrystals
are not ideal and the incident beam is not strictly parallel astbahromatic. The actual
X-ray beam contains rays divergent and convergent as well aéepaso the intensity of
diffracted beam will be registered not only for the Bragg amgiealso in same small
range around this angle. This effect is known as the instruntaodening of registered
diffraction peak. Also, the microstructure of the material sigatly influences the
profile of the measured peak, i.e. the broadening of the peakerdtetffby the size of

diffracting crystal and its real internal structure containing defefcthe lattice.

To explain the role of finite crystal size the ideal crygelhaving N points (equal to
number of unit cells) can be considered. The positionstbfpoint of the real lattice can

be defined by the vector:
p=ma+tma+my (2.17)

where: &, &,, & are the basis translation vectors amdm, s are the integer or zero

numbers.
17



Next, the diffraction vectonk can be expressed as the linedication of the

basis vectors in reciprocal space:
Ak =hh+hb+hi (2.18)

whereh; h, hs are theak vector coordinates given by real values. These vakieBasen
close to the point of reciprocal lattice corresponding to the comesidesflectionhkl,
i.e.h;=h hy=k hs=l when Eq. 2.14 is fulfiled ancdA\k  determines the position of the

reciprocal lattice point.

If the point of the observation (detector counting intensity of difé@ beam) is far

away from the crystal the phase difference of the waves twonscattering centers is
equal: Ag, = AE,bn . Assuming amplitude of incident beam equal to unity, the amplitude
A, of the wave diffracted on a lattice point (representing uni} cethe positiong can be

expressed as :

A, = AF exp[-iAg,] = AthkIeXp[_iAan] (2.19)

whereFp stands for an amplitude of the beam diffracted on the unit celhvigiequal to
the structural factor defined by Eq. 2.16 akds an amplitude of wave scattered by one
electron. In order to gain the amplitude from all scatterimgers it is necessary to sum up
over all lattice points [:

Aca = A Fhkli eXp[ _IIZ)nAR:| (2.20)

Following the calculations given by for example Kittel [10], thependence of diffracted

intensity on the length and direction of scattering vectde £ hih + h b+ hh ) can be

derived:
2 2 sin” 71N,y sir? 71N, h, sin® 77N, h,
I (h,h,, )= =|AFR L 2 . 2.21
(hl 2 m) ‘%téﬂ ‘A hk|‘ SIan SInZ In Slrf 71_]3 ( )
where:N;, N> andNz are the numbers of real lattice point in directionsdgfe, & , and
N= Nl Nz N3.
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Integrating the above equation around point of reciprocal lattice
(e.g.Ak =G, = hh + ki + I the total diffracted intensity proportional to the number of

unit cells N) can be calculated, i.e.:

h+1/2 k+1/21+1/2

k)= [ [ [ 1hh,h)dhdhdh=| A" =| aR[ NN N=| AR M (222

h-1/2k-1/21-1/2

To see the intensity distribution around given point in reciprocéicdathe

particular reflectiorD0I can be considered. If we follow the intensity variation only in the

direction ofbb, vector we can plit =0 amgd=0 in Eq.2.21,i.e..

_ 2 sin® 71N, h,
() =| AR N7 szﬁ (2.23)
Using Egs. 2.12, 2.13 and 2.18 the valudpf can be relate@éithgle:
h, :Zj—oo'siné? (2.24)
sin® 77N
In Fig.2.4 the one dimensional functiegﬁ Vs, fefl is shown. Also, this

function vs.26 is presented assumindy,, A= A1The calculation were performed for

N, =500 and N, =1000 atoms (or crystallographic planes) in the direction #heng

scattering vector. This situation corresponds to the crystallite of 50 nm and 100 nm

along the direction of scattering vector.

sin® 7Nk, sin® 7V, A,

sin’ 7h, sin’ 7h,
—-== N3=500 —-== N3=500

1.0e+6 1 1.0e+6
—— N3=1000 —— N3=1000

8.0e+5 8.0e+5

6.0e+5 6.0e+5
4.0e+5 - 4.0e+5

2.0e+5 A 2.0e+5

0.0 = ™ u T Y - e 0.0
0.996 0.997 0.998 0.999 1.000 1.001 1.002 1.003 1.004 59.8 59.9 60.0 60.1 60.2

h, 26 (9
sin® 77N, h,

Fig. 2.4. Function vs.h, (foi=1) and the same function v6

sin® 7zh,

(assumingd,, A =1A) are shown.
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The following conclusion can be drawn from the above equatianstrdted in
Fig. 2.4:

intensity at the point of reciprocal lattice (or @, angle which fulfill strictly

Bragg low) is proportional to the square from numbers of reflegiages being
)
perpendicular to the scattering vectgngw =NJ),

sin® 7z,
. broadening of intensity given by width of the peak is proportional tN, 1/

i.e. number of reflecting planes in the direction of scattering vegtor
. total (integrated) intensity is proportional iy

» broadening of the intensity around the point of reciprocal does not depend on the
reflection order (the same profile of peak be obtained for diffdrdmtcause the
period of function defined in Eq. 2.23 with respedhids equal tol).

The above conclusions can be generalized foh&hseflection.

More general derivation of the intensity distribution in the diticm peak for
crystallites with lattice distortion was given by Warren anérbach [11]. In this case also
the partial waves diffracted on scattering centres are denesl but the calculations were
performed for a powder sample and contributions of diffracted intensity fransdraving
different orientations was integrated. Moreover, the scatteengres are shifted from the
points of nets. The result of calculations is given as the Faeras (presented also for
the 00l reflection):

| (h,) =|AF.[ NY[a,sin(zmh)+a’, cos(2mh ) (2.25)
which can be also written with respect26é angle substitutingy, by relation 2.24. The
coefficients of expansion are [11]:

a,=a; (1-27n?1? < £>) (2.26 a) and a',=-a°(27°n?l’<e>)  (2.26 b)

where< £? > and € > are the square mean and mean values of tbe haittrostrains in
the direction of scattering vector, inside a crystallite (theb&eh are caused by defects
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and associated with the third order stresses), ahd is the ftapending on the

crystallite size (also in the direction of scattering vector).

The a', coefficients represent nonsymmetrical distribution of r&traithin the

crystallite. However, if we consider only effect of the third ordéresses and the

distribution of defects is random (or in more general case iptbleability of £ and ¢

occurrence is equal) tre’,  coefficients vanish.

It is clear that, thea, coefficients bring an important infororatabout size of
crystallite @° ) and square mean strain of its lattice rssraiaused by the third order

stresses. Tha,, factors do not depend on the order of refle@@Pnand it can be shown

[11] that:

da® __1
dn N,

n-0

(2.27)

where N, is an average number of reflecting plains along scattering vector.

On the other hand the function af, vse? > depend the order of reflection

(00l). Therefore the analysis of size and strain by Warren-Acharba based on the
expansion of diffraction peak profile into a Fourier series and ¢a@mulation of< g2 >

and N, (or ratheD = N,a, , i.e., size of crystallite) in direction of seaty vector from

A, coefficients. In this method two diffraction peak must be measuretivibiorders of
reflections (usually the first and second order for exarhpleand22?2).

Next step in analisis of peakprofile, after single cryatal powder sample is it the
case of polycrystalline aggregate which is built from crigal having different
orientations (like in powder but often some orientations are peefen the case of
crystallographical texture). Moreover, in real structure of pgbtatline material mosaic
microstructures of grains can have a significant impact on diffra¢especially after large
plastic deformation). Such a crystal do not have atoms arrangedoénfectly regular
network, but a large number of small blocks, each of which is sliglslyriented with
respect to its neighbors [6]. Diffraction peak results from the reolescattering of the
incident beam on the so-called domains which in fact represenmalitgs considered by
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Warren and Averbach [11, 12]. The size of such domains is of tents orebandr
nanometres, so their effect on the peak broadening is compardhlghai shown in
Fig. 2.4. In the case of polycrystalline material usually shene methods of profile
analysis are used as for powder sample, however, in this cabe psoperties as
crystallographic texture, complex microstructure and moreover mresef residual

stresses should be considered in interpretation of the obtained results.

The polycrystalline grains are not free as in the powder sabypl¢hey interact
elastically with their neighbours. Therefore, the first and searddr stresses causing
mean elastic deformation of the lattice which can be observadshst of the diffraction
peak position. Using diffraction methods the mean lattice strain ealetermined as the
relative change of interplanar spacing and can be calculatedtlimmelative shift of the
peak:

_<d >
<E> = (2.28)

0
d{hkﬂ

or using Bragg’s relation (Eq. 2.11):
<e>,,=—cotf (<03, 4) (2.29)

where <d >, is the mean interplanar spacing fnkl} crystallographic planes
determined in the studied samp@m is interplanar spacing fa ph@ses but in stress
free crystallite, 2€ 8 >, —€ ) is a shift of diffraction peak wittspect to the position in

stress free materialdp).

It should be underlined that the <gw is the volume of the crystallites (in fact
domains in polycrystalline grains) which take part in diffractian, they have such lattice
orientations for which the scattering vectavk is perpendicular to symmetrically
equivalent{hkl} planes (or strictly: as close to the normal as diffracteshsgity appears),
see Fig. 2.5. Therefore, diffraction gives us information about a@dediice strains for
group of grains, but not directly about stress in particular gramnth& analysis is
necessary to relate these strains with stres¥ ahd 1M type [13, 14]. Also it should be
mentioned, that the <., average is calculated over different grains exhibiting diftere

strains (due to different lattice orientations or second ordessssg thus their contribution
22



in diffraction peak cause additional broadening (however in most pasgs smaller than

this produced by the third order stresses).

incident Ak g scattering  giffacted

Fig. 2.5. The selective character of diffraction.

Only the grains for which the scattering vectak

is normal to the reflecting planes {hkl} and Bragg’s

law is fulfilled contribute to diffracted intensity.

Concluding it should be underlined that the peak broadening of the ddifrgetak
measured for polycrystalline material brings an important irétion about the size of so
called coherent domain and mean square internal strairis> (causkdebts and
third order stresses), while the shift of diffraction peak can be related to até@ndtrains
caused by the external or residual stresses acting on the gnabedded in polycrystalline
aggregate (caused both by the first and the second order 9tréssles next chapters the

method for extracting such information from experimental data will be shown.

2.3.DETERMINATION OF STRESSES FROM DIFFRACTION DATA

The residual stress state analysis is based on the ddifraoeasurements of the
interplanar spacings in different directions of the scatterimgovenk [1]. In order to
describe the geometry of measurements it is necessary tmuo&r two coordinate
systems: the coordinate system connected with the spec8hand the coordinate system
connected with the scattering vector. The latter frame lscc#the laboratory systein,
because scattering vector is often fixed with respecthtorddiory and sample is rotated

(e.g. Eulerian cradle). These systems are defined as follows (Fig. 2.6):

The specimen reference systeéB (The S axis is orientated perpendicular to the specimen

surface. Axes5 and$; lie in the surface plane. If a preferred direction within ttaglof
the surface exists, e.g. the rolling direction, $helirection is usually orientated along this

preferred direction.
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The laboratory reference systel):(Ls axis coincides with the diffraction vectask , and

L, axis lies in the surface plane.

Then the orientations so definedgsystem with respect ®system can be described
by two anglesy and ¢ defined in Fig. 2.6, i.ey is betweenS; andL3 axes, whilegis

betweenlLs; and its projection on the sample surface. These angles alsanideter

orientation of the scattering vectdk || L.

L ;|| scattering

l"“‘““ Fig.2.6. Orientation of the scattering vector with
respect to the sample systedn The ¢ and @
angles define the orientation of thesystem (the

L, axis lies in the plane of the sample surface).
Additionally, n — rotation of thd. system around
scattering vector is shown (this rotation will be

used | the scattering vector method, section

3.1.3).

2.3.1.DETERMINATION OF FIRST AND SECOND ORDER STRESSES
To analyse first order stresses, the mean lattice stiag be determined from measured

shifts of the diffraction peak (Eqs. 2.28 or 2.29). Because thet g@mition of the
diffraction peak must be determined with high accuracy it isssecg to take into account
phenomena influencing the profile [1, 6] or position of the peak. To dahdifollowing
depending o124 factors are introduced in strain analyses:

» Lorentz-polarization factor - LR¢),
» absorption factor - Al2p),
» refraction factor (in the case of small incidence anglesPé)R(

Usually, the dependence of atomic fadtdisee Eq. 2.15) and temperature factor do
not significantly influence peak profile, and they are not taken icdoumt in corrections.
The LP@6), Ab(26) factors are described in Culity [6] or Noyan [3], while thed factor
is in detail considered in this work.
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Also, the asymmetry of the background may be an imortant problehe ipgak
position determination. In order to make the correction for the backgious necessary
to apply functionly,c((26) which can be obtained by fitting a low degree polynomial
function (usually simply linear function) to the background intensitiesboth left and
right hand sides of the diffraction peak [1]. To introduce all cowastithe background
must be subtracted from the measured intensities, the resulbendstided by LPZ¢) and
Ab(20) factors for everyd angle and next peak must be shifted by tBéz-angle (in the
case of small angle of incident beam), i.e.:

(20)

,.(26)~1,,
|, (20— 26,)=—2® g (2.30)
LP(26) Ab(26)

where thde,f20) andlc,(20) are the experimental and corrected intensities, respectively.

After correction and proper preparation of data the precise qosdf the
interference-peak can be determined calculating center of graivitye peak or fitting
theoretical functions to the intensity profile (e.g.: Gauss,dne¥dl, Lorentz or Pseudo-
Voigt functions) [1]. Although the displacement of the diffraction peafenerally small,
the fitting procedures with, e.g., Lorentz, Gauss or Voigt functadlmsv to determine

a very precise position of the peak.

Centre-of-gravity method. In this method the intensities gfk,, lines are averaged out

in the result. The peak position is calculated by [1]:

) j | (26)26d 260
<20, >=t———— (2.31)
j | (26)d 26

Usually the integration is performed over some threshold vakieresi relatively to the

maximum peak-intensity.
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Fitting of the Gauss function. In this method the diffraction peak is fitted by [9]:

|s(20)=a, ex -b; (¥~ B, ] (2.32)

Where:aG:E In2 and be=%nz
w\

defined as the full angular width at half-maximum intensityhef diffraction peak [1]),

, W is the full width at half maximum (FWHM

related with integral breath by equatigf; :VEV, /Fﬂz B i defined as the ratio of the peak

area to the peak maximum [1]).

Fitting of the Lorentz function [9]:

_ a
|L(29)_1+q(20_ T (2.33)

where: a, :ﬂ—zw b :% andav can be related with by equation:S, =ﬂ—2W

For better resolution of determined position it is recommended tBeeson VII-
functions or Voigt-functions instead of Gaussian or Lorentz distributibmgse functions
are much more flexible in describing the peak profile and fitsebétt the measured

intensities [1].

The Pearson VlI-function is given by [9]:

—_ alll
I, (26)= — 2.34
() [1+h, (20-26,,,F | @39

1

e
r(rrr(])rn_)lzdz_;v;l By ===, T(m)=(m-1)!, and m is the shape
2

where: a,, =

parameter.
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The Pseudo-Voigt function [15, 16, 17] is superposition of Gaussidra(@ Lorentzian

(L) functions, given by the expression [9, 17]:
|y (20) = L'(26 = 26, )+ (1-n G (6 - B, ) (2.35)
where:n is the relative contribution of Gaussian component.

If Lorentzian and Gauss components are normalized than pseudo-Voigt is alsozeatmali

It should be stated that from X-ray diffraction experimentsoperéd on laboratory
diffractometers (it is not the case of synchrotron radiatibe)intensity of the incident
beam is composed from two emission lineg; Kand K, exhibiting very similar
wavelengths. The contribution of both lines cannot be experimentallyaged totally and

it has to be done at the stage of data analysis using one of two possible methods:

* influence of K, intensity can be removed using Rachinger method [18] assuming
theoretical ratios of intensities I(K)/I(K ,2)=0.5 and knowing difference between
wavelengthsw,: andik,i1. Next, the center of gravity is calculated for one peak or

peak profile is fitted by above defined functions,
* doublet of two measured is treated together:

0 superposition of defined above functions:
I (29) =1 Kal(29)+ 0.4 Kal (29— 22<a1—|<a 2 : (2-36)

is fitted to experimental points (wher®d,,_.,,» IS the distance letwe

two peaks resulting from two lines for given theoretical défifiee of

wavelengths 2,1 and 2x,1) ratio | (Ky1)/ 1 (K 2)=0.5 is assumed,

o or the centre of gravity is calculated for the doublet but meanmeah

wavelength must be used in Bragg's law, kgear(2hka1trko2)/3

In Fig. 2.7 examples of peak position determination were presentaks Rere
measured for Al powder using,kCu radiation Xk,1=1.54056 A andw.,=1.54433A) on
PANalytical - X’Pert MRD diffractometer (AGH, Krakow) tii Gobel mirror using
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parallel beam configuration, described in Table 5.4 (chapter Seréntt peak broadenings

are seen and high accuracy of measured peak position were obthgredoublet I and

K2 (two peaks) was fitted using the pseudo-Voigt function.

30000 - - .
- experimental points -
- - - center of gravity  f1,
25000 4 20 position o il
i
20000 - !
2 |
(= - |
= N 4
@ 15000 4 ¢ &
- |
10000 - " :
s " .‘\
1
5000+ —— | N
64.0 64.5 65.0 65.5 66.0
a) 20 (°) b)
30000 - - -
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|
5000 ‘ i , |
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Fig. 2.7. Examples of different methods for position determinationuledilen of center of
gravity (a), and fitting of Gauss (b), Lorentz (c), pseudo-V(@ytfunctions. Experimental
peak was measured for Al powder using PANalytical - X’PeRDMliffractometer (AGH,

Krakdéw - configuration given in Table 5.4.).

Table 2.1. Comparison of the determined positions for Al powder usingferedi

methods.

Fitting

position @ (°)

Pseudo-Voigt
Lorentz
Gauss

center of gravity

65.100@& 0.0003
65.0982+ 0.0002
65.106% 0.0002

65.102865.1620)

where:?is the position of i component, whil8 is the position of I + K, dublet.
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When the positions of diffraction peaks are determined the stnedgsis can be

performed. The diffraction strair (¢, ¢ >,,,  measured albgglirection (see Eq. 2.28

and Fig. 2.6) are defined as the average strain over diffracaias grzolume (Fig. 2.5)
which is calculated as [19, 20]:

> [ ex(hkl,. & @) f (hKI, &,0,0)d &
<E(PY) >y =H—— (2.37)
> [ f(hKL.& py)de

{hk} o

where g5, (hkl,&,¢,¢) is the strain along direction for (hkl) planey and ¢ are the

angles describing the orientation of the diffraction vector (alofdth the respect to the
specimen reference systeth;- the rotation around the diffraction vector (see Fig. 2.8),

f (hkl,&,p,0) is the function representing crystallographic texture, i.e. @tient
distribution function ODF (defined in [21]) expressed in terms of oreasent parameters

and the rotation angte Summationz is over all symmetrically equivalent plafindd}.
{hk}

[y .
Ak || L,

................

Fig. 2.8. Definition of lattice rotation
[010] around the scattering vectsk  normal to
(hkl) plane.

In the above average only the criterion for selection of graientations is
considered, but also the average must be calculated over the gauge using weight of

the intensity scattered by different grains (accounting for absorption).
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For polycrystal composed of elastically isotropic crystal{fer example tungsten)
Hooke’s law [19] can be applied to relate the macrostrains with the first orelesest:

228,00 =50 = S99 5 589 +80)| 0 2:38)

where: g, ande; are the first order stresses and strains (meamwbeke diffraction
gauge volume)s,, and,  are crystal compliances (equal for isotrgiirial),S; and
S are the only independent componentSgffor elastically isotropic specimen ar IS

the Kroneckers delta (all tensors are defined siystem).

In this case the elastic strain tensor is identical focrgttallites and also for diffracting

group of grains [19]:
< 5((”7 ‘//) >{th} ‘§J3 (2-39)

whereL superscript means that the strain is expressedsystem (tensor i8 system have

not additional superscripts as in Eq. 2.38).

Then it is possible to calculag; L §ystem) strain from tensmJ S gystem) [19]:

<E(PY) >y = & =mgm =& cos gsirt Y+ &, sif gsif g

(2.40)
+£L.COS Y + £y, sin(P)siAy+ &, cop sin@ 9 &, sip sin@

where: ; is strain tensor in the specimen system of referemce the unit vector, in the
direction of the scattering vector, expressed in the specimen system efhcef§).
siny coyp

m=| sing sing (2.41)
cosy
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Taking into consideration the Hook’s law (Eq. 2.1) and Eq. 2.40 it is podsildeain
[19, 22]:

<E(@Y) >y =5 SIT Y4, 008 g+, Sin@)r &, sih o} 0.2

+%Sz[01'3COS¢)Sin(2//)+ Oy Sing sin( ¥ &, cBsy 1S, 6+ b,,+ b,

The above equation is a general expression relating first orelem siresses (full
tensor) with strains measured for different directions of extagf vector described by
w and¢ angles and it is callesin®y law, because the measured strains are plottesinig.
(with constantg). If the shear stresses are equal to zero, i.e. the saygilEms Q)
coincides with principal axes of stress tensor, the latter pl@ straight line and the
components of the stress tensor can be extracted from the slope lofet plotted for

constant.

Usually a polycrystal is composed of elastically anisotropjstallites (anisotropic

S ), Stresses and strains vary over the differently orientestadlites in the specimen as

aresult of the elastic grain interaction [19]. Even then the whpézimen can be
macroscopically elastically isotropic (quasi-isotropic) when ¢hestallographic texture
does not occur and the grain interaction is isotropic. For quasi-isosppimmens the
S and 1/2S in Eq. 2.42 need to be replaced Ibkl-dependent X-ray elastic constants
(XEC) §"™ and1/28™[19], i.e.:

<£(¢, (//) >{herL Z%q‘k' sin’? l//[qjl cos P+ 45 Sil’](2§0)+ éé sif 40]*- (2 43)

+ $[0L,cospsin(@) J+ iy S SN ¥ &, COsY ASY G+ Gt &,
In this case the XEC depends on the refledtikif23].

The most complex case is the textured polycrystalline rahtghen macroscopic
elastic anisotropy is present. For such specimen the dependietite X-ray-averaged
strains on the mean stresses is described by the X-rag $aeors (XSFJ; depending
not only onhkl but also on texture [1, 19, 24]:

<E@Y) > =Fy (KL @ 1 1) ¢ (2.44)

wheref represents ODF function.
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For textured materials or in the case of direction dependait mteraction the
sirfy plots are generally non-linear and the X-ray analysis cachbkenging. The first
works on stress analysis for sample having crystallographiaréextere performed by
Dole & Hauk (1978, 1979) [19].

The X-ray elastic constang"™ and1/28"™ and the stress factois (hkl, @, ¢, f)

can be evaluated experimentally by a uniaxial tension or beteshgit is also possible to
calculate stress factors from single-crystal elastic teots using a model of crystallite
coupling (Voigt, Reuss, Eshelby-Kroner) and the ODF as thehivéignction [1, 19].

Because the verification df; (hkl,@,¢, f)  used in grazing incident method i®btie

aims of this work, the different models for calculation of thesetaats will be presented

in next chapters.

It should be stated that using the diffraction methods, the latieén are not

directly measured but in fact the interplanar spacingse, ¢) >, arendat®l from

diffraction peak positions. These positions are measured foratiff@rientations of the
scattering vector with respect to the sample, defined by Hred ¢ angles. Using Eq. 2.44,
after simple transformation the interplanar spacings can fressed by the macrostresses

o; andd,, stress free interplanar spacing:

<d(@¢)>mq=[F; (hkl,g ¢ 1) Q,* ]d{(r)m} + C!ﬂk} (2.45)
or in the case of quasi-isotropic material:

1
2

+§4(0} + 0+ ) + & (0, 005p+ 0 sing) sin3y

(0~ 01908 g+ 0, sin2pt (6, 63 it e

<dw,9 g = dr?kl + dr?kl (2.46)

The calculation of the stresses using Eqgs. 2.45 or 2.46 can be perfa@ingpteast

square method and adjusting components of stress tensor as wgul}aﬂﬁowev.er, the

whole stress tensor (principal stresses) can be calculated ifonil}?hkH (stress free

parameter) is known. Fortunately, in the case of X-ray difbagbenetrating thin surface
layer (due to high absorption) we can assume that the forces norrthed surface are
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equal to zero and also), =0. Because one of principal stresses is kqmyncan be

adjusted and its value can be also determined.

The least square procedure used in this work is based on minirofsing merit

function called y* which is defined as:

(2.47)

o 1 i£<d(<@,wn)>?;ﬁ’.}—<d<<«,wn>{°.1'|}]2

T N-M& o

n

where: <d(g,,) >3, and <d(g,y,)>5, are the experimental and calculated

interplanar spacings gn=dn(<d(@, ¢,) >4,) IS the measurement error (standard

deviation) of the determined spacing for thth measuremenl andM are the number of

measured points and fitting parameters, respectively.
The value ofi2 is a measure of goodness-of-fit, i.e. [25]:

* 2 =1 means that the “good fit” was obtained (it corresponds tattimg fexactly

within the limits of experimental uncertainty),

* < 1lthe uncertainties of experimental d&fe< d (¢, ¥,) >;.,) are overestimated,

« 2 > 1 the uncertainties of experimental data are underestin@t calculated

(theoretical) values<d(g,, ¢,) >‘{’§'k,} depending on stress factdfg(hklg ,w) are

not accurate enough.

An example of stress calculation for the simplest case wlasticeconstants are
isotropic (for tungsten) will presented in the next chapter when standard
methodologies are compared (Fig.3.6).

Finally it should be mentioned, that also the methods for deteromnef the

second order stresses were developed using the elasto-plastis ii8ddl4]. From these
models the theoretical values of plastic incompatibility stegs;' ™ - model values)
and the corresponding strainse(¢, @)> /" can be predicted (whedés used for the
theoretical values). Assuming that stress variation with¢ggthend ¢ angles is correctly

described by models, the measured strain can be expressied theoretical value, i.e.:
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<Y, @)>la =A< £ ¢, @>g>; Where:q - is a constant scaling factor. Finally, Eq. 2.45

takes form:

<d(¢,@)>g ={F{hkl, ¢, @f)oj+a< £ ¢ @>{“h'knr;0d Fdothia + dg np (2.48)

When the value off parameter is determined (as additional adjusting parametexjasstec

incompatibility stressesa(}' ) can be found for all grain orientatioasg| = qgyj ™ ;
where g ™ are the model predicted values. Thus, the macrostregseth¢ mjsmatch

second order stressesi}( ) can be determined simultaneously.

2.3.2.DETERMINATION OF THIRD ORDER STRAINS AND CRYSTALSIE

One of the features that decide about physical and mecharopairies of a solid
body is its microstructure, such as lattice distortion or mastaicture of grains. Using
enough resolved diffractometers it is possible to observe the brogd#nime diffraction
peak due to the sample microstructure. The width of the diffracti@kspe also dependent
on the size of the coherently diffracting domains, faulting on iceft&l) planes, and
microstrains within the coherently diffracting domains [26]. Peadadening is further
complicated by strain anisotropy, which can be taken into accountrigy eentrast factor
[27]. Not only sample but also instrument contribution convolute into the ddubserv
diffraction peak profile. Instrumental aberrations depend on the meggachnique and

geometry. This effect can be taken into account by measuring a standard powaer sa

It is possible to separate the peak broadening originated froenetiffcauses. The
broadening produced by small crystallite sizes and faultimgdispendent of the order of
reflection, whereas the strain broadening depends on the orderecfiogfl Two methods

are usually applied to separate these effects from each other [28].

The first, Warren and Averbach method (1950), based on the Fourier expainsion
the intensity function and separation of size and strain serifficmyds using diffraction
peaks measured for at least two orders of reflection. The sesokldlliamson-Hall
method (1953). It allows determine the domain size and the mean stpticedstrain by

the analysis based on full width half maximum values or the mitdgeadths [28, 26].
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It should be stated that the presented methods of analysis can be &mpheystallites

having the siz® < 100 nm and lattice distortion£< g2 >  grater thaif.10

Warren and Averbach method

This method is based on the expansion of peak profile into Fouries.skrithe
case of X-ray diffraction (on laboratory apparatus) it is se&ey/ to remove the influence
of the Ky line from measured intensity. It can be done numerically withhiRger
method [29] or analytically with the assumption of theoretical functiescribing the
shape of the diffraction line [30] in which it is assumed thatittensity of line K is
twice smaller than the intensity of ling,Kand both of the lines have the same shape and
the same width. Next, the effect of instrumental influence onpdak profile must be
taken into account using proposed by Stokes [31] harmonic analysisfrattitin line
profiles of the sample and reference sample and on the balsefttis possible to obtain
the actual intensity distribution function of the diffraction peak. diffeaction peakG(20)
for reference is measured with the same conditions as thssemegl for the studied sample
H(26). The latter profile can be expressed as the convolution of insitah@®(29) and

structural function$(26):

H(26) = j | ()G (20 -8 )9 (2.49)

If both functionsG(20) andH(260) are expanded into Fourier series (the coefficients of such

series areg, g', anth, h', ), the coefficients of the series giveligBy 2.26a and
2.26b can be calculated:

c g.h,=g',h,

P« Py e PRLLPS (2.50 a) and a’, =c_~Eo—=-t
@.)°+(9',)

N = . (2.50 b)
9, +(@")’
where c is a constant factor.

Finally the size of domairD( in the direction of scattering vector and the square
mean third order strair £ > can be calculated applying Egs. 2.26a, 2.26h23nfbr

peak intensities measured for two orders of reflections.
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Williamson-Hall method

The crystallites siz® along the direction perpendicular to tfiel} diffracting
planes can be related with the width of the diffraction peak using Scherrer formula

K@
ﬁs_DE:osH

(2.51)

where K is a constant close to unity, dependent from method of the peak width

determination as well as from geometric shape of the crystallites [27].

Using the above equation the crystallite size (coherent domaiman be
determined from the peak width measured by X-ray diffractom€hes. equation assumes
that all the crystallites have the same size and thenstodithe lattice are not present. In
fact usually crystallites have some size distribution and addilly lattice distortion

limiting application of this formula.

Broadening of the diffraction peak connected with the presentdeedhird order

lattice distortion and can be calculated from Taylor formula:
B =M< g >tgl (2.52)
where <£2> is the root mean square value of the lattice distortion.

According to Hall [32] the observed total structural broadewinthe diffraction
line g is a superposition of the broadening caused by lattice distortobergstallite size

so it can be expressed as:

B= 4\/@t96’+ Djosg (2.53)

In order to evaluate thB and 4/<£2> values it is necessary to approximate the

diffraction profiles of the studied specimen and of the referesogle (for example strain
free powder with grains having at least a i@w). There are two main methods of analysis
which are in use. The first assumes that both of the profilecifspe and reference
sample) can be approximated by Cauchy function. Then the to¢abtoadening can be
expressed as:
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,[z’cosé?:%+ 4/<£2> sing (254a) and B=B-b (2.54 b)

where:B andb are the peak widths of the investigated sample and of theme&esample,

respectively.

After simple transformation the above formula can be written as:

' :%+d* (£) (2.55)

The second method assumes that both of the profiles can be apprdxbyate
Gaussian function. Then the general formula can be expressed as:

Vi co§0:(%j2+ 14\/@)2 sif6 (256a) and B°=B’-b>  (2.56b)

and after transformation:

1 * 2 2
=zt (€) ) (2.57)
2 -
where: _pcoso 02520 and d’ :lGSIjH
A A

In all of this methods by plotting as a function ofi” for several diffraction lines
the root mean square value of the lattice distortion and thealiitgstsize can be
determined from the slop and the intercept of the plotted curvecteghe In this aim

the linear regression is used.

The width of the diffraction peak in the above formulas may berrdeted as
a integral breath or as the full width at half maximum (FWHM) [33].

An example of size-strain analysis using Gauss and Cauchgsisrped in Fig. 2.9.
The measurements were performed for mechanically polished \Mesaising the same
experimental conditions as for peak measurement presented in Figs3he reference

the LaB powder was used. In Table 2.2 the results of analysis are shown.
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Fig. 2.9. The linear function fitted to the experimental data iridkfison-Hall method for
polished W sample using Gauss approximation (a), Cauchy approximation (b).

Table.2.2. The slope and the intercept of the fitted linear functitretexperimental data
for polished W sample. Calculated with Williamson-Hall method vabigbe root mean

square of the third order strai <(£2> ) and crystallite e (

a (°) function slope[-18] intercept [-10] J<et> D (A)
5 Gauss 1.0+0.2 0.01 +0.09 0.0025 + 0.0002 1678 + 8626
15 Gauss 0.51+0.05 0.05+0.02 0.0018 + 0.0001 667 £ 133
5 Cauchy 90 + 20 -16 £ 10 0.0023 + 0.0004 -957* + 648
15 Cauchy 62 +6 -9+4 0.0016 + 0.0002 -1629* + 653

" large negative values of D means that the intercept point is negative binseisaczero.

If the instrumental peak width is large in comparison withitt@adening due to
crystallite size, than it is not possible to determine propéwy doherently diffracting
domain size (some values of D are negative because intercepgjasive and close to
zero). When the peak profile is either pure Gaussian or pure Lorentmasimplified
breadth methods work well but when the peak shape is a convolution ddigaasd
Lorentzian than these methods cannot accurately determine thelldgy size. The
Williamson-Hall analysis of polished W sample showed that on #sesbof MGIXD
measurements with classical diffractometer (PANalytieaEmpyrean diffractometer,
configuration is given in Table 5.4.) it is possible to estimaevalue of root mean square
of third order strain but the resolution of the diffractometer issnfficient for crystallite
size determination.
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3. METHODOLOGY OF STRESS MEASUREMENTS USIN&-

RAYS

Although the neutron diffraction methods of stress measurementigergcantly
developed, X-ray diffraction remains the most important tool of s@ealysis which can
be used in industry or in laboratory. X-ray diffraction in residual stnesasurements of
polycrystalline materials were applied for the first timel930 [34, 35, 36]. It is worth to
emphasise that introduction of tlén’y method by Macherauch and Miiller in 1961
[22, 36] was one of the greatest achievements in X-ray stress analysis (XSA).

angle dispersive ~energy dispersive neutron diffraction
X-ray methods X-ray diffraction -volume
-surface -intermediate zone

-/ \/
| \

l‘ \w 0001 001 0.1 1 10100

\ 00001 001 1 10 1000

sampling volume [mm’]

J information depth of diffractive stress analysis
(penetration) [mm]
gauge volume

Fig. 3.1. Information depth of the diffractive stress analysis [37]

Due to high absorption of the X-rays (on laboratory diffracrompetdus stress
measurements are performed using reflection method, i.e., the beafiedsed from the
surface of the sample and penetrates the volume below the surfecether methods
based on the transition mode can be used only for high energy syochmadiation or
neutron radiation. In all cases, the intensity of the beam pengttae studied sample
depends on the linear absorption of the mater)ah¢cording to the exponential law:
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1(x) = o exp (ux) 3.1

wherex is the length of the ray path in the material &1 the intensity of the incident

beam.

In the present work only the reflection mode is considered for wtheh
information depth can be estimated using the above law. In this i€dke strain free

lattice parameterx;l{"hkﬂ as well as stress factof (hkl,¢,¢) do not depend on depth [36]

the mean lattice strair (¢, ¢,z)> at information deph calculated over reflecting
grains (as in Eq. 2.33) must be also averaged with the weighaof in¢ensity over depth
z under surface. It was aaumed that so calculated strairaisdetlith the mean first order

stress and also averaged with the intensity weight (see Fig. 3.5):

t
- <d(gy,2)>,., €’ dz
<d(§0’4[/,z)>{hku _qohm =’!)' (ww ) {hki}

<£(¢)’l//!2)>{hkﬂ= 0 T -1
d 3.2
(g a5, [ €77 dz (3-2)
0
=F, (hk.o.¢)q (2)
_ t t
where:0; (2) = [, (9 € d% [ & d (3.3)
0 0

andt is the sample thicknessjs the “penetration depth” defined as the distance from the

surface of bulk materialt(— « ), for whicfL-1/e)= 063  part of total intensifythe

incident beam is absorbed.

The above average corresponds to so called ‘information’ or teféedepth z |

which can be understood as the mean valueadpth weighted by an attenuation factor:

t
~ !Z expc-z/r) dz_ T_M for limited t
2= = 1-exp(t /1) (3.4)

t
j expz/r)dz 4 fort - o«
0

40



A general formula for penetration depthn the case of bulk material or thick coatings
(i.e.,t>>1) is given by [38]:

- sin®@—sirf + cos @ siny siftn
2/ sind cogy

(3.5)

wherey is an angle of rotation of the sample around the diffraction veetol; axis
shown in Fig. 2.6.

In the case when the incident angle of X-ray beam @ngle between incident
beam and sample surface, see Fig. 3.7) is close to the aitgial ¢, — angle for which

total external reflection occurs), the expression for penetration depthfoake36]:

A

\/(sinza— sinzcrcr)2 + 82 + sifa, - sifa
2

(@)=

(3.6)
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where/ is the wavelength ang = 124

In this case, as it can be seen in Fig. 3.2 snta@hges ina angle causes significant
changes in.

“““ T(a)=sin(a)/u 06 | ===~ T(a)=sin(a)/u
34 T(0) calculated from Eq. 3.6 T(a) calculated from Eq. 3.6
/g ~
IS
= = 04
2 4
) )
] ]
~— ~ z
= 1 , [ 0.2 /://
y” Ze
Yz P
P : P :
b7 H - : .
/// : AI //// : T|
0 . - . . . 0.0 ‘ - ‘ ‘ ‘
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
0 0
a () a ()

Fig. 3.2. Penetration depth as a function of ingidengle for aluminum and titanium.
Curves changes significantly close to the critaragle.
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In should be stated that fot - ©  (bulk materials) in Eqg. 3.3, the uppirofm
the integral can be replaced by the infinity and the equation th&dsrm of the Laplace
transformation with respect totl(see Eq. 3.3 in whiclz should be replaced:pbyin

order to reveal the real depth profile of strez;ﬁ's(z) it is isacgso perform inverse

Laplace transformation for the data gained experimenail& =7) [39].

. . 1 . : .
Introducing a new varlables=; mean stressesi} (1) determined with absorption
weight can be expressed as:
J-e_rsaij (2 dz
—=I _
g (8) =t——— (3.7)
je‘rsdz
0
wherez is the real depth under the surface.

It can be noticed that the denominator of the above formula is aceapnsform of 1,
while the numerator is a Laplace transform of stress fun(zli:c(tz). Thus, Eq. 3.7 can be

rewritten as:

29

g;(s) = s =s£(9 (3.8)
and
L’(S)=5”T(S) (3.9)

where £(s) denotes Laplace transform of the macrostrain funaijcé).

In order to reveal the real depth profiles (z-profiles) of mh&crostresses, the

inverse Laplace transform @ﬁ} (s)/ s have to be calculated. Howevémwuld be noted

that usually only a few values of the mean stresﬁf'e{s) withitetl range ot can be

determined experimentally. The fragmentary knowledge aktisj funciioses that

the inverse Laplace transform cannot be easily determined. Hausxperimental

functions £(s) are usually approximated by functions for which the inveegtace
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transform can be easily designated. For example, it is possiblese the piecewise
polynomials allowing dividing the Laplace space into small eastin which it is possible
to describe the stress profile. Usually the polynomials of tisé dnd second degree are
used [40].

Another method for determination of the stress in depth proﬂ]eéz) was

proposed by Genzel et al. (1996). In this work the inverse Laplacéotranis calculated
numerically by the methods of orthogonal polynomials. Severab§etshogonal function
were used but the best results were achieved with use of jadphomials. It seems that
this method is mostly suitable in the case of steep gradientecéfssary it is possible to
divide the depth profile into intervals and then calculate invelmasfiorms for each

interval separately [39].

To reveal the stress profilei} (2) Huang et al. (1997) used the constrained linear

inversion of the.£2(s) profile. This analysis showed that the signifieadmantage of the

numerical method is that there is no major restriction on the dbititme penetration depth
profile. What is more it is more likely to achieve the befiieto the experimental data

numerically than with the inverse Laplace method [41].

In present work thez-profile of stress is determined using method based on

expansion into Taylor series of the quested stress funa(’,-i()n), ie.

ACEXY: (3.10)

The Laplace transform of the above function is given by equation:

£(s)=1 =iq'“ (3.11)

and the measured profile of the stresses can be expressed as:
_ Noonl
gi(s)=>.a— (3.12)
n=0 S
1 . :
ass=— it can be written:
r
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o (r):in!a]r” :ZN:QT” (3.13)

whereb, =na, .

In the above equation the function of mean macrostﬁi;(;s) gainednieasurements
Is expressed by polynomial with variahlelf the polynomial coefficients are determined,

also the coefficients of Taylor expansion of macrosta%!s(sz) can be calculated, i.e.:

b,
a, =" (3.14)
200 = experimental 2001 polynomial n=t—— polynomial n=2
polynomial n=1—— polynomial n=2 —— polynomial n=3—— polynomial n=4
100 polynomial n=3—— polynomial n=4 1004
g <
2 0 2 0
= S
= ~
1004 ©-100-
'200 T T T T '200 T T T T
0 5 10 15 20 25 0 5 10 15 20 25
a) T (um) b) Z (um)

Fig. 3.3. Experimentaﬁi} (r) stresses for polished Al2017 alloy with polyriditted to

the measured values (a) and corresponding proin‘de(sz)obtained by using inverse

Laplace transform (b).

At present, there are two basic types of carrying out the experiment:
- in angle dispersive diffraction mode (AD) or
- in energy-dispersive diffraction mode (ED).

In the case of the AD method one uses a monochromatic radiation,avvitéte X-ray

beam is diffracted by a polycrystalline material in ED modee later method was
introduced both by Giessen & Gordon (1968) and Buras et al. (1968) and firstigs

used in 1970 by Nagao & Kusumoto, 1977 [42].
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AD diffraction methods with conventional X-ray tubes allow ingsing the
material only for the penetration depth of a few up to some tensoobmm. It is also
possible to get information on deeper regions below the surfadeeo$ample in AD
techniques by applying layers removal. This method, however, istiaickve method and
it cannot be always used. On the other hand neutron diffraction allettinggthe
information for more than hundreds of microns. The high energy EDdifirais the non-
destructive method which gives the opportunity of the sample investigat such depth
(up to tents or hundredsm) which are not reached by monochromatic radiation on
laboratory diffractometers. In the ED diffraction, in reflectioad®, the white radiation in
the energy range from about 10 up to 150 keV with a continuous photon spegsum

is used. In this method the scattering ariiglgcan be chosen freely and remains constant

during the measurement [2, 43]. In this case, the lattice rgpadj, expressed as

a function of the diffraction linde,,, on the energy scale is given by:

S L (3.15)
2sing; <E >,

where:h is Planck’s constant arathe velocity of light.

A great advantage of this method, in comparison with AD difvadechniques, is
the multitude of reflections recorded simultaneously in one ersggrggstrum. Each of them
differ in energy so it provides additional depth information [2, 42]. Jémetration depth
in ED method is given by Eq. 3.5 but in this casedenotes the linear absorption
coefficient which depends on the energy E of the radiation. Inyimenstrical case of
diffraction (7=90°), the penetration depth fokl reflection [43]:

_ siné,
2u(E)

coxy (3.16)

where ¢ ~ 1/ E® for absorption between the absorption edges.

In this chapter a few geometries used for stress measurdayeX-rays will be
shortly presented and for each the problem of information depthevidiscussed. This
problem is certainly very important in the case of in depthsstgradient. Also, the

principles of multireflection grazing incidence X-ray diffiact (MGIXD) developed in
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the present work will be introduced. The described below methodevitlivided in two
types: methods in which the penetration depth is variable oroimstants during
measurement. In the first case complex analysis should be uswdar to extract the
stress in-depth profiles, while the latter methodologies areeotrated on designing of
special geometries in which the lattice strains are meddor constant penetration of X-

rays (this simplifies analysis of the data).

3.1.METHODS WITH VARIABLE PENETRATION DEPTH

3.1.1.STANDARD GEOMETRIES OF STRESS MEASUREMENT

In the standardain®y method, the<d(¢,w)>miy Vs. sify functions are measured
using X-ray diffraction for a single reflectionkl and constantp angle. As shown in
Fig. 3.4, they angle can be changed in two different ways, i.e. by tiltingadiffon plane
(w-geometry) or rotating both incident and diffracted beams imadifibn plane being
perpendicular to the sample surfaegegeometry). In both cases the diffraction peak for
the same reflectiohkl is measured, thus ti# angle remains approximately constants
(excluding small shifts caused by lattice strains). The ureagents of
<d(¢,¥)> iy vs.sirfy functions are repeated for differepangles. To set desired angles
wand ¢ the instrumental angles w and ¢ are varied applying conditions defined in
Fig. 3.4.

\J — geometry: (1) — geometry:
y=X U} ¢ \

¢ =@ S.C.R .-~

0=0

X

a) s.c. - scattering vector ~ I.b. - reflected beam b)

i.b. - incident beam

Fig. 3.4. Two different geometries used in standard measuremeetsdifal stresses. The
instrumental angles are indicated hy:w and g, while v and ¢ are the desired angles.
Orientation of diffraction plane, scattering vector, incident (amd reflected beam (r.b)
are shown.
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The standard method for stress measurement is not advised fanahsis of
heterogeneous stress states because the penetration depth yofrahetion varies
significantly during measurement when both orientations of incidentedletted beams
are varied (Fig. 3.5). The effective penetration depth can be daltular they and w-

geometry:
/—geometry 1 = cmlé/—#slrﬂ (3.17)
-1
w—-geometry 1 = |— H +— H (3.18)
sin@-y) sin@+y)

wherey ,a an@d angles are defined in Fig. 3.4.

T (um)

0 0.2 04 0.6 0.8 1
sin®y

= = y-geometry = @-geometry

Fig. 3.5. Penetration depth calculated from Eqgs. 3.17. and 3.18. for polished tungsten
(r = 3313 cnit, Cu Ky, radiation) in function o§inf( .

Consequently, the volume for which the measurement is performed isefiot
defined and the interpretation of the results is not unique. Usindaheasd X-raysin‘y
method, the stress gradient can be estimated only if a spkaiacter of stress evolution
is assumed (for example exponential or linear variation with depb)eover, this

estimation is based on the curvature ofgiméy plot [3, 44], which can also be influenced

by other effects (presence of the, or o,, shear stresses or sample anisotropy).
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The example ofsiy plots for different¢ angles measured using and
w geometries (mechanically polished tungsten was measured foartiee experimental
conditions as peaks presented in Fig. 2.9, details are given in3.dkier PANalytical —
Empyrean diffractometer). The linear behaviour of the functionsnendéfaat the stress
gradient is not present in the penetration depth reached by ddfractihe results

presented in Table 3.1 show the same stresses determined using both methods.

0.8470+ :
w—mode 0.8470 ® — mode
standard measurement standard measurement
0.8465 free suface grain interaction model 0.8465 - free surface grain interaction model
..0.8460 5 0.8460 -
IS a
[\\"0.8455 4 = cxperimental $=0° ,&.0.8455 .
_;: theoretical ¢=0" _z
> ] ; o = N 5 o
'\C/J 0.84504 . experimental $=90 '\? 0.8450 = experimental ¢=0' = experimental $=90
theoretical =90 . theoretical $=0° theoretical $=90°
0.84451 . imental 6=180° = imental $=270' 0.84451 : ° i \
experimental ¢ experimental ¢=2 = experimental $=180° = experimental $=270
theoretical $=180" theoretical $=270" ; —180° ; =270°
0.8440 4; ! . . ; | 0.8440 4 lhcor'cucal [} I}f() - lhcorcllca'l $=270 |
0.0 0.2 0.4 R 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
sin"\ in"y
a) v b) sin'y

Fig. 3.6. Interplanar spacingsi(¢4,y)> iy VS. sinfy for mechanically polished tungsten
sample. Results fay — geometry (a) and — geometry (b).

Table 3.1. Comparison of the results obtained for two different geometries.

geometry | o'11 (MPa) o'22(MPa) v T (um)
® -660 + 23 -787 £ 23 4.8 0.9
U -657+ 17 -774+ 16 4.2 1.0

Finally it should be stated that the standard method can be use@ddarenstress
gradient using ED method with synchrotron radiation. In this case-tieometry is used
with constant2d angle and the reflection are obtained for different energies;g
corresponding to interplanar spacings>gq according to Eq. 3.15. Because the
absorption coefficienit depends on the energy, also so measum®eg Vs. sirfy
function will be determined for different depths (Eq.3.16). Thereforentban stresses
obtained for different reflections will be defined also for diffeére (see Eq. 3.16). The
problem is that the penetration depth for each ptbtys vs. sirfy (Fig. 3.5) changes

significantly and in the case of significant stress gradieesd functions are far from
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linearity. Consequently the ED standard method can be used otlg case of small in

depth variation of the stress.

3.1.2.UNIVERSAL PLOT METHOD
An interesting modification of the standard diffraction experimatroduced in

order to find Ji} (r) in depth profile was proposed and developed by Genzel [36, 43,

45, 46]. In this method, an original treatment of standanty plots was performed,
assuming biaxial residual stress in the quasi-isotropic saiMille.these assumptions the

mean value from lattice strains measured gor 0° and ¢ = 9 can be related with so

called in-plane residual stresseﬁ (r) 3 depth by an equation [36]:

<EW. 1) >y =R (hKLy)g; (1) (3.19)

where: 0-|I| (T) = %I:O-Iﬂ(r) +U|22(T)] ) F||(hk|!¢/) :% $kl Sin2 ‘// + 2$kl and

+ 1 0
<EWT) Y =S[ <@ =04 T) 7y £<6(@=90 .¢.1)2y, | (3.19 @)

Then the principal stress component can be expressed by [36]:

<eW,T) >{ihkﬂ + <eWw,r) >{th _ F,(hkl,7)
F,(hkl,¢) a AF,(hkl,¢) F,(hkl,¢)

O112o(T) = 034(7) (3.20)

where (for quasi-isotropic polycrystalline materials):
1 . 1
AF(hid, ) =2 S sinf ¢ and Fo(hkl ) =~ S o8 ¢+ § (hk)

Assuming a biaxial residual stress statl,(r) =0) the stiress parameter

dO

e = <d°(@’,1)>,, can be measured in the strain-free diregjionf the biaxial stress

state, i.e. forF(hkl,¢y) =0¢" =arcsinF B¢ /§“¥* ). Therefore d;,, is known, the

right hand side of the Eg. 3.8 contains only the experimental infanmmand the unknown

in-plane stresses is on the left hand side. As the resyitdfiles of biaxial stresses can be
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easy determined. However, in the presenceohr) stress fields ieqth&.20 the

additional term occurs. It can falsify the in-plane stréspth distribution by a certain

amount [43].

In this method the stress distribution vs. penetration stress caneb#ydcomputed from
single standardin’y plot and presented as a plot versus penetration depth [36]. Moreover,
applying high energy with ED mode the universal plots for differenges of penetration

depths can be determined and shown together as an ‘universal plot’.

3.1.3.SCATTERING VECTOR METHOD
Another method used for determination of in depth stress gradidr scattering

vector method [38, 43, 45]. In this method the components of the stress zb%rospr(in

function of penetration depthr ) are determined from a series ofsumsh

<d(@, ¢, 1)>g depth profiles. The interplanar spacings( g, ¢, r)>,, are measured
for constantp andy angles, with stepwise rotationof the sample around the scattering
vector (i.e.,Lz axis in Fig. 2.6). To calculate penetration depths  (for giwemd y)
corresponding to differenyy angles Eq. 3.5 is applied. Using the AD diffraction,
measurements are performed for at leastyivemgles. Next the self-consistent calculations
of triaxial residual stress gradient are performed. In thisatvan procedure [45],
perpendicular stress expressed by:

ot 1) ==EY D %y _ <400 Ty g (3.21)

Fas(hkl,¢) Faa(hkl,¢)

(where: <eg(’, 1) >hg IS the same mean strain as in Eq. 3.19 a but in “stean-f
direction of the biaxial residual stress state” defined oy nd the in-plane stress
componentsa,,,(r) given by Eq. 3.20 are calculated for varying valuegf . The

calculations are repeated for strain profiles obtained for two ore ninclinations

¢ receiving different profiles of triaxial stress(r) (or mesiness g, (r) ). If the
procedure is convergent, the same profilesa?(r) aép(r) ) must be gained for

different ¢ inclinations (the difference between such profiles ohites criterion of
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convergence). Finally, when the convergence is reached, the tresidlial stress state
within the accessible penetration depth and the strain-frezelptirameter are determined,

without the need of some stress-free reference sample (agsmm does not change

with depth due to structure heterogeneity).

The above described method was also applied using ED measurenignts w
synchrotron radiation [43]. The advantage of this improvement isirdgrtmcreased
number of strain profiles measured at different penetration depthdiffierent energies).
This provides more available input data used for stress catmdatVloreover, the stresses
can be studied for significantly increased depth in comparison abibrdtory apparatus

(with X-ray tubes).

3.2.METHODS WITH CONSTANT PENETRATION DEPTH

The geometry based on the grazing incidence X-ray diffraconbe applied to
measure gradient of residual stresses in surface layers [138,195, 47, 48, 49]. The
principle of this method is the use of a small incidence angie Fig. 3.7) for which the
path in the material of the incidence beam is much longer thgratheof diffracted beam
(a>>b in Fig. 3.7). To perform stress measurements for constant pesrettapth f), the
orientation of scattering vector characterizedybgngle must be varied, while smallis
kept unchanged. To do this, different methods were proposed [19]: (aplmudtilection
and single wavelength — multi-reflection method [14, 47, 50, 51], (b)esedllection but
multiple wavelengths — multi-wavelength method [52]; (c) simgigection and single

wavelength - multipleg method [53, 54].

3.2.1.MULTI-REFLECTION GRAZING INCIDENCK-RAY DIFFRACTION
The multi-reflection grazing incidence X-ray diffraction (MKE)) geometry [14],

called also multiple {hkl} grazing incidence [19], characterized by a small and constant

incidence anglex and by different orientations of the scattering vector (varidigg,,

angle for a constant wavelength; see Fig. 3.7) given by the equation:

Gy =Gy — (3.22)
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where 2,,. are the diffraction angles corresponding to those refledtidrfer which
diffraction peaks are measured [14, 48, 55].
In this geometry the diffraction plane (defined by incident andadtied beam) is

always perpendicular to the sample surface.

AK {h1k1[1} A <
h\

N -
\
\\
\ s
i

X;
AK{hKL) Y
: AN
: 26, N
| O -~
— fz

ey

»~ ~

[
l=a+b a) l=a+b b)

Fig. 3.7. Geometry of MGIXD-sfipy method. The incidence angte is fixed during
measurement while the orientation of the scattereugor is characterised by the anglgx;.

Analogically to the standard method stresses can be determioed tfre

interplanar spacings measured in direction of the scatterintgryée. in this case, for

different z//{hkl} (and consequently varioue{hkl} angles) and for consta@ingle

(Fig. 3.7). However, in the case of multi-reflection method insteagidfp, gl/,_z P » the
so called equivalent lattice parametera((p,z//,_z Pnia are expressed by the macrostresses

Ji} (E) and strain freen, lattice constant [14]:

<a(@W 2l =[F (0K.ow) §(9]1a+ a (3.23)
where:
for cubic crystal structures a( @, ¢, z Ping = <d(@ WUz P m (3.24 a)
or for hexagonal structureia(g ¢z B =<d(@UZH {E(ﬁ . hke ﬁ)} +(C|/za)2}% (3.24 b)

where ¢ can be chosen arbitrary, whilg depends on the diffraction angleven gi

reflectionhkl (Eq. 3.22).
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In the case of MGIXD method the measurements of interplapacings
<d(@ ¢, T)>nq are performed in the near surface volume, which is limited tiatian
absorption. To define this volume, the path of the X-ray beam througiatmgle must be

considered (Fig. 3.7). The measured average interplanar spacti@g ¢, T)>nq re a

equal to:

Jt.d(hkl,qo, W, 2)expE 1 1(2)] dz 1 1
| - 2
<d(@.2)>y = je e and 1(2) Z(sina+sineqhk,} —a)} (3.25)
xp[- | (z)]dz

where the above formula can be used ¥> ac; (a. is the critical angle for total external
reflection),z is a depth below the surface and the average is calculatethewsslume of
all reflecting grains in the beam path, i.e. from surfaze=(0 ) to the thickness of the
coating (z = t). If the stresses are measured in a monolithic sampleaothitk coating

t > o,

Fora >> ag, EqQ. 3.25 is usually expressed in the equivalent corresponding to

effective depthz given by Eq. 3.4:

‘ -1
) [ d(hKi, @, ¢, 2) expE 2/7] dz ( u U
<d(@dz)zmg =0 and T_[Sim+sinQQhk} _G)J 22
J. exp[-z/r]dz

By using a long incident beam path for smalangle &(x)>>b(x) in Fig. 3.7), the above
sina
M

equation can be simplified, i.er.= , Wher@or 2z does not depend on tigky,

(or ¢ny) angle. What is more the penetration depth can be changed bypagier
selection ofa angle to investigate materials on different depths below sasyofface

(order ofum or even below Lm).

Using EQ.3.23 and assuming,(7) =0 the other parameters of stress aedsor

ap parameter can be determined from least square fitting procéhigescribed in the
case of Eg. 2.45 and 2.46). On the other hand, if the aglus known full stress tensor

can be found for givenor z . This gives a possibility to measure a stress gradiemelhs
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as the in-depth dependencesgfIt should be stated, that till now, in the case of hexagonal
structure the value afla was substituted from the tables [14, 47], and however in the next
part of this work an original method for determinationcéd in depth profile will be
proposed.

In Fig. 3.8 the dependence of effective penetration depth farelff geometries
and two materials (Al and Ti) are presented. Calculations perfermed for absorption
coefficientspa = 135.6 cnit andpr; = 918.9 crit occurring for Cu X-ray radiation and for
thick sample (i.e. for t>& when z =r). Accordingly to the above discussion strong
dependence of on y angle is seen in the case of standardndy - geometries, while
almost constant value efwas determined for MGIXD method. Moreover, grazingdent
geometry allows investigating much shallower depthkich can be changed by setting

differenta angles.

TTi Ta (nm)
6 40
------ graz. a=1°
35 4 — — — - graz.o=5°
5 \.“”*\'g, ——————————— graz. o=10°
30 1 \";'.','\- ....... graz. a=10°
4 e \'- ........ — s v —sin‘y
25 A ‘\..\A ......... .‘--......... (!)—Sinz\u
~ e
34 201 S e,
2 s Kf *\
e I S
104 .=~ N —
L ]
5y N
0 4 O _____________________________________

Fig. 3.8. The penetration dept) {s.sirfy for classicaly andw geometries (shown f@o
corresponding to 422 reflection in the case of Al) and for M&itB¥ method (shown for
four incidence angles). Two scalescaorresponding to Al and Ti material are shown.

In present work the MGIXD method is significantly developesteid and applied
to measure in-depth profile of stresses and stress fréee lpirameter as well aga
parameter in the case of hexagonal crystal structure. & govantage of this method is
the possibility of using Williamson-Hall method for crystalisize and the root mean

square of lattice strain determination [56, 57].
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3.2.2.MULTI-WAVELENGTH METHOD

Multi-wavelength method allows to perform measurements ofsesest a constant
penetration depth by applying X-rays having different ener@ies/elengths) by using
synchrotron radiation or different tubes at laboratory equipment [19, B@]eXperimental
configuration is similar as this used in the above described #fldation method
(diffraction plane is perpendicular to the sample surface as showig. 3.5) but in this
case peaks for the selected singjké reflection are measured. In order to gain the proper
set of data, i.e. to changeangles (determining inclination of the scattering vector), for
a given hkl reflection the scattering angl2d is varied by changing value of the
wavelength. The constant penetration depth is kept unchanged adjustingnatigithe
incident anglea. In this method the relation between 20 and a angles is given by
Eq. 3.22.

3.2.3.MULTIPLE X - METHOD (PSEUDGGRAZING

Pseudo-grazing incident X-ray (p-GIXD) method, called also plelti[19] allows
evaluation of the average level of stresses and theirbdison below the surface by
setting the desired penetration depth which can be done choosing theipca@t angle
a (angle between incident beam and sample surface) [58]. Inmigtisod only onéhkl
reflection is used but additional rotation of the sampleg byngle (Fig. 3.4) is performed.
To keepa angle constant, for different inclinations of the scatteringove@efined by
w angle) the orientations of the sample and the angles of difinacannot be chosen
independently. The values of these angles must be calculatedHeodiréctions of the
incident beam, diffracted beam and diffraction vector as wédibas the penetration depth
which need to be constant when the sample is rotated. A combinatioraid y tilting

angles (see Fig. 3.4 a) allows to achieve the constant penetration depth of X-rays.
In this method the penetration depth can be expressed as [53]:

_ sinwsin(29—- w)cosy
HSinw+ sin(20—- w)]cos(w- G,

(3.27)

cosy

where:y = arccos[cosy cosf¢—-6 andcosy = .
cosiw— 0)
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For each value of desiredangle and given penetration depth it is necessary to
select proper values of the instrumental angleandy according to Eq. 3.27. Next, in
order to set desired angpe the sample must be rotated around normal to the surface by

instrumental anglg?  which can be calculated from the following relatienFise 3.4):

_ —-siny
@g= ¢)+arctar{—tan (a)— 6’)} (3.28)

The main disadvantage of this method is the limitation of thesaitte range of
specimen tilt angles for reflections having larg2d angles (over 100°). This limits are
define by the limit of bothw (lower limit) andy (upper limit) geometries. Table 3.2
summarizes the example of the results for polished Al2017 and TiegdMples showing
the possible range of theangle in p-GIXD. Furthermore, this method can be applied only

on the diffractometers with the Euler cradle.

Table 3.2. Possible range of thengle in p-GIXD method for Cu Kadiation.

hkl 20 (°) v range (°) sify

Ti6AI4V

{103} 71 26-65 0.2-0.8

{014} 93 37-68 0.4-0.9

{114} 115 48-71 0.6-0.9
Al2017

{220} 64 23-64 0.2-0.8

{311} 77 29-66 0.2-0.8

{331} 111 46-71 0.5-0.9
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3.3.X-RAY DIFFRACTION ELASTIC CONSTANTS AND STRESS FACTORS

To study the stress state in a polycrystalline matdreaktresses must be related to
the measured lattice strains using the X-ray elastic consiastsess factors, as shown in
Egs. 2.43 and 2.44. In the present work X-ray diffraction methods aredppleeasure
residual stresses in materials and the problem of X-rayssimetors (XSF) used for the
interpretation of results will be studied in chapter 5. To show theeimte of the X-ray
stress factors on the interpretation of MGIDX results, polyahysé materials having low
(W, Ti alloy) and high elastic anisotropy of crystallitési alloy, CrN coating) are
investigated. The information about elastic anisotropy of a mortatmgsgiven by so-

called Zener anisotropy factét defined as [59]:

2c,,
(Cn - Clz)

(3.29)

where:cyq and(cy1-C12)/2 represent the shear stiffness in a [100] direction on a (100) plane
an in a [110] direction on a (110) plane, respectively gre single crystal stiffnesses
written using matrix convention). For perfectly isotropic cry#all. Values of single
crystal elastic constants and Zener factor for materiatiest in this work are given in
Table 3.3.

Table 3.3. Single crystal elastic constantg énd Zener factors (A) for studied materials
[60, 61, 62, 63, 64, 65, 66].

Gj (GPa)
OrA | Ciy C12 Ci13 Cs3 Csas Cee A
material
W 501 198 198 501 151 151 1.01
Ti 162 92 69 180 47 35 1.34
Ni 245 148 148 245 134 134 2.76
CrN 542 27 27 542 88 88 0.34
AUSIeNte | 1o7 120 122 197 124 124 33
stainless steel

X-ray as well as macroscopic elastic constants can belatd from single-crystal

elastic constants by adopting a grain-interaction model [19, 67].cbhenmonly used
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methods for calculation of the diffraction elastic constants aigt\[68], Reuss [69] and
Kréner [70] models or so called direction dependent Vook—Witt [19] @ntgcproposed
free- surface models [71, 72]. The difference between the mizd&ie type of assumed

intergranular elastic interaction.

o*=0C g(eD_ (o).
£ X9 o
o, g.& O.& G.E
R =
Reuss Kironer
| 8 D_g | £EED_XECe). 5
c.& c.& c.& R G.&
—— e > < "
Voigh Free

surface

Fig. 3.9. Scheme of interaction between grains for four differemdets: a) Reuss -
homogeneous stress, b) Voigt -homogeneous strain and c) Kroner s¢Bacensistent)
ellipsoidal inclusion within homogeneous medium and d) free surface-fs (scself
consistent free surface) ellipsoidal inclusion placed nearutface of the homogeneous
medium [20].

The Voigt model

In the Voigt [68] model the uniform grain elastic strain isumsed to be equal to
the elastic macro-strain value [73]. The strain distribution isdgemous in the sample so
there is a continuity of the strain at the grain boundaries.sSteasor for each differently

orientated crystallite will not be the same [19].

The X-ray stress factors (independent fiokf) can be calculated from [73]:

-1

F gy, f)=mm[C®] (3.30)

Klij

where C° is the macroscopic stiffness tensor expressed in rii@esaoordinate system

S (Fig. 2.6) and versom is defined in Eq. 2.41.
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The macroscopic stiffness tens@® is calculate from singstadr stiffnesses
C (¢, ®,0,) having orientationsg,, ®, ¢, expressed in S system, using orientation

distribution function f (¢, ®,4,)

2 m

s 1 2 .
Chi =gz | W[ . G, 0:99.) 10,09 ) sin@ do (331)

where ¢,,®,¢, are the Euler angles describing lattice orientatigrolytrystalline grain

[74].

In the absence of texture, i.e. fb(@,,®P,¢,) =1, the polycrystal is @saopically

isotropic, and X-ray elastic constar88' and 1/2S™ can be used instead of the stress
factors. The XECs, according to the Voigt model do not deperitkicend thus are equal
to the mechanical constants. Following Welzel [19], the X-ragtel constants, and
1/2S$ can be calculated from the components of the single-crystal eomogé defined

with respect to the latticesj(— two indexes convention). For cubic crystals:

S_ZZSO(§1+2§2)+5§2§4. 132:5(511_§2)5214

X and S=S11-S1>-14/2 3.32
6%4_53‘4 5 6%+5$,4 So=S11-S1 44/ ( )

The Reuss model

In Reuss model [73, 75] the stress is assumed to be uniform doecssnple for
all polycrystalline grains. For each crystallite the sttaimsor is different so at the grain
boundaries the strain mismatch will occur [19].

The X-ray stress factors can be calculated [1, 19]:

> [ 5 (hkL&.@.) F(hKLE @) dé
F; (hkl,g, ¢, f)=mm o 7 (3.33)

> | f(hkL,& .. p)dé

{hkt o

where the same mean value as in Eq. 2.28 is calculates? forsingle crystal elastic

compliance tensor expressedSrsystem, i.e., average over volume of diffracting grains.
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Both sf;ij(hkl,é,(o,(//) and f (hkl,&,p,) values for given reflectidtikl are expressed as

functions of orientation angles defined in Fig. 2.8.

In the absence of texture i.e. wHénkl.¢,p,»)=1, the S"™ and1/2$"™ can be used
instead stress factors. For cubic crystal, the X-ray elastistant$,™ and1/2$™ can be

calculated from the components of the single-crystal compliances [19]:

1
Sihkl =5, + sT(hK, Esgkl =3,—-$,-3 57( hK (3.34)

wherel'(hkl)=(h3é+h?%+k?)/(h*+k%+1?) is the orientation factor for cubic materials.

XECs according to the Reuss model lakk- dependent.

The Eshelby — Kréner model

In the self-consistent [70] method the grain is approximated bgllggsoidal
inclusion [76], which is embedded into a homogenous and isotropic mediunthgith
elastic properties of the entire polycrystal. In this model ittobusion has an elastic
property of cubic symmetry [77]. Kneer (1965) [78] extended the modetefdured

specimens [19].

Following Welzel [19] the elastic strain of a single-crystallindusion is given by:
& :[S]m +1a ]012: (3.35)

where tjiq is the tensor which describes the deviation of the elastic prepesfi an
individual grain from the average elastic properties of theesptycrystal/surrounding
matrix. It depends on the shape of the inclusion, the singleatglastic constants and the
macroscopic mechanical compliance tenSpi of the aggregate. Usually, spherical

inclusions are considered.
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The X-ray stress factors can be calculated from:

[ 1S5 (hKI &, @.00)+ 1 (hKLE,,90)] T( K| & @ ) dé
F; (hkl, @, )= m m -2

- (3.36)
[ f(hki.& p.p)dé

0

hkl

In the absence of texture th@kl.¢¢,)=1, the X-ray elastic constan& ™ and

1/2S"™ can be defined. For cubic crystallites the XEC’s can be calculated from [19, 79]:
1
S= 8+ T+ Fr(hK and 2S%=8,- $,+ T~ -3 Tr( hh (3.37)

(G-v)(BK +6G)

whereTo=T11-T102T4s, T,,-T,,= )
e, 2 T GI8G + GOK 12 )+ 6/ K]

_ (G- H)(BK +6G)
“ G[8G*+ GOK+12u)+ 6uK]’

3K=1/($11+2S12), p=1/S44, 2v=1/(S11-S12) and

K is the bulk modulusG is the shear modulus argj are the macroscopic compliances

(two indexes convention).

Free surface model

Free surface model [71, 72] treats grain as an ellipsoidal ioclpgaced near the
surface of the homogeneous medium. This is direction dependent modéicim the

interaction between grains is changing with the direction with respect tartipes

In this model the grains close to the surface interact diffr for the forces
normal and parallel to the surface. For the direction perpendicuthe surface the grains
exhibit a Reuss type of interaction behaviour and for the in sugke they follow
Kroner model. This idea is similar to that used in Vook-Witt modethich combination
of Reuss and Voigt approaches is applied [19]. Therefore the alastiaction between
grains is neglected in the direction normal to the surface. Goairise surface can freely

deform in normal direction.
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The X-ray stress factors can be calculated from:

[ X3 (hkL,&.0.0) T (hKI &,00,00)d&
Fy(hKl g, f)=mm—0 (3.38)
[ £(hki,.&,p.g)dé

0

where:

Si (hkl&,@,¢) for k=3 or I= 3 as in Reuss model

X (hkl,&,@,¢) =
«i (hKLE.0.0) {Sfm(hk"‘t’(”’wﬁ I (hkl&,¢,¢) for k# 3 and ¥ 3 as in Kroner moc

It should be underlined that the presented above models approximates real

polycrystalline aggregate and in fact, the grain to grain irtierecdepend on the grain

size distribution, grain boundary misorientation distribution and a Zamsotropy factor.

It is well known that the high crystal anisotropy together veitistallographic texture
leads to nonlinearity of thesin®y plots obtained from standard methods of stress
measurement [14, 19, 73]. One of the aims of this work is a vewficafi XEF calculated

by different models and their application for interpretation ef tdsults obtained using
MGIXD method. In this case the difference between XEF cakedldor different

reflectionhkl is very important especially for high single crystal anisotropy.
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4. AIMS OF THETHESIS
The aim of this work is to develop one of the methodologies forsst

measurements based on the grazing incidence X-ray diffractiorelynamultireflection
grazing incidence method. On the basis of present knowledge antb dugmerous
advantages of this method it seems that it is a valuable toah-fiepth stress analysis,
especially important for samples having stress gradient. ihalhy this method will be
considerably developed and applied for coatings and surface laydre ahaterials
subjected to different processes. Moreover one of the main purposes tbesiwis to
investigate the mechanical properties of the polycrystals suaastic constants and their
elastic anisotropy. Different theoretical grain elasto-ptagiieraction models will be
considered and applied in X-ray stress analysis in the thesis.

Till now the multireflection grazing incidence diffraction n@t commonly used
method for X-ray stress analysis. The commercial companiesdgpis method in their
software but without taking into account the elastic anisotropy. Vithanore the
systematic verification of this method with synchrotron radiatvas not presented as well
the precise limits of application were not summarized in tleealure. That is why the
main interests in the thesis will be concentrated on method deveilopgamstly, physical
and geometrical effects influencing X-ray stress analygisbe taken into consideration.
Secondly, elastic anisotropy and proper choice of the grain intractodels will be
analysed in order to perform the valuable in-depth stress amalysirdly, MGIXD
method will be compared with standard methods, in effect new pass#hdf this method
will be highlighted. What is more method will be verified with alyrotron radiation. For
the first time MGIXD method will be applied for EDDI (energispersive diffraction)
experiment. Finally method will be applied to measure in-depth eraofil stresses in
materials subjected to different kinds of surface treatment.

At the end of the thesis the conclusions and practical recommendations forshe use
of this method will formulated.

63



64



5. TESTS LIMITS AND EXPERIMENTAL DEVELOPMENTS OF

THE MGIXD METHOD

The MGIXD method, proposed and developed by Skrzypek et al. [14, 48, 80], is an
indispensable tool for non-destructive analysis of the heterogeneessestifor different
(well defined) volumes below the surface of the sample. Therang@tant benefits in
using different reflections to measure residual stresses. Disé important is the wide
range of scattering vector inclinations enabling sufficielsinge of measured

<a(¢.y )> v vs.siny plot which is used to calculate stress tensor from lineaessigm

or least square method. The main disadvantage of multi-reflecteghonh is that the
interplanar spacings must be measured using also th2dlosflections (for example about
40°-50°). In this case the resolution of the strain obtained from measuakdshit is low
(see Eq. 2.29) and this is why the peak position must be preciselyndetd. Precise
measurement is possible due to simple experimental geometityich the orientation of
the scattering vector is changed in diffraction plane beingepelicular to the sample
surface (like inm geometry presented in Fig. 3.4). This configuration enables tlnese
focus of the X-ray tube and application of the parallel beam gepmetrhich the parallel
plate collimator (soller collimator) is used in the reféttbeam optics (Fig. 5.13).
Moreover, the incident beam can be collimated for example by Goioedr or multi-
capillary collimator. The advantage of parallel beam is ith hegolution in determination
of peak position and minimisation of the error caused by sample dispat in z-
direction (see Fig. 5.13). Till now, the parallel beam geometed in MGIXD method
was realised without collimation of the incident beam which wagdd by slits [14, 48].
In the present work the geometry with Gobel mirror will bepli for stress
measurements using MGIXD method. This experimental setup wildldseribed and
tested. The reproducibility of the results of XSA will be tddtar different diffractometes
on the powder sample [81].
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In this chapter also some new developments of the methodology, mustant
corrections of experimental data and tests will be presented.

5.1.CORRECTIONS OF DETERMINED PEAK POSITION

In the case of stress measurement, it is of the highest amperto know the exact
position of the diffraction peak. To do this a few factors [1, 6] shoutdksn into account
[82]. Hence, these factors for MGIXD are discussed below.

5.1.1.INTENSITY CORRECTIONS

As mentioned in section 2.4 there are different reasons of peaknasymwhich
should be corrected before determination of peak position. The appropriagetion
factor used for standard and MGIXD methods are summarised in 3.dbl€hese factors,
depending or20 angle, should be used to correct each peak accordingly to Eq. 2.30, after
background subtraction. TheP(20) correction is the same for all methodsh(260)
correction is not necessary for— geometry, while the absorption correction is the same
for ® — geometry and MGIXD methods. However, in the latter case ditfenegles are

kept constant during peak scanning (ieanda for o — geometry and MGIXD method,

respectively).

Table 5.1. The intensity correction factors for different methodstress measurements

[3, 6], where the anglegr, @ and20 are defined in Fig. 3.7.

\I] —
geometry ® — geometry MGIXD
o 1+cos @
Lorentz-polarization: —
LP(26) Sin" &
_ (A+tany co¥)/z (1+tan@-a)co¥)/z
Absorption:  Ab260 1
pti b26) W = const a = const
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Fig. 5.1. Dependence of LB) (a) factor and Alip) (b) factors on the scattering angle

25

20 -
-—= a=20° \

15 A

< <

Q %
10 -
5 — a=5°

--= =20
0 T T T T T T T 0 T T T
20 40 60 80 100 120 140 160 180 31.0 315 32.0 325 33.0
a) 26(%) b) 26 ()

Fig. 5.2. Dependence of LPA= LP * Ab factor on the scatterimge®®. A small range of
variation for relatively lon26 (about 36) is shown in figure b.

As seen on Figs. 5.1 and 5.2 the most important variation of inten&t €L
LP*Ab) factor occurs for smaR2d angles. However, even in this range the relative changes
of intensity are very small for the range of about 1 degree corresponding talth®fthe

measured peak (in the case of high density of defects).
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Fig. 5.3. The influence of LPA correction on the peak position for Al 2017 (a) anade gr
2 (b) polished sample. The peak position without and with correction ey, Khes are
indicated by dashed lines (in same cases the lines overlap). The PadaltiPert MRD
(AGH, Krakow) diffractometer was used for ground AlI2017 measuremghie the
PANalytical - X’Pert MRD (ENSAM, Paris) was used for igbked Ti measurements.
The configuration of both diffractometers is given in Table 5.4.

Examples of the diffraction peak shif{(gl20) and corresponding straing) (
calculated from Eq. 2.29 caused by the LPA correction are showg.iB.B. The peaks at
low and high26 angles for ground Al and Ti samples having significant strucpgak
broadening were chosen. Also, the values of stresses and lati@ceepars determined
with and without corrections for the studied samples are presenteable 5.2. It can be
concluded that even in the case of relatively broad diffraction pghak®fluence of LPA
correction on the measured peak position, corresponding strain and congecalestiof

determined stress or strain free lattice constants is very small.
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Table 5.2. The stresses) (and lattice constantg&d) determined for ground Al2017 and
polished Ti grade 2 samples from the experimental data with and without L R¥&tcamr

calculation without LPA calculation with LPA

correction correction difference
ground Al 2017 (cubic)
c11(MPa) 204.2 +4.8 206.9 +5.7 2.7
o22(MPa) 126.4 +4.8 129.4+5.7 3.0
a0 (A) 4.04697 £ 0.00008 4.04698 + 0.00010 0.00001
polished Ti grade 2 (hexagonal)
c11(MPa) -411+11 -405.4 +12.2 5.6
622(MPa) -405+11 -397.7 +12.1 7.3
a (A) 2.9506 +0.0001 2.9506 + 0.0001 -
cla 1.5881 + 0.0003 1.5881 + 0.0003 -

5.1.2.PEAK SHIFT DUE TO REFRACTIVE INDEX SMALLER THAN

The refraction of the X-rays on the boundary between two differedia can
significantly influence the position of the diffraction peak. The deviation of waeetion,
described by Snell-Descartes law, causes a change in the¥#lediffraction anglef20
and additionally a small inclinatioty of the scattering vector orientation. So far the only

solutions for a refraction correction are given in the case of a smooth surface

In this section the change of diffraction angle caused due to refractivenirde is
considered. The derived formulas are compared with those found itulieerAssuming
a perfectly smooth surface, the influence of the refraction on thigoposf the diffraction

peak can be studied by taking into account:

* the change of the wavelength value inside the studied materigsantluence on
the Bragg's law, Eq. 2.11,
« the refraction of the beam on the boundary between two different mesitaibed

by Snell-Descartes law.
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Fig. 5.4. Influence of refraction on the value of diffraction angé (where 26° is the
measured diffraction angle).

The complex value of refractive index is definedrask- ¢ +ix. The imaginary part
k indicates the amount of absorption loss when the electromagnetie pvapagates
through the material, while the real part determining theacgfm of the rays is slightly

smaller than unity. The refractive index can be expressed by [83, 84]:

2

rA
n=1-5, where: 5:;—]_[ N, f., (5.1)

where: Ny — number of atoms per volume, — classical electron radius (2.822@n),

fre — real part of atomic scattering factor and wavelength of X-ray radiation.

When the wave propagates from vacuum to the medium its length is changing:

1=A- (5.2)
n

A
1-0
where: A and A' are the wavelength values in the vacuum and in the material,
respectively.

Inside the considered material, the Bragg's law (Eq. 2.11) canriienafor A’

wavelength:

=™ _24sing (5.3)
1-6

where: 2«9; is the diffraction angle inside the material defined in Big. and m is the

reflection order .
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By simple comparison of the above formula with that written ferwavelengthA in the

vacuum (i.e..mA =2dsin@), we get:

_ sinéd _ sin@*=A4g)

1-0 sing" sing ' 54
where:Ag, =6'-6.
When assuming small value &f; angle the above formula can be transformed:
1_5:sin6?'cosA6?l— cog 'sihg ~1- cotd B, (5.5)

sing@'
Finally, the correction of diffraction angle due to change a¥elength in Bragg law is
given by:

A26, = 25 tand * (5.6)

The second correction can be calculated from Snell-Descante&da refractive
indexn less than 1, the relation between directions of the incident amdctéffl beams is
described by equations:

sin(90 -a) _ co®w _. sin(90’—ﬁ): coB _. _
sin(0 -a ') co®r 1m0 (®.7a) sin@0-B" coB ' 1-0

(5.7 b)

where the angles are defined in Fig 5.4.

Next, the deviations of the incident and diffracted beafi@=a'-a and

AB = B'- B can be determined using two approximations:

) a -0 b) Aa -0 and Aa<<a' 5.8)
a or )
,B—»O Aﬁ—)O and AIB<<I[3|

In the first case (a), which will be applied far'<5° or/and 8'<5’, we can write

(calculations are presented far angle, but the same transformations could be done for
smallg) :

12 2 12 2
(1-J)cosa = com = @d )+ |=[ 29| = 15-2 = 39 (59
2 2 2 2
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and
Aa =a —a -2 orlfand AB=L-\[-20 (5.10)

wherea,, =+/20 is an critical incident angle for total external reflection (belowdhigle,

l.e. whena <a, only the reflected beam exists afd = 2o, ).

The second approximation (b) is used for anglés 3° or/and 3'>3":

_cosa _cosq +Ax ) cas 'cd&r - sm sl
cosa ' cogr ' cos '

1-0 =1 -tang N =1- tamr L

and consequently

Aa=0cota orland AB=dcotp (5.11)

The change\2d, of the scattering angle caused by refraction is equaktsum of

Aa andAp deviations (see Fig. 5.4), i.el20,=Ao+Ap.

Finally, the total shift of the diffraction peak28=A26 + A28, caused by the

passing of the wave through a boundary between two different mediiahange of the

wavelength, can be expressed by:

{AZH:a—\/a—ZJ +J cotf + 20 tand for a<8 (5.12)

A28 = dcota + I cotf+ 20 tand for a> 3

where: B°=20+A20, 20° is the measured diffraction angle a2d is the value which
should be used in Bragg’s relation written for the vacuum (Eg. 2.11)vdle 26 was
used in the above equation instead &f because in good approximatiah= g'= &
(angles defined in Fig. 5.4). In the above formfa 5° was considered (to keep constant

information depth for MGIXD method the conditign>>a must be fulfilled) and in the

intermediate rang&® < a < 5° both functions are convergent having practically the same

value.
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It should be underlined that the choice of the boundary agglasd 5’ is not very
strict and it was checked that for all studied materialsahge of functions convergence is
much wider. This choice has been suggested by Genzel [36] and it epplieel for any

other material analyzed by conventional X-rays and also synchrotronaadiat

The above derived formulas can be compared with that given by {898 and

applied for grazing incidence geometry by Hart [85]:

A20 =

) {2+ sina +sin(Zl?—a)} (5.13)

sin 29 sin(®-a) sirmy

and another one derived by Genzel [36]:

N26 = arcco% cos@ ~Aa )cosf ~ 15 ) (cos2+ sia sif -
cosa cogp (5.14 a)

~sin(@ -Aa)sinB -3 ) - B

where:
Aa=a-Ja -2 for a <% and/ or AB=p[-B-28 for [B<B (5.14 b)
Aa =Jdcota for a>3 AB=dcotf for B>3

After elementary transformations it can be shown that the firstular(b.13., given
by Hart) is equivalent to the derivation done in the present work bytf@nhigher range
of deformation (indicated by, > 3 in Eq. 5.12). To demonstrate graphically this
equivalence the shift of peak position predicted by different appreaatee shown in
Fig. 5.5a, where the wavelength for Cu radiation and Al sampézentonsidered (values
of 0 andag are given in Table 5.3). The results obtained with the seconafpid. 5.12
but applied for high and low ranges ofperfectly coincide with that obtained from Hart

equation but they do not agree with the results obtained from Genzel approach.

On the other hand comparing Genzel approach (Eq. 5.14) with the pletem
Eg. 5.12 (i.e. settin@o tand= () we get perfect convergence as shown in Fig. 5.5b. This
means that in the case of Genzel approach the effect of wgireldmange in Bragg's law

is not taken into account (as seen also in Eq. 5.14a). Finally, theeterfiggimula derived
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in the present work (Eq. 5.12) is compared with Hart (Eq. 5.13) andeG@fg. 5.14)
approaches in Fig. 5.6. It can be concluded that Eq. 5.13 is accur&igtfera angles
where 20 tan@term is relatively more important but fails for angles close.toln the case
of EQ. 5.14 the shift of peak position is underestimated for all rangédtbfs effect is not
well visible for lowa because the shift caused by refraction is relatively large).

0.30 H 0.030
i —— Genzel —— Genzel
0.25 1 Hart 0.025 1 Hart
® J(cota + cot (20—-a) + 2 tan 6) ® J(cot a + cot (26—a) + 2 tan 6)
0.20 - 0.020 -
o) )
o Q
N—r N—r
D 0.15 4 D 0.015 A
(9] (9]
< <
0.10 - 0.010 -
0.05 - : 0.005 -
Oler
0.00 0000 —/—m———+————+—+——+—+—————
00 02 04 06 08 1.0 12 14 16 18 20 012345678 91011121314151617181920
0 o}
a) a () a()
0.30 0.030
— Genzel —— Genzel
0.25 1 Hart 0.025 Hart
I SMa-(a? -28)% cot (26-a) | for a < 5° o &o—(a® -25% cot (26-0) ] for a < 5°
. 0:201 &*(cot o + cot (26—0) ) for a > 5° . 0.020 1 &*(cot a + cot (26-0) ) for & > 5°
< <
D 0.15 | D 0.015 4
A A
< <
0.10 A 0.010 A
0.05 H 0.005 -
aCl‘
0.00 0.000

0.0 012 0‘.4 016 0‘.8 110 1.‘2 114 1.‘6 118 2.0 0 ;I. é é ;1 é é ‘7 é S;1‘01‘11‘21‘31‘41‘51‘61‘71‘81‘920
b) a (%) a ()
Fig. 5.5. Peak shift caused by refractive factor1-0 for J =0.85 anda, =0.24 and

20 =132.5 (Al sample and Cu radiation). Genzel and Hart approaches compahethevi
formula 5.12, i.e. assuming (@26 = d(cota + cotB + 2tard for whole range ofv and

(b) 20tan@= C.
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Fig. 5.6. Peak shift caused by refractive factor1-90 for the same parameters as in
Fig. 5.5 compared for Genzel, Hart approaches and complete formula 5lé® ('
formula’).

Although in Figs. 5.5 and 5.6 the shift of peak position is shown, the most
important for stress analysis is to estimate the lattiG@nscorresponding to that shift.
Therefore in Fig. 5.7 the pseudo-strain (i.e. fictitious strain whimhidvbe measured if the
refraction effect is not corrected) calculatedeas —cot@[AG (see Eq. 2.29) is shown for
the same conditions as in previous Figs. 5.5 and 5.6 Moreover, the pealzZhitind

strain £ calculated for other materials and wavelengths given in Table®&@asented in

Fig. 5.8.

Interesting conclusions can be drawn from the comparisons donesin5Eigand
5.8. The use of the MGIXD method is limited for small valueg ahgle due to significant
shift of peak position (important pseudo-straincaused by the refractive indé<1. This
is especially important for low28 angles. The effect of wavelength change
(term Ag, =20tand) is significant for large diffraction angle2¢) and decreases for
smaller 26 . However, in the case of strain we can write:= (-cotd)(2J tand) /2= -7,
i.e. the wavelength change causes constant (for all angles3 and 26) and not

significant negative pseudo-strain equd (compare Genzel approach and ‘New formula’
in Fig. 5.7). Thus the most important influence on the measured streaused by the

refraction effect, i.es, = —cotf [AG, (Where A28, = Aa +AB, see Egs. 5.10 and 5.11).

BecauseA#g, is positive and does not depend on @angle, the pseudo-straig, is

75



negative and its absolute value strongly increases for low diffraangle (see Figs. 5.7
and 5.8).

It should be emphasized that effect of the refractive indesd on the strain
measurement depends strongly on value of dhparameter, i.e. in the case of Al the
pseudo-strain is about, = -1.5[10* for @ =5° and for low diffraction angleé = 35.5,
while &, =-1010° for @ =5° and 26 = 40.2 in the case of tungsten (see Fig. 5.8).
Moreover the pseudo-strains varies for differ@f angles what leads to pseudo-stress
(becausey = 8-a), depending also on the value of X-ray diffraction constants. The

pseudo-strains will cause also an erroneous value of determirest dtee lattice
parameter. Therefore the correction should be done for the expeligndatarmined peak

position 26° according to the equatiors = 26° - A26 .

0.030 0.0000
—— Genzel '
0.025 -——- New formula 26 = 38.5° (111) 3
—— New formula 26 = 137.5° (422) @ -0.0001 1 /
0.020 1 b i
~~ :
L D -0.0002 !
@ 0.015 - o |
3  own |
0.010 { " -0.0003 : — Genzel 20 = 38.5° (111)
w [ ———- Genzel 20 = 137.5° (422)
0.005 - -0.0004 1 —— New formula 28 = 38.5° (111)
I —— New formula 26 = 137.5° (422)
0000 +——r————+——+—————————— 00005 Lol i
012345678 91011121314151617181920 01234567 891011121314151617181920
0 o
a (%) a ()

Fig. 5.7. Peak shifA26and pseudo-strain caused by refractive factan=1-9 for Al
sample and Cu radiation (the same parameters as in Fig. 5.5 andsé.@jiven in
Table 5.3) compared for Genzel approach (A&l= 20 tand= 0) and the ‘New formula’

with different 26 angles.

76



0.030 T 0.0000
00251 | e 26 = 35°(100) -0.0001
o020l \ ——— 20=53(102) 3
s~ 20 = 142.4°(213) @ -0.0002
3 S
D 0015 | 8
g I .0.0003 /
0.010 1 N [ ) 26=35° (100)
0.005 | -00004 {| [ [/ TT— 26=53°(102)
: Ti | 20 = 142.4°(213)
0.000 -0.0005 HL
012345678 91011121314151617181920 012345678 91011121314151617181920
{0} 0
a () a ()
0.04 T 0.0000
\ ffffff 20 =43.8° (111)
003 N 26 = 51.2°(200) -0.0001
: 26 = 149(420) 3
& \ @ -0.0002
D 002 8
byl I -0.0003
I s
0.01 w /S 26 =43.8° (111)
-0.0004 //  ——— 20=51.2°(200)
Ni l/ 20 = 149°(420)
000+ -0.0005 Ll
01234567 8 91011121314151617181920 012345678 91011121314151617181920
{0} 0
a(’) a ()
0.04 \ 0.0000
ffffff 20=37.1° (111)
003 ——— 20=43.4°(200) o 0000t
20 =151.1° (511) 3
& @ -0.0002
@ 0.02 8
(9]
byl I -0.0003
1 Yavs
0.01 w ) 26 =37.1° (111)
-0.0004 I/ ——— 20=434°(200)
CrN !/ 26 = 151.1°(420)
0.00 -0.0005 Li
01234567 8 91011121314151617181920 012345678 91011121314151617181920
{0} 0
a(’) a ()
0.05 \ 0.0000
,,,,,, 26 =55.8° (111) Fe (austenite)
0.04 \ ——— 26=65°(200) -0.0001 |
\ 26 = 138°(222) 3 - ’::::
& 003 D -0.0002 A T
Py o}
~ o
< 0.02 | -0.0003
I
w 26 = 55.8° (111)
0.01 . -0.0004 26 = 65° (200)
Fe (austenite) 20 = 138°%(222)
0.00 +—r—r—r -0.0005
01234567 891011121314151617181920 012345678 91011121314151617181920
O 0
a () a ()
0.08 \ 0.0000
—————— 20 =40.2° (111)
006 ——— 20=58.5°(200) -0.0002 |
: N 20 = 131.5%(321) 3
& D -0.0004 A
g 0.04 8
Pl | -0.0006
I
0.02 w // S 26=40.2° (110)
-0.0008 1 / ——— 20=585°(200)
W [ / 26 = 131.5°(321)
0.00 —_——— -0.0010 A

01234567 891011121314151617181920

a(®)

01234567 891011121314151617181920

a(’)

Fig. 5.8. Peak shiftA2dand pseudo-straia caused by refractive facton=1-9 for
different materials and chosen wavelengths (see Table 5.3). &mnalwere performed
by the ‘New formula’ applied for low and higBéd angles corresponding to available
hkl reflections.
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Table 5.3. Thei,; andé values calculated for the studied materials and used wavetengt
using X-ray database of Lawrence Berkeley National Laboratd@enter for X-Ray
Optics [86].

Material Al Ti Ni CrN Fe W
Wavelengthd) | 1.54 1.54 1.54 1.54 1.94 1.54
X-ray tube Cu Cu Cu Cu Fe Cu
§-10° 085 1.35 2.73 2.15 3.42 4.63
aer (°) 0.24  0.30 0.40 0.38  0.47 0.55

It was already mentioned above, that the refraction of theyX-mot only shifts the
diffraction angle2d, but also leads to a change of the orientation of the diffracticiorvec

Ay. This deviation is relatively small and practically does nduérfce the values stress
determined fromsirfy plot. The value ofAw =¢° - (where ¢° and ¢ the correct

values respectively) can be calculated from formula given by Genzel [36]:
Ay =y° —arccos[sin - AL )sirf— cosB—-AL )caB cds (5.15)
where:

sin[; (- 6- [+ t//)} sin[; (- 6- (- 4
cosd cos

-1

cosé = 2

or simply (see Fig. 5.4):

Ay =(Aa -AB) /2 (5.16)
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Fig. 5.9. Deviation Ay caused by refraction for different materials and chosen
wavelengths (see Table 5.3) according to Eq. 5.15.

Because the deviatiofiy is smaller than 02for all considered ranges afand all

materials given in Table 5.3, the influence of refraction on the wdldetermined stress is

negligible (such small deviation practically has not influence on the slapepfplot).

The above derived formulas for correction of experimental date werived for
the case of perfectly smooth surface. The main difficulty hef &pplication of such
correction is that the surface roughness can significantly rechice of the peak shift
(420) calculated for perfectly flat sample. A first model forexplanation of how surface
roughness could influence the refraction effect was given bye&sy. [87]. Ott M.H and
Léhe D [88], showed that for smooth surface theoretical correctigree very well with
experiment and what is more Snell's law describes thisteffite good accuracy at least
down to incidence angles of 0.8°. It was also proven that with inngeasrface roughness

the refraction correction effect decreases.

To take into account that refractive index is smaller than uthiéyanalysis of the
experimental data should be performed twice (i.e. with and withotgatmn), to see the
boundary values of stresses and determined strain free laitistanta,. The example
results of such calculations are shown in Figs. 5.7, 5.8 and 5.9, and suchisomyéf
be later done for each sample studied in this work. The examphe oésults (Figs. 5.7

and 5.8) were obtained using Kroner model and applying fitting procedsed bon
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Eq. 3.23 (thec/a parameter for hexagonal Ti samples was determined using seik
consistent method described in the next chapter). When the calcsilaterperformed
without correction, the value @ decreases for decreasingncident angle, while the
correction for smaller than unity refractive index leads to higlsues ofa,, and the
increase is more significant close to the sample surfacer &brrection the lattice
parameter is approximately constant in function of the incident arghel such result was
expected for the powder and mechanically polished samples in whichy#tal structure
should not change in function of the depth below the surface (and consequently
a angle). The stress values determined with and without cameate also different and
this difference is certainly larger for Ti in comparisonhwil, as expected comparing
o values in Table 5.3. As we see in Fig. 5.10, in the case of powdptesdhe refraction
effect influences significantly stress determined for srnmaidence angle (see = 1°),
I.e. compressive pseudo-stress is obtained without correction (this waltietitious
because zero stress is expected in the powder sample). Hoaepiging correction we
change the calculated stress to significant positive value. Whigdd suggest that the
assumption of smooth samples can be not exactly fulfiled and tiecton of peak
position is overestimated. Finally, we can see that refracties dot influence value of
determinedt/a parameter (Fig. 5.18). This is due to the fact that variatiaaokill cause
the shifts of relative peaks positions dependindhkireflections which is not monotonic
in function of26. Therefore, the determined in fitting procedaf@value is not influenced
significantly by the monotonic with respect26 shifts of the diffraction peaks caused by
smaller than unity refractive index. In the contrary, both str&e fattice constard, and
stresses determined using MGIXD method depend (indirectly) on dhetonic variation
of the peak position in function @p angle, what leads to sensitivity of these values on the

value of refractive index.

Summarizing, it should be stated that the influence of non-unicteandex on
the on the determineah parameter and residual stresses depends on the type of knateria
wavelength of X-rays, incident angle and moreover on the rouglofi¢be surface. It is
known that roughness reduces the refraction effect [88]. Therefoneteingretation of the
experimental results performed with correction for flat surfand without correction
establishes limits for the values of the stressesagnumhrameter in the studied sample.
Such calculations must be always compared in order to see tfeeahimcident angle for
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which the correction is not significant (as for the samplesepted in Figs. 5.8 and 5.9).
If we want to analyze data for the range where the influencefraiction is significant we
will know only the limits of the determined values. To verify theaotsd results for
mechanically machined surface it is important to follow changesdetermined

ap parameter, which should not change significantly with incidence ahygle case of
presented results we can say that after correction wenetiteeasonable values of stresses
andagp parameter for the incidence angles: 3° (for both Al and Ti samples using Cuy K

X-ray radiation).

25 ® Al powder corrected for refraction
0 ¢ 4.052 ~ e Al powder not corrected for reffaction
: ® Al 2017 corrected for refraction
-25 2,050 - m Al 2017 not corrected for refractior
— ’ e - _§——————— . __ ®_ ______ &« |
] -50 A - .
o < L]
N—r <
é .75 A 2 4.048
o (4]
-100 A e e e —— e
o ) " + [ []
) 4.046 H
125 4 e Al powder corrected for refraction
® Al powder not corrected for reffactjo
-150 - —=— Al 2017 corrected for refraction 4.044 1
175 —a— Al 2017 not corrected for refraction
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
o
0
a () a ()

Fig. 5.10. Residual stress and strain free lattice paramgterfunction of the incidence
angleo determined with and without correction for smaller than unityactive index. The
MGIXD method was applied for mechanically polished aluminium glfdy2017) and for

Al powder, using -PANalytical - X'Pert diffractometer (canfration described in
Table 5.4) with Cu K X-ray radiation. In calculations the Kréner XEC calculated from
single crystal elastic constants given in Table 3.3 were used.
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Fig. 5.11. Residual stress/a and a, parameters in function of the incidence angle
a determined with and without correction for smaller than unity rif@index. The same

experiment as described in caption of Fig 5.10 was used for mealtampolished
titanium alloy (Ti6Al4V) and for Ti powder.

5.2.TESTS OF THE EXPERIMENTAL CONFIGURATION

In diffractometry, both peak shape and angular resolution awgendéd by the
optical properties of the devices in the primary and reflected lugdics [89]. The main
disadvantage of MGIXD method is its low accuracy in stregerchénation (about
+50 MPa for steel sample) when the classical line focus (Withn sncident beam optics)

and parallel plate collimator (soller collimator) in the reflected beamsopere used [49].
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in focus of parabolic

Gobel mirror (F)
z
sample{ ST
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in z direction y

Fig. 5.12. Parallel beam configuration with Gobel mirror (incidedam optics) and soller
collimator (diffracted beam optics). Shift of the sample inreaion moves the diffracted
beam across the soller slits collimator, but the rays alwesch the detector for the same
value of 2 position [90]. The X-ray source is located in the focus of the mirror.

The accuracy of measurements can be considerably improved bycalimgting
X-ray optics realized by parabolically bent graded multiayérors [89]. The multilayer
is bent to parallelize the divergent beam of an X-ray tube aodoohromatize the
radiation to its K-contents [90]. The graded multilayer monochromators (G6bel mirrors)
are composed as a combination of layers made of two materialgyhdiffierent atomic
number Z), which allows gaining high total reflectivity [91]. The distanaf layers from
each other as well as their slope depends on the wavelength andi@calization of the

mirror in relation with the position of the source.

graded multilayer

| Fig. 5.13. Gobel mirror composed from the
layers having different atomic numbers.

substrate

Typically used Go6bel mirrors are composed from tungsten andrsi(MOSi).
Gobel mirror W/Si is composed from the layers having low atomimber (silicon,
Zs=14) and layers having high (tungsten,zy=74) which are arranged alternately. Both
elements have similar linear coefficient of thermal expansi@mdJthis kind of mirrors
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reduces influence of sample misalignment and surface topographyg oeflex positions.
If GAbel mirror is located on the parabola in such a way thaX{tey beam incidence on
it from the source located at the focal point of the paraboli @Wwe accuracy of 1°), then
the divergence radiation of the source is converted to monochromatic ratiél ggeam

with an accuracy of about 0.8°-0.05°.

In parallel-beam geometry the angle of the diffraction nb@smeasured directly.
The soller slit (collimator) with blades perpendicular to the rakfion plane and
a divergence of about 0.15° prevents radiation penetrating under a ditieigiat from
reaching the detector (Fig. 5.12) [90].

Although Goébel mirror and the plate collimator parallelizespghmary beam in
direction of diffraction plane it is still divergent in direction perpendicuwahe diffraction
plane. It can cause the asymmetry of the diffraction peak whidependent on the value
of primary beam divergence. In order to reduce the asymmetry, the sedendl&pin the
primary beam or/and in the front of the other soller slit, mayubed. It reduces the

divergence perpendicular to the diffraction plane [90].

In diffraction methods it is very important to be able to perforeasurements in-
depth of the sample with a very good accuracy. Gross M. et al. [@desl that the
parallel-beam geometry achieved by a Gobel mirror allowasorements with varying

angle of incidence in high accuracy.

In the present work the X-ray measurements were pertbrmor four

diffractometers described in Table 5.4 using parallel beam configuration.
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Table 5.4. Configurations of the laboratory X-ray diffractometers used setprork.

PANalytical -| PANalytical — | PANalytical Seifert -
Diffractometer X'Pert MRD Empyrean |- X'Pert MRD| PTS MZ VI
(AGH, (AGH, (ENSAM, (ENSAM,
Krakow) Krakow) Paris) Paris)
Divergence of Gobel| ) ) 0.02 > 0.05 no mirror
mirror (©)
slits width :
. . 0.5mm
Type and size of slit| rectangular rectangular rectangular vertical
forming incident beam (1/2 x 4 mm)| (1/2x 4 mm) | (1/2 x 4 mm limitation :
1.5
Divergence of Soller
collimator in reflected
beam optics — plates 0.18 0.18 0.27 0.30
perpendicular to
diffraction plane )
Soller collimators —
plates perpendiculartp  present present not present not present
diffraction plane
- . oint oint
X-ray tube focus line line (1.250.4 mm?) (1xp1 mm)
Type of radiation used CuK Cu K, Cu K, Fe K,
not present :
for the negleostsary
reflected thanks to the
Monochromator not present not present beam:
graphite (cut (;ype of
the K;) etector
(energy
resolution)
Type of detector proportionall semiconducﬂorproportional dg'?e“gtor

The first three diffractometers presented in Table 5.4 gave sieryar results

(it has been tested on powder samples), and the third configurationse@&to measure

stresses in austenitic steel (in this case Guadiation is not convenient due to high

fluorescence causing high background and absorption). The reprodycililithe

experimental setup with the Gébel mirror was tested repeateagurements for different

powder specimens. It was found that the difference between thsestmegasured using
the MGIXD method was about 10 MPa for the Al powder [92, 55] (Table 5.5).
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Table 5.5. Comparison of results for Al powder for three different diffracensiet

diffractometer a(°) o (MPa) a (A 12

PANalytical - XPert MRD| 5 -07+7.3  4.0493+0.0002 0.06
(AGH, Krakow) 15 -6.9+13.3 4.0493+0.0001 0.7
5 -02+49 4.04904 +0.000080.5
PANalytical — Empyrean
15 -23+75 4.04935 + 0.000091.0
PANalytical - X'Pert MRD| 5 10220 4.04949+0.0001 0.2

(ENSAM, Paris) 15 -1.4+20 4.04969+0.0001 0.2

One of the aims of this work is testing of the parallel igumétion of the
diffractometer containing Goébel mirror in the incidence beam spfihe test were
performed on Al — powder sample having low elastic crystalotoigy (Zenner factor
A=1.2) and relatively low absorptionu{iss A = 136 cn) enabling measurements at
different depths shown in Fig. 3.8. The results of the tests and thysiaradlexperimental
uncertainty used in the MGIXD method are described below.

5.2.1.UNCERTAINTY OF PEAK POSITION
In the analysis of experimental data it is important to take the differesitigiy of
the measured lattice strain on the value of scattering &8ylmto account. In this work

the fitting procedure is based on Eg. 3.23, in which the uncertaintieguofalent lattice
parameterss, (< a( @, ¢)>nq ) are treated as the weight in the calculation of fievalue

(compare Eqg. 2.47):

(5.17)

y2= 1 i£<a(¢%,‘/’n) >~ <@, %) >{chak||} ]2

N-M& o(<a(q, ¥ »i)
where <a(@, ) >0f, and <a(@, ¢,) >5, are the experimental and calculated lattice

parameters and th&(<a(g, ¢, )>qg) uncertainty is calculated directly from the

uncertainty of peak positio®(26ny), 1.€.:
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o<a( @, ¢, > (na) =<, ¢0,) >y COU Y g )OI, (20 ) (5.18)

In the data analysis it can be assumed that thak.(2&n.;) uncertainty is equal to
the standard deviation of the peak position obtained from proceduralofaggistment.
However, these values are very small (smaller than’0did other experimental errors
play a more significant role, for example those due to the noktihe sample position,
defocusing or misalignment errors. Errors having different reaamsn fact unknown;
therefore it was decided (if the standard deviation from pealstagnt is smaller than
0.01°) to assume a reasonable value of peak position uncertainty, thefaamlé

reflections. As shown in Fig. 5.14 (see error bars) the valued(ob( @, ¢, )>maq )
calculated using Eq. 5.18 with(26n;) = 0.0%, are different for differen2@ni;. This
ensures different influences of measured equivalent paramei@{g, &, >, on the
fitting quality criterion (Eq. 5.17) and consequently on the valueshefdetermined
stresses. As seen in Fig. 5.14 the uncertaindi@sa( @, ¥, )>nq) are larger for lower
a value of28nq scattering angle, i.e., the lo®6nq angle reflections affect the fitting
results less than those for whi@#ny, is higher (cf. Eq. 5.18). It is also important to
estimate the uncertainty of the determined stresses in theotamknown thejn(26n;)

value. Therefore, regardless of the reasons of the experimawtal er inaccuracy of the

data treatment the stress uncertainties were calculatadchiagsa ‘good fit' for which
x> =1[25].
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5.2.2. TESTING INCIDENT BEAM OPTICS

MGIXD method and standard method (with 422flection) were applied to
determine stress in Al powder sample. The measurements veefernped on the
PANalytical X'Pert MRD (AGH, Krakéw) diffractometer in palel beam mode
(configuration in Table 5.4) [92]. The tests for Al powder were agaktwice, i.e., using
the Gobel mirror or slit with divergence of 1/2° for the primary oploreover, the data
treatment for XGIXD method was repeated applying two different conditiongjsiag all

measured reflections presented in Fig. 5.15 or excluding tw@ébweflections (111) and

(200), for which<a(@,, &, >, deviate significantly from the theoretical values.

Table 5.6. Residual stress component determined for Al powder using two optics of
incidence beam: Gobel mirror or slit (stresses calculatdddirg 111 and 200 reflections
compared with results obtained from all reflections). In calmratthe free surface XEC

calculated from single crystal elastic constants given in Table 3.3usede

- _ o1.(MPa) reflections 111, 200 excluded
method a®) Z primary Al
or hkl m) beam config. _ MPa A 2
(um) g reflections | 4 (MPa) % (A) X
_ 4.04936
Gobel mirror -5.:63.0 -1.6£1.5
+0.00003
o=5" 5.8
, 4.04973
Slit -22.1+5.3 | -16.0+t5.3 0.55
+0.00009
_ 4.04948
Gobel mirror -3.%3.2 -0.4+1.1 0.02
+0.00002
MGIXD a=10"° 10.8
, 4.04995
Slit -28.1+6.4 | -33.3t5.6 0.64
+0.00008
_ 4.04945
Gobel mirror -3.:4.4 0.4+ 3.8 0.29
14.9 +0.00006
o=1%
_ 4.04914
Slit -7.3+6.1 -8.6t7.3 1.07
+0.00011
_ 4.04946
Gobel mirror -2.%05 0.65
12- +0.00001
Standard 422
34 _ 4.04903
Slit -05+1.4 3.08
+0.00004
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Fig. 5.14.Measured lattice parameters (points) and theoretical regulting (continuous

lines) vs.sin‘y for Al powder sample. Results of grazing incidence method for threesangle

a and for two different beam geometries are shown.
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Fig. 5.15.Similar comparison as in Fig. 5.14 but for standard methoedrethod).

Results of stress analysis in Al powder are shown in TableBdbthesin’y plots
for grazing incidence method (MGIXD) and standard method are shotigs. 5.14 and
5.15, respectively. All calculations were performed with assumpi{@6y;) = 0.01°.
Comparing the results obtained using MGIXD method with and without two |
20 reflections (i.e. 111 and 200) it can be stated that a small impenmteof the results
(lower fictitious stress and its uncertainty) was obtained whendtter reflections were
excluded. As seen in Table 5.6 the valuegafre much lower when the Gobel mirror was
used (for both MGIXD and standard methods). Small, but significant, vafuegitious
stresses (between -8 and -33 MPa) were found, when the slit a@sAssthe real stress
for the powder sample is equal to zero, the determined non-zerestoassbe treated as
the values of systematic uncertainty caused by the diffrattormesample misalignments.
The latter uncertainties can be minimized using parallel opfitke incident beam. The
near zero values of stresses measured in the Al powder (Vawesthan -5 MPa, see
Table 5.6) show that the experimental errors were significaptluced by use of the
GObel mirror. In the case of standard method almost zero stresdesermined for both

used configuration of the incident beam optics.

Finally it should be stated that using MGIXD method (especialtih) a good
accuracy ofap determination was achieved. When the Goébel mirror is applied, the

differences betweea, measured at different depths is in the order of aboliti10
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5.2.3.INFLUENCE OF20 - ZERO POSITION ON THE MEASURED STRESS

In order to precisely designate the stress value it isseapeto take into account
the D-zero position. MGIXD method was applied to determine stress$ povder sample
and to verify the influence of thebzero position on the measured stresses and lattice
parameter. The measurements were performed on the PAMBI#icK'Pert MRD
(configuration in Table 5.4) in parallel beam mode (Gobel mirror).aleutations the
Kréner XEC calculated from single crystal elastic constgivsn in Table 3.3 were used.
The tests of the@direct beam position on the measured stresses and lattasagiar for
Al powder are presented on Fig. 5.16. To investigate the effech-n€r® position on
measured quantities different values of deviation frém 2ero position were assumed
(Fig. 5.16).

24 4.0505
18 B
12 4.05 H [——
g T 1 5
20 = 4.0495 H | | =
S fH L £ "
°-12 ©4.049 [ | H -
_18 -
-24 4.0485-H [ | |- -
30 +——
-36 4.048
002 001 0 -0.01 -0.02 0.02 001 0 -0.01 -0.02
20 - zero position (°) 20 - zero position (°)
Oa=5°0a=15° Oa=5° @g=15°

Fig. 5.16. Influence a2d — zero position on the measured stress for powder sample.

In the light of presented results it can be concluded thattasviom 26 - zero
position equal to 0.01° causes about 10 MPa deviations of the measussdvsite

(for Al sample) and about 0.0003 A deviation &giattice parameter.
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5.2.4.INFLUENCE OF Z POSITION ON THE MEASURED STRESS

Precise determination of the stresses is also dependent on thesition of the
sample. In order to investigate this effect for MGIXD methbed measurements were
performed on the PANalytical - X’Pert MRD (ENSAM, Parisonfiguration in Table 5.4)
in parallel beam mode (Gobel mirror). In calculations the Kréone€ X&lculated from
single crystal elastic constants given in Table 3.3 weré. iBifferent deviations from z -
zero position (in direction normal to the surface) were introducednandatues of stresses
and lattice parameter for each z -position deviation were detedmand compared.

Results of the test are presented on Fig. 5.17.

10 4.0498

T 4,0497

e il

o [MPa]

04 -03-02-1 0 01 02 03 04 04 -03-02 -01 01 02 03 04
z position [mm] z position [mm]
Ho=5" ma=15° Bq=5° Woa=15°

Fig. 5.17. Influence of z — zero position on the measured stress for powder sample

On the basis of the presented results it can be concludeti¢hdetiation from z-
zero position equal to 0.01 mm causes about 5 MPa deviation of calculdiedofa

stresses and less than 0.0002 A fdatiice parameter.
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Summarizing results obtained in section 5.2, it can be concluded thiaatpplof
Gobel mirror collimating incident beam decreases uncertaintthefdetermined peak
position and it is possible to achieve accuracy even of a few ftPe stresses in Al
sample (the accuracy in of the stress determination in anotheriaig can be easily
estimated comparing Young modulus of Al and this of the studied @ixtdrine accuracy
of determined strain free lattice parametgis in order of 13 A. Moreover it was shown
that using parallel optics minimises errors connected with displant of the sample in
the z direction (normal to sample surface). Experimental errabofit 5 MPa for stress
and less than 0.0002 A for lattice parametecorresponds to shift of 0.1 mm. It was also
found that the more important source of systematic error is caystbe shift of26 - zero
value. The misalignment of the diffractometer equad = 0.0T leads to the fictitious
stress of about 10 MPa and change of 0.000ar lattice parameteg, determined for the
Al stress-free powder. This error can be minimised by thefal alignment of the
diffractometer or the results obtained for the studied sample ceortezted by using the
powder diffraction data. Concerning the statistical uncertaintllidepend on the quality
of measured peak, and for the studied samples it was about 1.5-5 Mfd@derand less
than 10* A for ap, and the latter value is significantly smaller than the sroawused by

misalignment of the sample position and diffractometer alignment.

The performed tests confirmed that we can expect the reprdducibf
measurements for different experimental setups containing the @ibekr is about
10 MPa and a 0.0004 for lattice parameted, in the case of Al elastic constants. These
values were confirmed in the performed experiments. Also, @asonable to assume that
the position of peak is determined with accuracy not bafér= 0.0F (see the error bars
corresponding to this value in Fig. 5.14). Finally, it should be stastdhe above values
of expected systematic and statistical errors are cadcufat particular sample and they
can be different for another set of measured reflection. Howevearrésented results give

a view on the accuracy of the experimental setup and the applied methodology.
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5.3.CONCLUSIONS

In the light of presented results the LPA correction does nateimfle the XSA
significantly. Even in the case of relatively broad diffractpeak the influence of LPA
correction on the measured peak position, corresponding strain and congecalestiof
determined stress or strain free lattice constants isveliasmall. On the other hand the
refraction correction can significantly influence the resultghef XSA. Comparing the
‘New formula’ developed in the thesis with the approaches proposégmgel and Hart it
can be concluded that for high incident angles the ‘new approadonisistent with the
one proposed by Hart, but it differs in comparison with Genzel'svfiich the effect of
wavelength change was neglected). For small incident stigge Genzel’'s approach and
the one proposed in thesis are consistent but the Hart's formula defleat the effect
properly. It is caused by not precise approximation for small intiglegles. The effect of
refractive index n<l on the stress measurement strongly dependsloe of the
o parameter (and thereby the type of material), wavelengtident angle and surface
roughness. On the basis of considered results, if MGIXD methodds itise advised to
perform the stress analysis with and without refraction coareethd when the difference
of obtained results is significant for designated parameter tiese results should be
rejected. This effect is the limitation of MGIXD method.

Results presented in this chapter confirmed that both stdtisticar and the
misalignment error can be significantly reduced when the Golbebrms used in the
primary optic of the diffractometer. In the case of paralleinbegeometry used for
MGIXD method the z-position imprecisions do not significantly iefloe the obtained

results of XSA, however thigd-zero position should be precisely adjusted.
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6. NEW INTERPRETATIONS OAMGIXD MEASUREMENTS

AND VERIFICATION OF X-RAY STRESSFACTORS(XSFs)

In this chapter two important theoretical developments of theX@®Ghethod are
presented. The first one enabling determinationctt parameter and significantly
improving quality of experimental data analysis for hexagomattitre has been proposed
and tested. The second one in which density of stacking faults @a tako account
(originally proposed by Baczmski [20]) will be applied to the case of tensile and
compressive stresses in austenitic sample. Second part of gierat@acerns verification
of different type of XSF, which can be applied to interpretegerimental data obtained
using MGIXD method. Finally, examples of determination of stregsesrface layer for
materials having high and low single crystal elastic constants anis@trepyesented.

6.1.SELF - CONSISTENT FITTING OF ¢A PARAMETER
In the case of cubic crystal structure the experimeradd y)>.q lattice
parameters are calculated directly from measurel{¢,{/ )> g spacings (Eq. 3.24a).

Subsequently, theg; and a, fitting parameters can be found by adjusting the

<a(¢. )> nq values obtained from Eq. 3.24a to the measured ones (Eq. 3.23), as in the
standard method. However, more complex procedure of experimergahdat be applied

for hexagonal structure since the value céh parameter must be known a priori to
calculate the experimentala(¢,i/ )>nq from Eqg. 3.24a. To overcome this difficulty the
iteration method can be applied. In the first step of this procedursubstitute the
theoretical value ot/a into Eq. 3.24b and the least square method is used to find out

o, and a, from Eq. 3.23. The result of the first adjustment is usually poor bedhes

95



experimental<a(g,i/ )> g are not correctly calculated using approximate value/af

Consequently the experimentala(¢,/ )> g do not agree with those obtained from

Eq. 3.23 for optimizedﬂﬁ and a, fitting parameters. Thus the procedure must be developed

in order to correct the value afla for the studied material, taking into account the
macrostresses present in the sample. In this aim Eq. 3.24b cawritieman the following

form:

y=pX (6.1)

2
where: y:{< a(¢’w)>{hk'}} —{4(h2+hk+ kz)} , x=1" and p:(clla)2 :

<d(@¥)>(ha 3

The above linear equation VE allows us to determin@ and consequently

c/aparameters using simple linear regression method. In calculati@nsmeasured
<d(¢.)>na spacings and values oka(¢, )> g calculated from Eqg. 3.23 (fo@ﬁ

and a, optimized in the first step for approximate valuect) are substituted. It should

be stated that the so obtairngd parameter is still approximate, but it can be applied in the

second step of iteration to calculatea(¢.¢/ )> g used in the least square procedure

based on Eq. 3.24b. As the result the new value@} ahd a, are determined. It will be
shown that two iteratively applied simple fitting procedure leadsohvergence allowing
determination of macrostressef?, strain free lattice parametex,and moreover more

accurate value of/a. Finally, if the self-consistent iterative calculations emavergent

avery good agreement between theoretical values<@a(¢,y/ )>nq (obtained from

Eq. 3.23) and experimental ones (determined from Eq. 3.24b) can be reached.

As an example the results obtained with the new method for grounploéisked
samples are presented. These samples were chosen due to dgfgremtf stresses
generated in surface region. Measurements were performed tliraetions (i.e. fog=0°
and$=90") and for two incidence angles (i.e. for 5° anda = 15°), with Cu X-ray tube
and Gobel mirror in the incidence beam optics. The PANalytis&Pert and PANalytical
- X’Pert MRD diffractometers were used for ground and polistadpses, respectively
(see Table 5.4). The diffraction peaks hawddigher than 40were taken into analysis.
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At first the calculation of the stresses in polished and groundyradé 2) was
performed using assumed values/a parameter indicated in Figs 6.1a, b and Fig. 6.2a, b,
respectively. In this case the valueosh was not varied during data treatment. It can be
noticed that the experimental points are spread far from the bbeined by fitting

Eqg. 3.23 with the XSF calculated using Kréner model (Se@€¢.¢/ )> nq VS sirfy plots

in Figs. 6.1a, b and Figs. 6.2a, b from single crystal elastic cdrggteen in Table 3.3 and
orientation distribution functions (ODFs) given in Fig. 7.1 (in the nbapter when these
sample are described). The correction for beam refraction aken tinto account,
however, this effect is reliable (smaller than uncertainlyyufers® anda = 1, as it was
shown in Fig. 5.11, where the results with and without refraction cmmectwere

compared.

Next, the self-consistent procedure was used and the s&weas also adjusted.

The resulting<a(¢y )>rnq Vs. sirfy plots exhibit significantly better agreement between

theoretical and experimental points (Figs. 6.1c and 6.2c). The \&leés parameter and
goodness of fitting” determined using the presented above procedure are given in these
figures. It can be seen that valuedfdecreases significantly when experimental points

approach the theoretical curves.
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Fig. 6.1. The<a(¢. )>nq Vs sy plots for mechanically polished Ti sample (under

pressure of 5 N), measured with= 5°. In figures (a) and (b) the theoretical plots were
fitted to experimental points determined with assurokdvalues, while in the case of

figure (c) thec/a parameter was adjusted. Uncertainty of peak posii@#) =0.01° was
assumed.
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Fig. 6.2. Similar results as in Fig. 6.1 but for ground Ti sample.
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Fig. 6.3. The results of self-consistent fitting for mechanicallyishetl Ti sample,
measured witlx = 5° anda = 15°. The following values are presented: a) and b) - stresses
in two directions, c)? - goodness of fitting as defined in Eq. 4.17, d-e) lattice parasneter

The horizontal lines indicates mean value calculated over all Imdéole both samples
(polished and ground).
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Fig. 6.4. Similar results as in Fig. 6.3 but for ground Ti sample.

The quantitative results of fitting using different XSF modale presented in
Figs. 6.3 and 6.4 for polished and ground samples, respectively. It can bedednttiat
the biaxial stress was found for the both studied samples (congorestr polishing and
tensile after grinding as shown in Figs. 6.3a, b and 6.4a, b) and t&\sthees calculated
using different models of diffraction elastic constants are goifgantly different. Small
difference between models is expected because the aaistiatropy of Ti single crystal is
low (Zener anisotropy factor A= 1.34). Also, there is no large @iffee between goodness

parametery® for different models and all results fit well to almost énemeasured

functions <a(¢, )>nq Vs sirfy. The determined lattice parameters show some regular

differences between models. In Figs. 6.3 d, e, f and 6.4 d, e, f the whldeterminedy,

c/aandcy (where the two first parameters are obtained from fittingleathie third one is

calculated ascoz(%)@o are compared with mean parameters calculated for both

samples and both incidence angles £ 5° and a = 15°. These averages:
ap = 2.9514 + 0.0008 Ag/a = 1.5872 + 0.0008 and, = 5.6845 + 0.0014 A, can be
calculated because samples are made from the sameam@emgrade 2) and different
mechanical treatment should not influence strain free latticanpers. It should be
underlined that the obtained lattice parameters are very doe taccurate values for

high purity Ti [93]: ap=2.95111 + 0.00006 A, and, = 4.68433 + 0.0001 A and
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c/a=1.5873 (similar values can be found in [94]). It can be also ndhe¢dvhen the
Kroner and Voigt XSF were used the determined lattice paresne®re similar for the
ground and polished sample. Moreover they are very close to¢hgge values and these
which are found in literature. On the other handafjec/a parameters obtained with XSF
calculated by free surface or Reuss model are slightly stumigted for polished sample
and underestimated for ground sample (opposite tendency occuogp for

It can be concluded that the elastic properties of the stuidggdum sample are
almost isotropic and this is why fitting results obtained with X8ulated by all models
give very similar results. The most accurate values are ebtauinen Kroner or Voigt
method were applied. Finally it should be stated that the nehoa@bgy of experimental
data treatment enables determination not only strain &eeonstant but also the
c/aparameter. This method is unambiguous for materials having lowcedassotropy,
however in the case of anisotropic materials the determineckla@irameters depend on
the model used for calculation of XSF. Thus the problem of verificatf XSF is a crucial
one, not only for correct determination of the stresses but alsudtodi correct strain free
value lattice parameters for hexagonal structure (XSF will be testks ichiapter).

6.2.PEAK DISPLACEMENT CAUSED BY STACKING FAULTS

Not only residual stresses are the reason of diffraction pefakvithi respect to the
position corresponding to the perfect lattice. The diffraction lirees lze influenced by
stacking faults in the material. Two types of stacking fagl® be distinguished:
deformation stacking faults and twin stacking faults. Both of them may caugeakeshift
[1]. Typically the twin stacking faults occurs during the growtta crystal. Wagner [95]
showed that that when the peak shift originates from high twickistg fault density the
shift of the peak is negligibly small. Deformation stacking teamhay cause shift of the
different diffraction lines in different directions. First work cenuing this effect was done
by Paterson [96], Warren et al [97] and Wagner [95]. Wagner alidrbfe et al. showed
[4, 98] that stacking faults can significantly change the posiiothe diffraction lines.
This effect is especially important for the fcc crystaés/ing low stacking fault energy

(e.g. austenitic steels) [20]. In this case the magnitudeeoflisplacement depends on the
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probability of finding the stacking fault and on the reflectidth used in the experiment.
In the absence of the second order incompatibility stresses [20, 99]:

<a(@ W)>ig =[F; (Kl @ ¢t oy + G(hk)] & + 3, (6.2)

/3 Zi(h+k+|)

ith G(hk)) O
WG B ey v k412

wherep =ps -p4, os and gy are the probabilities of finding the single and the double layer
stacking fault, respectively, between neighboring planes {1&Xhkl) is the coefficient

the reflecting relative change of the interplanar spacingsechby stacking faults for the
diffracting {hkl} planes, whileb andu are the numbers of peak components which are
affected and not affected, respectively, by the stacking faults, respef2@p

For a quasi-isotropic sample the above equation can be written as:

<a(@ ¥) > =[$“k'(q‘1 +a, +0§3) +% g ( d,cos g+ &, sirt @+ 4, sin 299 sif

6.3

+%S§k'a3'30052¢/ +% 8 (0, cogp+ d, sing) sin@+ pG bkl )p+ g( )
As it can be seen in a Fig. 6.5 both the macrostress (Fig. 6.5ajtacidng faults
(Fig. 6.5b) cause the nonlinearities of #&( @y)> iy VS. sinzt,a{hm} plots. Macrostresses
(500 MPa) influence the slope as well as the nonlinearites ofutive.cln contrast the
stacking faults increase only the nonlinearities of these plbis.fact allows to separate
the effect originated from the stresses from the one conngextind stacking faults [20]
and perform the calculation of stresses values and the probabil#iacking faults in
polycrystal. The idea of fitting is similar to that used bgcBmanski [20] in the case of
determination of second order stresses, whestaling factor was used in Eq. 6.2 as
additional adjusting parameter. In the case of Egs. 6.2 and 6.3 valug \@ried in fitting
procedure in order to receive the best agreement of theoretexpadmental results. The
optimized p parameter has meaning of probability of finding stacking faelween
neighboring planes {111}
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Fig.6.5. Lattice strains calculated for differdrid reflections as the effect of (a) uniaxial
stress and (b) presence of stacking faults on the planes {11ap$benitic sample (XSF
were calculated using free surface model with elastic aoiss@iven in Table 3.3 and
assuming random texture [20]).
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Fig. 6.6. The<a(@y)>na lattice parameters fitted to the experimental points using
Eg. 6.3 (assuming # 0 - continuous line op = 0 - dashed line) for polished austenitic
stainless steelAISI 316L, Table 6.1) and ground Ni alloylIficonel 690, Table 6.1). XSF
were calculated with free surface model using texture functions given.if.E®
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In light of these results it appears that for Ni allojsinot necessary to take into
consideration the presence of stacking faults in stress analiises value of the
p parameter is in the margin of error equal to 0. On the contragufienite stainless steel
having low energy of stacking faults it would appear likely thi&ing into account the
presence of stacking faults in stress analysis can be @iaheAdmittedly the stacking
fault effect improves the fit of the theoretical curve (calkadafrom the chosen grain
interaction model) to experimental points but it seems possilighisaeffect causes the
change in XSF values, which now may differ from the real onegh®wther hand it is
worth to emphasize that theparameter determined for austenitic samples always have
a positive value regardless whether the sample is in tensge @Fi) or in compression
(Fig. 6.6b). It means that the deviation of the experimental pointstfreanetical values is

always in the same direction independently from the applied load.

3.605 3.605
a=10°, ¢=0° gr_316 {420} 4=10° ¢=90° experimental
Cu radiation Cu d(p= calc. p=0.9 10°
| 3600 | Curadiaton -
3.600 calc.p=0
{331} —
= = {331}
- | {111 = |
£3.595 i1 /\53.595 {111} (220} ©
g ) N 420)
1 i 3.590 |
3.590 v experimental , / (311}
1% calc. p=0.910 \\/,’{200}
1010 S — p= gr_316_1
a5gs o mcaleps0 3sg5 b—r—— S =
00 01 02 03 04 05 0.6 0.7 0.8 0.9 00 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9
sin?y sin2y

Fig. 6.7. The<a(@y)>na lattice parameters fitted to the experimental points using
Eq. 6.3 (assuming # 0 - continuous line op = 0 - dashed line) for the ground austenitic
steel - AISI 316L, Table 5.1 XSF were calculated with fredéasermodel. This result is
taken from [20].
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6.3.VERIFICATION OF XSFUSED INMGIXD
A correct choice of model for calculation of XSFs is sigaific for materials
exhibiting high elastic anisotropy. In order to select the proper InoddSF it is valuable

to evaluate an agreement of theoretisa@ (¢, )>n VS. sinfy curve with experimental

results [100].

To show the influence of the diffraction elastic constants on tleepnatation of
XSF results, polycrystalline materials having low (Ti, W) anghhelastic anisotropy of
crystallites (Ni, CrN, austenite stainless steel) wewestigated. Zener factors for listed
samples are gathered in Table 3.3. Compositions of the studied samplgsven in
Table 6.1. The orientation distribution functions were taken into account Sk X

calculations for all investigated samples (Figs. 6.9 and 6.19).

Two samples exhibiting low (Ti) and high (austenite stainlse®l) elastic
anisotropy were investigated during tensile test, for other sampdished W, ground Ni
alloy, CrN coating and polished austenite stainless steeksidual stresses after surface

treatment or coating deposition were measured.

Table 6.1. Composition of the materials used in thesis (wt.%).

Material Components
Ti Ti O Fe Ni C N

grade 2 | bal. 0.131 0.109 0.020 0.010 0.010

Ni alloy

'”fs‘);ri:o?ego Ni C Fe Si Ti Mn C Cu P s
bal. 2991 10.61 0.38 0.33 0.29 0.022 0.01 0.009 0.002

prepared by

AREVA)

Austenite

stainless | Fe  Cr Ni Mo Mn Cu Si P S C

steel bal. 17.24 11.14 196 167 0.35 0.056 0.04 0.04 0.02
AISI316L

Al Si Fe Cu Mn Mg Cr Zn Ti
bal. 0.5 0.7 40 065 0.6 0.1 0.25 0.15
Ti Fe C O N Al \Y,

bal. 0.25 0.008 0.2 0.05 6.0 4.0

Al 2017

Ti6AlI4V
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6.3.1. TENSILE TEST

The lattice strains were measured ‘in situ’ during tents# in elastic range of
deformation for austenite stainless steel (AISI316L) anditita (grade 2) samples. The
MGIXD method and standard methog-ihode for austenite and-mode for titanium)
were used to determine stress in the sample under applied knowsn(sareple orientation
with respect to incident and reflected beams is shown in Fig. G&siements for Ti
sample were performed on the PANalytical - X'Pert MRD @GKrakéw) and for
austenite stainless steel on the Seifert - PTS MZ VI. Toefiguration of both
diffractometers is given in Table 5.4. To prepare the samplasulface layer of 200m
was removed by electropolishing. In order to avoid the influence of umkmesidual
stresses or/and systematic errors of determined peak positiensjeasurements were

performed for the non-loaded sample and a sample under uniaxial Jinesselative

differences between interplanar spacings for loaded sample d(qo,t//)%m ) and non-

loaded specimen (i.e. initiak d(@,i) >, ) were calculated.

<d(g.@)>5 —<d(@.y)>"h,
<d(@.¢) >0

<&(py) >{r?1|ku =
(6.3)

In the above equation the exact value of interplanar spacing fesa $tee material is not
needed and the stra&(@,¢) >{'f]',<ﬁ corresponding directly to the applied stress is

calculated and the effect of residual stresses or/and ststeenrors of determined peak
positions is avoided. The main challenge of this part of work is tdyvérihe value of
applied stresg,, can be recalculated from diffraction data and what type of aBks
determining the stress accurately. Moreover, it will be testecch model of XSF
calculation properly describes grains interaction, especiallyefastically anisotropic

crystallites.
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Fig. 6.8. Orientation of the sample during tensile test. The uhistxéssz,, was applied

along¢= 0° direction.
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Fig. 6.9. Orientation distribution function (ODF) determined using Mn tiadiafor
austenitic (a) and Cu radiation for Ti (b) samples (these samn@re used in tensile tests).

The sections through Euler space [74] with the step of 5° arenpedsalong¢ axis:
a)P<g¢,, @ ,¢,< 9¢ for austenite stainless steel and Dx@,, @< 9¢F and G <@g< 6¢°
for Ti (grade 2).

2.49

High anisotropy — austenitic sample

In order to investigate the influence of the grain interaction madé¢he values of
calculated stresses austenite stainless steel (Table 6.1)ghagh elastic anisotropy
(A=3.3, see Table 3.3) was subjected to a controlled tenSigr 60 MPa, 180 MPa and
300 MPa) during loading and unloading in the tensile test. For eash ehiven load the
stress measured by X-ray diffraction was determined using(8te calculated by four
models with ODF function presented in Fig. 6.9a. In the case of MGhdihod the
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measurements were performed &#20° (corresponding to penetration depth2.9 um).
Initial value of calculated stresses and lattice paramdtrsion-loaded sample are

gathered in Table 6.2. Thea( @, ¢) >m<ﬁ vs. sirfy plots for initial sample are presented

in Fig. 6.10. Small compressive and tensile stresses (compandbléh&r uncertainties)

were found forg = 0° and¢ = 90°, respectively. In calculation least square fitting
procedure was applied using Eqg. 3.23.

Table 6.2. The initial values of stresses and lattice paranfeterson-loaded austenite
stainless steel.

model a[] o111 (MPa) 622 (MPa) a (A) 2
free surface -29+ 18 27+ 18 3.5937 + 0.0001 15
Kroner 20 -27 £ 24 25+ 23 3.5937 £ 0.0001 1.7
Reuss -26 £ 16 25+ 17 3.5937 £ 0.0001 15
Voigt -26 £ 33 24 +31 3.5937 £ 0.0001 1.9
3.597 a =200 = experimental 3.597 a=20° = experimental
3.506 | 9= 0° free surface 3506 {9~ 90° free surface
2 ’ —— Kroner < ’ (111} Kroner
= 3.595 A — Reuss ~ 3.595 —— Reuss
= 111) — Voigt =z +{{200} — Voigt
53594 53504 T e
i {\i§1{222} E/\ E {311} {222}
= 3.593 1 { {220} {311} > 3.593 1 {220}
e 200} =
o 3592 {1 V 3592
3.591 + w w w w w w w 3.591 + w w w w w w w
00 01 02 03 04 05 06 07 08 0.0 01 02 03 04 05 06 0.7 0.8
sianJ sinzlp

Fig. 6.10. The<a( @, ¢) >m<ﬁ vs. sirfy plots for initial non-loaded austenite stainless steel

(uncertainty of peak positiof(26) =0.01° was assumed).

107



The relative lattice strains<£(¢7,t//)>{rﬁ'k} vs. sify  (for a=20°) calculated

according to Eq. 6.3 for each load and four grains interaction modetsgy doading and
unloading are shown in Figs. 6.11 and 6.12, respectively. In these figuegtranental

data are compared with the results of least square fitting based directlyrelation:
<& @) > =R (K, @@ f) g +F, (WK, g ¢ f) & (6.4)

where the adjusted values of/,and o), stresses can be compared with the values of

applied stresg,, andZ,, =0 MPa, respectively.

The non-linearity of thesin3y plots in Figs. 6.11 and 6.12 is associated with
a strong elastic anisotropy of the sample. As it can be dedikoradhese plots the lattice
strains are smallest in direction <111> and largest in tibrec<200> for loaded the
austenitic sample. This result qualitatively agrees with ewwslutf %2 ands; values for
different reflectionshkl (in the approach of quasi-isotropic material), which explains the
observed tendency. If the interaction between grains is well peddice nonlinearities of

the theoretical curves should reflect this dependence.

108



0.0008 lied load 50 MP o 0.0008 lied load 50 MP 0
0.00061.., applec o 8. 070 0.0006 17 dppiec foa 8 ¢=90
— — — I~ 1<
0.0004< I - N 0.0004 1= — —~
N >~ g 17 Q -~ N
O'OOOZ'T,_,. et 1 _ ~ EO.OOOZ- N N < N
3 £ 0.00001 3 A% 0.0000 o)
A 3 = 1 —
= -0.0002+ T é-0.000Z-
& -0.0004] ¥ -0.0004]
-0.0006 = experimental -0.0006- = experimental
.0.0008] — freesufface —— Reuss -0.0008 1 — free surface —— Reuss
-0.0010 __Kroner ~_ Voigt -0.0010- —Kroner _—— Voigt
00 01 02 03 04 05 06 00 01 02 03 04 05 0.6
.2
sinw sin’y
0.0008
0.0008 - — applied load 180 MPa o
—~ 4 N =90
0.0006 - apgfl,'ed load 180 MPa (:in' N 0.0006 = experimental ¢
0.0004-:?: ] P 0.00041 —— free surface —— Reuss
0.0002- g QOOOOZ- —— Kroner E— VOIgt
2 0.00001
Z 0.0002{\Q —~ :
g AV = experimental
¥ -0.0004 free surface
-0.0006 - — Kroner
-0.0008- — Reuss
-0.0010 : : ——voigt_ :
00 01 02 03 04 05 0.6 0.1 0.2 20.3 04 05 0.6
sin’y sin“y
0.0008 0.0008 -
applied load 300 MPa o N ] applied load 300 MPa = gq°
0.00061 e 0.0006 = experimental ¢
0.0004+ 0.0004 1 free surface Reuss
_. 0.0002+ ..0.00024 — Kroner — Voigt
22 0.0000 €A% 0.0000
= 2 -0.0002
g -0.0002 = experimental S ‘
v -0.00044 L — free surface ¥ -0.0004
-0.0006 — Kroner -0.00064 -
-0.0008- —Reuss -0.0008-
-0.0010 ———Yoigt_ 00010+—F—+—
00 01 02 03 04 05 06 0.0 01 0.2 0.3 04 05 0.6
sin’y sin’y
Fig. 6.11. Relative lattice strains&(@,¢) >, vs. sinfy (for 0=20°) during loading of

the austenitic sample. Experimental results are fitted using.Bquvith XSF calculated by
four tested models.
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Fig. 6.12. Similar comparison as in Fig. 6.12 but for unloading of the austenitic sample.

From thesin3y plots in Figs. 6.11 and 6.12 it is seen that the experimental values
and thereby the elastic anisotropy are well approached by Ré&dser and free surface
model. The linear dependence of lattice strainswéy predicted by Voigt model cannot
be applied for austenite stainless steel having strong elasisotropy. Quantitative
comparison of fitting quality is given by goodness paramétemich value is compared in
Fig. 6.13 for all applied loads and four tested models. Analysin@ E@.it can be stated

thaty® must increase if the differences between experimental vahdetheoretical results
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increases. If a given model perfectly predicts XSF, shealue is determined only by
experimental uncertainties and it should not increase for lapgpdied stresses (the lattice
strain due to stress increases by the same value as theitadgrpredicted strain and
consequently distance between them does not change). However, 8fhakies are not
correctly calculated by model (even for some orientations) thiereliice between
theoretical and experimental interplanar spacings enlarges matbasing applied load

causing significant increase of tjfevalue (due to squaring in definition &.

12.00
10.00
8.00

%< 6.00

4.00

SEF I I L L

50 MPa 180 MPa300 MPa180 MPa 50 MPa 0O MPa
unload unload unload

M Free Surface M Kréner Reuss Voigt

Fig. 6.13. Comparison of the valuesybéffor four different grain interaction models during
tensile of austenitic sample (loading and unloading).

Comparing valueg? and its dependence on the applied load it can be concluded
that Reuss and free surface model correctly predict elassoteopy of XSFs (Fig. 6.13).
For these modelg? is small and constant for all applied external stresses. Imasont
»* obtained with Kréner and Voigt models are larger and rise wifilied stress. This
effect is especially significant for linear dependence it&strains vssinay predicted by
Voigt model and it is also evidence that any models givingtismay plot should not be

used to interpret results of MGIXD measurements.

In order to determine which of these models is the best the csompaif the
stresses re-calculated from diffraction data (Eq. 6.4) withvilees of applied load is
presented in a Fig. 6.14, for loading and unloading sample. The measweveenidone

using two methods: MGIXD o=20° shown in Fig. 6.14a) and standard-geometry
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(Fig. 6.14b). It can be seen that the loading and unloading processeadlhg rexersible
(points for the same applied stress overlap for both experimemttdods), i.e., the
measurements were performed within elastic range of defomakiso the stress after
unloading is very close to zero value (within the uncertainty rafde stresses state in
the sample was successfully determined from diffraction dat#éheere-calculated stress

o,, approaches applied stress,, while o), is close to zero value, especially for larger
loads (180 MPa and 300 MPa). It must be underline that good agreertvee¢heesults
obtained with both standard and MGIXD methods and values of applied Stressas
found in the case of Reuss and free surface models, whilebtained with Kréner and
Voigt models deviate from the value of applied strEss For the latter models especially

large deviation between applied and re-calculated stressesisnséee case of standard
measurements (Fig. 6.14b). The worst results i.e., the largestiaewatween applied

and recalculated stress was obtained when the Voigt model was used.

Summarizing the presented results concerning quality of gttty (Figs. 6.11-
6.13), as well as from the comparison of the calculated stressbsagplied loads
(Fig. 6.14) it appears that the Reuss and free surface moddis best the experimental

data in the case of anisotropic austenite stainless steel.
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Fig. 6.14. Comparison of the values of and o,, re-calculated stresses compared with
the applied stresg,, and Z,, =0 MPa, respectively (dashed line indicates value of the
stress ¢,,= %,, or g,,= %,, =0 MPa). Results of loading and unloading are shown and

the point forz,,= 0 MPa corresponds to the state after unloading. The MGIXD method

(a) and standard methogr-mode (311 reflection) (b) were used.
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Low anisotropy — Ti sample

Second investigated sample was Ti (grade 2; see Table 5.1) daavolg low
elastic anisotropy (A=1.34, see Table 3.3). Ti was subjected tontotted tension
(50 MPa, 150 MPa, 210 MPa) during loading in the tensile test. Forvehoh of given
load the stress measured by X-ray diffraction was determinieg thee XSF calculated by
four models with ODF function presented in Fig. 6.9b. In the case dKM@&ethod the
measurements were performed ftor= 10° anda = 20° (corresponding to penetration
depths:t = 1.6 um andt = 2.5 um), while the m-geometry was used for standard
measurements. Initial value of calculated stresses ancelgiiameters for non-loaded

init

sample are gathered in Table 6.3, while tha(@ ) >, vs. sify plots for initial

sample are presented in Fig. 6.15 (MGIXD method). Compressesssts of about minus
30 MPa was found forp = 0° and almost zero stress fgr = 90°, respectively.
In calculation least square fitting procedure was applied usiligmesistent method

described in section 6.1.

Table 6.3. The initial values of stresses, strain free latbostants and c/a parameters for

non-loaded Ti (grade 2) sample - MGIXD method.

model | o131 (MPa) o, (MPa) ao (A) c/a 2
o=10°
free
-309+54 -47+56 2.9511+0.0001 1.5872+ 0.0001 1.3
surface
Kroner | -31.9+54 -49+56 2.9511+0.0001 1.5872+ 0.0001 1.3
Reuss -30.2+5.3 -44+55 2.9511+0.0001 1.5872+ 0.0001 1.3
Voigt -335+56 -53+57 2.9511+0.0001 1.5872+0.0001 1.4
a=20°
free
-33.1 £+8.2 10.7+8.6 2.9514+0.0001 1.5869+ 0.0001 2.9
surface
Kroner | -35.3+8.2 104+8.6 2.9514+0.0001 1.5869+ 0.0001 2.9
Reuss -32.3+8.0 11.4+84 2.9514+0.0001 1.5869+ 0.0001 2.9
Voigt -38.2 +8.4 9.4+8.8 2.9514+0.0001 1.5869+ 0.0001 3.0
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Fig. 6.15. The<a(@,¢) >ﬁ,"ku, vs. sir*y plots for initial non-loaded Ti (grade 2) sample

measured measured using MGIXD witlha = 20° (uncertainty of peak position
0(26) =0.01° was assumed).

The results obtained for tensile test are presented in the following figures

» Fig. 6.16 - the relative experimental lattice strams(,¢) >{'f]',<ﬁ vs. sirfy  for

a=20° (MGIXD method),

e Fig. 6.17 - values of goodness parametgr for o=10° and a=20°
(MGIXD method);

* Fig. 6.18 - values of re-calculated stresses compared with applied ones.

As it is sheen in Fig. 6.16, in the case of Ti sample having lastielanisotropy

the nonlinearities of thes &( @, ) >{’f1'k} vs. sirfy plots are very small in comparison with

austenitic sample. However, for the largest applied stess 210 MPa we can see that

the experimental points are approached by theoretical lines Réxess and free surface
methods are used and slightly worse result was obtained for Knimgel. Again, the

linear <&(@y) >{rf1'k} vs. sifyy plots obtained with Voigt XSF do not match the

experimental points. The same conclusions can be drawn from Fig. 6.1& vahees of

x? are compared. It should be also stated that the goodness parsigbtéy increases
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with increasing value of applied stress (of course the affesttongest in the case of Voigt
model). Thus, the XFS are not as well predicted as in the caReust or free surface

model applied for austenite stainless steel.

Finally, comparing the re-calculated stres$ with applied stresg,, and theo,,

stress with zero value, it can be concluded that a very gooenagné was obtained for the

largest stresss,,= 210 MPa. If smaller load is applied the re-calculated valyeis

overestimated, especially far,, = 150 MPa. It should be underlined that exactly the same
values of the recalculated stress were obtained for both in@dglgsae = 10° andx = 20°
(MGIXD method) and for standard method-(hode). Hence, we can conclude that
MGIXD method gives reasonable results (comparable with standatidod)eand the
disagreement between recalculaig and applieds,, stresses can be caused by sample
heterogeneity or non-uniaxiality of the stress in the sample. Finadlyould be stated, that
the stresses obtained with different models for calculationSfsXare almost identical.
This is evidence that the elastic anisotropy plays a minorimoieterpretation and any

model can be applied to calculate XSFs.
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Fig. 6.16. Relative lattice strains&(@,¢) >{rf1'k} vs. sirfy (for a=20°) during loading of

the Ti sample. Experimental results are fitted using Eq. 6.3 X calculated by four
tested models.
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Fig. 6.17. Comparison of the valuesydffor four different grain interaction models during
tensile of Ti sample fax=10° (a) andx=20° (b) — MGIXD method.
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6.3.2.MEASUREMENTS OF RESIDUAL STRESSES
Next samples having significant surface residual streasdsnot subjected to the

external load were investigated. The pole figures were mechéorr polished W (high-purity),
CrN coating and ground Ni alloy, and the determined ODF functayvespresented in
Fig. 5.19. In the case of polished W sample and deposited CrN coatiridgpeheype of
texture was found, while ground sample does not exhibit significargleaymmetry. These
textures were used in calculations of XSF from single dryststic constants given in
Table 3.3.

2.77

2.38

1.98

1.59

1.19

0.80

0.40

4.12

3.33

C)
6.19. Orientation distribution function (ODF) determined using Cu radidior polished
W (a), CrN coating (b) and ground Ni alloy (c) samples for whigtidual stresses were
measured. The sections through Euler space [74] with the step oé Jfremented along
@ axis and ranges9¢,,®, ¢, < 9¢° for W and CrN (a, b) and’&®, ¢,< 90", I <¢, ,< 360

for ground Ni alloy.
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Firstly, elastically isotropic sample (A=1, see Table 3.Bhgsten (W) was
investigated. To generate stress in surface layer samfgeesuvas manually polished (paper
2000 grit, non-directional polishing) causing roughness equyald.R6 um. The MGIXD
method for different incident angles as well the standard methedafdy geometries with
321 reflection) were applied to measure lattice strains. lardodcalculate stresses the fitting
procedure based on Eq. 3.23 and two componentsand o2, of biaxial stress were
determined. Comparison of stresses determined using different(¥&Eslated using single

crystal elastic constants from Table 3.3 and texture shown ir6Hi§.a) and the values of
2 parameter obtained in this analysis are presented in Fig. 6.1% a( {) >4 vs.sin‘y

plots for an example incident angte= 5° (MGIXD method) and for standard methods are
shown in Fig. 6.20, while the comparison of giefy plots for different incident anglesis

shown in Fig. 6.21 (XSFs given by free surface model were applied in calculations).
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Fig. 6.19. Values of determined stresses in polished W sample M&mgD method and
standard method (a) and comparisonydiparameter values (b) for four grain interaction
models (refraction correction was not introduced).
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Fig. 6.20. Experimental points and theoreticBla(@ ) >y, vs. sify for polished

W sample. Measurements presented for MGIXB5() (a) and standarg-mode (b) ando-
mode (c) methods (uncertainty of peak positi#{2d) =0.01° was assumed).
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Fig. 6.21. Example of the&ca(@¢) >y, vs. sirfy plots for polished W sample. Results
presented for MGIXD method for incident angteb°® anda=15°.

In the light of these results it is clearly seen thathim case of elastically isotropic
sample there is no any difference in the values of calculdtedsss, for MGIXD and

standard method, for any of chosen grain interaction models. In theotasetropic
W sample the< a( @, ¢) >4 vs.siny plots are straight-lines for each of considered models.

This is certainly due to perfect elastic isotropy of W talgsand consequently equal values of

XSF for all reflections.
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Presenting the stresses determined by MGIXD method (Fig. & &2also important
to define the range of information depthis- 7 (or a angles) for which the results of analysis
are reasonable. In the case of studied sample we can assunmealtkhatues of the stresses as
well as strain free lattice parameter are between tbbsened with and without refraction
correction. We can see that the uncertainty of the obtained resriéase significantly for
incident anglex < 10° (z < 0.4 um), because the difference between results with and without
correction increases. As shown in Fig. 6.22, the value of strain free parameteotcesnge
significantly with the information depth. The stress in the mecha#lyi polished W is
compressive, biaxial and approximately fulfils relat@n~ 0,,. The stress value determined
by MGIXD method is almost constant for the studied penetration delativly decreasing
with depth), and perfectly agree with the results of both standatdodse The stresses
obtained with the latter method were presented for an average vabeeeifation depth for

all w-inclination angles.
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Fig. 6.22. Residual stresses and strain free lattice paramefignction of the information

depth z (equal te, see Eq. 3.4) determined with and without correction refractiont défec
polished W sample.
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Secondly, samples having high elastic anisotropy were investiggtound Ni alloy
(A=2.76), polished austenite stainless steel (A=3.3) and CrN co#®#@®34). The Ni alloy
(composition given in Table 6.1) was ground manually in one directione(&igkffort 8ON
and advance 88 mm/s). Such surface treatment cause rough sugace.@um) having
topography presented in Fig. 6.23, showing regular ‘ridges and furreitys’'amplitude of
10 um distributed with the period of about 1Qf. It was found that after crystallographic
texture after grinding does not exhibit sample symmetry (the @¥Rown grinding). The

stress measurements were performed using Cu radiation on PiadlalytX’Pert MRD

(ENSAM, Paris) diffractometer having configuration given in Table 4.4.

Fig. 6.23. Surface topography of ground Ni alloy sample with @iems of measured
stresses (a) and roughness characterisation in the directipangeular to direction of
grinding (b). The measuring area is indicated in figure (a).

The CrN coating (gum thickness) was deposited at high temperature on a 4H13 steel
substrate deposited on the 4H13 steel substrate. The coating wiagdlig means of the
arc-vacuum method in a nitrogen atmosphere at the pressugeeqfibl to 3.5x18 mbar and
the temperature of 450° C [101, 102]. The average speed of depositiG0wasmin. As
aresult, the coating exhibiting the average surface roughngss GR33 um and fibre
crystallographic texture (Fig. 6.19 c) was produced. The stresses mveasured using
Cu radiation on PANalytical - X'Pert diffractometer MRD (AGHKrakéw) with

configuration given in Table 5.4.

In the case of austenite stainless steel (the sameriabas used in tensile test -
AISI316L with composition given in Table 6.1) the sample surface was miealig
(manually) polished in all two directions, changing orientationsthaf sample during
polishing. In this case average roughness equat R.13 um was obtained. The stress

measurements were performed on Seifert - PTS MZ VI using Fe rad{atable 5.4).
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The MGIXD method and standard method were applied to determinsestras
aforementioned samples. Fitting procedure based on Eq. 6.2 showed thiat thiel\case of
austenitic sampléhe determined probabilities of finding stacking fault between neighitgpur
planes p value) has significant influence on the results and its valugedsche uncertainty.
Thereforep parameter was adjusted in the case of polished austenitesstatdel, while for
the other samplep = 0 was assumed. The result of stress analysis foreaftfeonsidered

grain interaction models and for all samples is presented ig.&R4 while the values of
)2 test are shown in Fig. 6.25. The example<@( @, ¢) >4 Vs. sinfy plots, compared all

for analysed samples are presented in Fig. 6.26 (for differansgnéeraction models) and in
Figs. 6.26 — 6.29 (for differemtincident angles).
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Fig. 6.24. Comparison of influence of four models of the grain interactiodel on the
results of X-ray stress analysis for ground Ni alloy (a)ispeld austenite stainless steel (b),
and CrN coating (c). The results for different incident angkre compared with standard
method for hkl reflections.
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Fig. 6.25. Comparison of the values@fparameter for different grain interaction model for
ground Ni alloy (a), polished austenite stainless steel (B, @ating (c). The results for
different incident angle are compared with standard method for hkl reflections.

The results presented for all considered samples show thdteiretical curves do
not matches experimental points when Voigt model is used to ascXMISF. Comparing
values of stresses determined using different models of XSHlat@dn we can notice large
discrepancies, especially for Ni alloy and austenitic gtaméteel (Fig. 6.24). On the basis of
the values of? parameter (Fig. 6.25), it can be concluded that for Ni akbowell as polished
austenite stainless steel we cannot decide which of those three: Réunss, d6d free surface
models is the best one. In such a case we must accept largelauntg of measured stress
values due to difference between these three models if the néStotaverified in tensile test
as for Ni alloy. Certainly, in the case of austenite stamlsteel the results presented in
Fig. 6.25 confirms conclusion drawn previously from tensile teststhiaReuss and stress
free models correctly predict XSFs. For CrN sample it would apipet free surface model

fit the best the experimental data. It is worth to emphabkatetihe considered uncertainty of
determined peak positiod(26) =0.01° is much too small, relative to the actual value, also

for the models which seems to correctly fit the experimental folthis is due to the fact that
even slight misalignment of the model to the experimental valadsincrease with
increasing stress value. For example, if goodness of fit cayseadbel discrepancy is on the
level 2 =1-2 for 300 MPa (as for austenite stainless steel or Tidhsil¢ tests) it will
increase proportionally to squared stress, reaching yale&6-32 for 1200 MPa (as in the
case of ground Ni alloy, excluding Voigt methogj,=4-8 for 600 MPa (as for polished
austenite stainless steel, excluding Voigt method and all metbods=f5") andy2? =100-200
for 3000 MPa (as for CrN coating, excluding Voigt method and standattiooh for
422 reflection). Therefore, in spite of large valuesydfthe discrepancy of the models
(excluding Voigt) is on the same level for the tensile testwedl as for samples with residual
stresses almost for all measurements.
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Fig. 6.26. The<a(@ y) Zihiy VS. sir‘y plots, compared for different grain interaction

models, for MGIXDa=5° for ground Ni alloy (a), polished austenite stainless sitgelCfN
coating (c). Only in the case of austenitic samplparameter was fitted and determined
(p =0.014+0.006).

In the sight of presented results it seems that free suafaBeuss model are in a very
good agreement with experimental results in comparison with otheéelm(see Fig. 6.26). In

particular the Voigt model cannot be taken into account stresssenblgcause it does not
reflect the anisotropy of XSF, which is seen as the nonlinessta( @, ¢) Zihip VS. sinfy

plots. In the case of polished austenite stainless steel (Aa813graund Ni (A=2.76) alloy
the lattice strains in direction <111> are relatively smdhan in the direction <200>, while
opposite tendency occur for CrN coating (A=0.34). It can be deducedRiys. 6.26 -6.29
analysing shift of the experimental points from straight limé eonsidering the sign of stress
(compressive for austenite stainless steel and CrN coatingamgilet for Ni alloy). This
confirm opposite type of single crystal anisotropy for crystaling A >1 and A<1 (Young
modulus is smaller in <200> direction in comparison with <111> for Axd the opposite

tendency occurs for A<l). The latter results can be compared Vaistically isotropic

126



(W) sample for which the<a(@,y) Zihkp VS. sirfy experimental plots are linear and the

experimental point lie (in a margin of error) on the straight line.

For more precise analysis of the influence of the chosen modehvestigated
stresses thea( @, ¢) >,y vs. sify plots are presented in Figs. 6.26 - 6.28 for different

incident anglen in MGIXD method for free surface model, which is in the bege@ament

with experimental results, and for Kroner model which does nottdildy the experimental

results.
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Fig. 6.27. Example of th& a( @, ¢) Z(hih vs.sir*y plots for ground Ni alloy. Measurements

presented for incident angles: 5°, 15° (MGIXD). The theoretical cobtained using XSF
calculated from single crystal data using free surface (a) and Kignaogels.
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Fig. 6.28. Example of th& a( @, ¢/) >4 Vs. siny plots for polished austenite stainless steel.

Measurements performed by MGIXD for incident angles: 5°, 15% theoretical curve
obtained using XSF calculated from single crystal data usiegsingace (a) and Kroner (b)

models.
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Fig. 6.29. Example of the<a( @ ¢) Zihip VS. sinfy plots for CrN coating. Measurements

performed by MGIXD for incident angles: 5°, 15°. The theoreticaye obtained using XSF
calculated from single crystal data using free surface (a) and Kignaogels.
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Finally, the results of residual stress analysis in anisatregunples are presented in
Fig. 6.30 where the dependence of stresses and strain free teasarseinformation depth is
shown (Eg. 3.4). Analysis was performed applying XSF calculatedebfree surface model

with refraction correction or without this correction.
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Fig. 6.30. Residual stresses, strain free lattice pararaatép parameter (in the case of
austenitic sample) in function of the information depti{see Eq. 3.4) determined with and
without correction refraction effect index for ground Ni alloy (YN coating (b) and
polished austenite stainless steel (c).
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Analysing the results from Fig. 6.30 it can be conclude:

. Tension stresses were found in the ground Ni alloy sample (seds $ generated

due to temperature gradient during grinding). Residual stresselarge and constant for

different incident angles in the direction of grindir@ég- along ridges and furrows), while it

. . . . . |
IS much smaller and decreasing to zero value at surfacerfoermicular direction @), see

Fig. 6.23. This effect can be easily explained due to shadows for the X-raychaaing from

the ridges which are important when the measurement is perfanmiednsfers direction

( 01'1 are measured for the top ridge where its relaxation close teutfece is very large).

The stressdé2 Is measured for the ridges and furrows as well (no shadow) a@oest not

relax significantly at the top of ridge (in direction of grinding). Htandard measurements
confirm tendency of stress evolution in larger depth. It should lmeesghasised that no
significant difference was observed for the stresses detatrtakang into account refraction
correction and without correction. This is because the shift of ffraafion peak is very
small in comparison large shift caused by large stressrn(stHowever, we can see influence
of refraction on the value of strain free lattice paramagert should be underlined that
determined value o#, is constant for different depths (even for so large stresdésg
refraction correction is not applied and the correction causes unespeatiation ofap.

It means that refraction should not be taken into account due to veryn mwface
(R=3.3um).

. Compressive very large stress was found in CrN coat'aq'g (:0;2 was assumed

because of fibre sample and process symmetry). It resultsdiffarent shrinking amplitudes
of the CrN layer and the steel substrate during cooling (thermal expansion coefficients
are, respectively 6 x 10K [103] and 11-12 x 1& K [104, 105]). It should be noted that the
observed important compressive stress is caused not only by therédune effect but also
due to the peening of the growing coating by accelerated atotesdiffusion and the
reactions with the substrate [105, 106]. A similar level of thessés in the CrN coating
deposited on the steel base was previously observed in [101, 105, 106]. Bantple the
stresses are so large that the effect of refraction correctidatisely small (Fig. 6.30Db).

. Compressive stress was determined in polished austenitic samgter Kalue of

compressive stress was found in the direction in which the laghpg) was applied

(.e. |0, > |0y, ) and the stress in transverse directiar, () relaxes close to the surface.
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This effect is very similar to this observed in ground Ni atlaking into account that ridges
and furrows were created in austenitic sample (with small rosghRe-0.13 um) along
direction of the last polishing. The dependencegofs. depth is not constant but the variation
is rather small. Concerning probability of stacking fault finditngan be seen that it decreases
with penetration depth. Fitting or not fitting of thgparameter does not change the results of
calculated stresses arg (but quality of fitting is better, see Fig. 6.31). This is because

p influence only deviation of points from the straight line<i@( ¢, ¢) Zihiy VS. sirfy plot

but does not change its slope. Finally, it can be concluded that régidtence between
results corrected and not corrected for reflection effeceass significantly for incident
anglea < 1¢ (< 2.4um).

0 0
N N 3.596

= = o =
®* p#0 K ®* p#0 . 0
100 3505 p#

N 1 T = !

-100 A

6, (MPa)
0,, (MPa)
a®

3593
-400 4

3502
-500 -500
-600 -600 3.501

-700 -700 3.590

T (um) T (um) T (km)

Fig. 6.31. The influence of fitting or not fitting of theparameter on the results of calculated

stresses anah parameter.

6.4.CONCLUSIONS

In this chapter the interpretation of the MGIXD was sigaifitly developed in order
to determinec/a parameter in hexagonal materials and the probabilities of firetamking
fault p between neighboring planes {111}. The methocc/af determination was tested on
polished Ti (grade 2) sample showing that for the material hdeimglastic anisotropy the
stresses, strain free parameigas well as/avalue can be determined using presented in this
work self-consistent iteration method (the experimental valuesndetd in the case of
tensile as well compressive stresses were compared wiidtlite). Significantly better fitting
of the theoretical values to experimental ones was obtained ela@ras adjusted. It should
be underlined the/a value can be estimated in good approximation for elasticallofsot
material (as Ti) or if the XSF are known (measured or ieefif The second case was not
considered in the present work but this test is an important issfierther development of

MGIXD method (using for example elastically anisotropic Zr allaygia).
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Probability of finding stacking faui was determined for polished austenitic stainless
steel (alloy having low stacking fault energy). Reasonable saleee ofp was determined in
the case compressive stress in the polished sample. Simitadatiain has been done
previously for ground sample (the same austenitic steel) byniarski [20] receiving similar
value ofp. This methodology also requires knowledge of XSF for anisotropicrialafeke
austenite stainless steel). This is why it is importanveadfy different models of XSF
calculations what has been done in the second part of this chapter.

The best verification of the XSF can be done measuring ladliagve strains during
tensile test (we avoid influence of initial residual stresstgcking faults, systematic errors

due to misalignments, refraction and other effects). From the pexfbtests it is evident that
both the experimental and the calculatsd( & ¢) >{rf]'k|} vs. sify functions based on

different hkl reflections exhibit nonlinerities in the case of sample haelagtic anisotropy
(austenite stainless steel), in contrary for elasticatyropic sample (like Ti) this dependence
is almost linear. Anisotropy of XSF was also observed onhkB & a(4,y) > vs.siny plots
obtained when the residual stresses were measured in Mi allstenite stainless steel and
CrN samples. In view of the nature of presented results obtainedM&i¥D and standard
method, it can be concluded that Reuss and free surface grain iateracdels are in the
best agreement with the experimental results. These modelst iefthe best way the elastic
anisotropy of the studied samples. This conclusion does not agrethavifinevious studies
[1] in which the Kroner type XEC/XSFs were positively verified quasi-isotropic materials
(without texture) or in some cases for textured sampled@jever, it was also shown that
in the case of textured samples the anisotropy of XSF isrlptdicted by Reuss or free
surface models than by the Kroner approach [1,100]. The coupling of thes gnathe
measured sample depends on the material but also on the depth absamples surface.
Indeed in the case of MGIXD method the penetration depth is usoaity than in the case
of standard measurement, thus the conditions of free surface &ee fodfilled for the
measured volume.

Concluding, reliable diffraction stress analysis is only possillien an appropriate
grain interaction model is applied for anisotropic sample. Theréf@rdree surface model
(having physical explanation in contrast to Reuss model) was appléedermine probability
of finding stacking fault4) in polished austenite stainless steel. In this chapter thepbes
of stress analysis for isotropic (W) as well anisotropic sasmapmples (Ni alloy, austenite

stainless steel, CrN) were performed taking into accounts uncertainty dérattioe effect.
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7.MGIXD METHOD USING DIFFERENT WAVELENGTHS OF

SYNCHROTRON RADIATION
In the previous chapter the role of XSF, refraction and othert effiseencing results

of MGIXD measurements were considered. In this part the attemtill be paid on the
possibility of measuring stress evolution vs. depth below the samgbres. Moreover the
methodology of data interpretation is developed in order to treatotiééned not only for
different incident angles but also using simultaneously differ@velengths. Finally, it will
be shown that using our software also the results of energy dispedsifraction
measurements can be successfully treated. Therefore, the atewaétd method is not only
‘multi-reflection’ but also ‘multi-wavelength’. The advantage tbe method is that more
experimental data are available to calculate the strelskesover, application of different
wavelengths enables verification of the MGIXD measurements.

The preliminary experiments were performed for two samplbiiixg low crystal
anisotropy: Al — fcc structure and Ti — hcp structure, using X-HRhilips X-ray
diffractometer (Cu K radiation) equipped with a Gdobel mirror in incidence beam optic
(Table 5.4). The results obtained using classical X-ray diftnactwere verified by
synchrotron radiation in order to test the MGIXD method and to pigcisignate the
variation of stresses in function of depth. Measurements were mpedoat G3 beamline at
the DORIS Il (HASYLAB) storage ring. For selected sampM&IXD geometry was used
to measure stresses at different depths below the surface.

Secondly, selected samples which did not exhibit the stresegradnen measured
on the classical diffractometer, were investigated using ERE&thod with the synchrotron
radiation at BESSY (EDDI beamline). This method was used forpethe measurements in

the deeper regions of the sample in order to reveal if the stress gradignst oc
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7.1.X-RAY MEASUREMENTS
At first measurements were performed using MGIXD methodh dPANalytical —

X'Pert MRD (AGH, Krakéw) and PANalytical - X’Pert MRD (ENSAM, Rg¥both equipped
with a Gobel mirror in incidence beam optic (configuration given ibl&d&.4). The Al2107
alloy and Ti samples were ground or polished. In the case of gyititinspeed of rotation of
the grinding wheel (external diameter equal to 300 mm, internaletiénequal to 127 mm
and width equal to 40 mm) was 2000 rpm while the work speed wds.nSeveral passes
were carried and in each pass the layer gfirfdfOvas removed. Such treatments were applied
for Al2017 alloy and Ti (grade 2) samples (compositions are givdialae 6.1). Two types

of mechanical two-directional manual polishing were applied for other samples:

[) with 5 steps using emery papers: 800, 1200, 2000, 2500, 4000 grit and the last
treatment was performed with pressing force of 5 N, nexslpialy paste was used for final
treatment (size of the polished surface: 1.5 mm per 1.5 mm);

II) one polishing with emery paper 2000 grit and without any pressing.

Polishing type | was applied for the Al2017 and Ti (gradea®)@es, while polishing
Il was performed for Al2017 and Ti6Al4V alloys (composition given @bl 5.1). The
surface roughness ;Rparameter for all mechanically treated samples was @gathir
Table 7.1.

Table 7.1. Values of surface roughness parametgfgRinvestigated sample.

Surface treatment Hum)
Al2017
Polishing type | (5 N) 0.13
Polishing type I 0.27
Grinding 1.18
Ti (grade 2)
Polishing type | (5 N) 0.04
Grinding 1.87
Ti6AI4V
polishing type Il 0.29

The orientation distribution functions were determined using Cu tradlidor all
mechanically treated samples (Fig. 7.1). It can be seen thalirgyiprocess change texture
significantly for both Al 2017 and Ti (grade 2) samples. Initiatuex (before grinding) for Ti
sample is given in Fig. 6.9, while the initial texture of Al2017 wbsost random. These
texture has not sample symmetry and the ODFs are presenté fgr < 360°. Polishing
also modifies texture but the changes are smaller, i.e. thedextt Al 2017 remains almost

isotropic after both types of polishing, while the preferred textuentations in Ti (grade2)
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are shifted with respect to the initial after polishing typBdlished Ti and Ti6Al4V samples
exhibit orthorhombic sample symmetry, and the rarfge/9 < 90° was shown.

Ti (grade2) grindin,
{grared) o 5.32

Al 2017 grinding

S 0°<Q,,0 <90°
217 pollhlng ty|

= . V b '. 2 1 0
049 X oee L’ 0°< §<90° 0°< P, <60°
I (5N)

¢ 0°< (0 <60° 0.18
Ti6AIl4V polishing type Il

1.68

1.16

AT
0°<P1<360
0°<@,,9 <90°

0.65

0.14

a)

Fig. 7.1. Orientation distribution functions (ODF) determined using Giatian for ground
and polished Ti, Ti6Al4V and AlI2017 samples. The ranges of Euler adglesnding on
sample and crystal symmetry are given.

Al samples

The example peak profiles for powder Al, polished (type Il) and gfr@laminum
alloy obtained using pseudo-Voigt function, are presented in Fig.7.[2 wie example
<a(@ay)> my vs.sirfy plots are shown in Figs. 7.3 for polished (type Il) and ground Al2017,
respectively.
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Fig. 7.3. Example of thea(@)>mu; Vs.sinfy plots for polishing type Il (a) and grinding (b) Al2017 samplesdifferent penetration depths. Significant
difference between plots fgr= 0° and¢ = 9¢ is shown in the case of ground sample.
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Analyzing peak profile it can be concluded that the polished asaw/gifound samples
exhibit significant broadening of diffraction peaks in comparison whttse obtained for
recrystallized Al powder. The peak profiles can be successittiyl foy two pseudo-Voigt
functions corresponding to Kand K, lines. The<a(@)>«; Vs. sirfy plots werefitted
using procedure based on Eq. 3.23, in which the XSF calculated by Krottewdnieom
single crystal elastic constants given in Table 3.3. Becaluk®v crystal anisotropy for Al
samples all methods of XSF calculation give almost the sasutsemoreover effect of
texture is also not significant. As shown in Fig. 7.3 signifiaifierence between = 0° and
¢ = 9¢° was found, while no such difference was observed in the case of polished samples.

The in-depth stress arag lattice parameter profiles as a function of penetration depth
(z) determined for different incident angles for all studied Al2017 samples are compared
with measurements performed for Al powder sample (Fig. 7.4).aEen correction was
taken into account; however it is not significant for the studied rahgecident angles as
shown in Fig 5.10. Moreover, the stresses obtained using two methodsefionidation of
peak positions were compared in the case of sample for whicls gradient occurs
(polishing type 1), i.e., fitting by pseudo-Voigt function (Fig. 7.5ap aenter of gravity
method (Fig.7.5b). Analyzing Figs. 7.4 and 7.5, it can be concluded that:

» Stresses close to zero were measured in Al powder.

« Tensile stresses were generated after grinding. This iedalise to temperature
gradient effect because of interaction between sample body andge#ted surface
layer (this layer contracts during cooling). The stress alomgtibn of grindingsy; is
higher than in the transverse directieg,f. No significant evolution of stresses occurs
in the depth penetrated by X-rays.

» Compressive stressesg, =~ g2, were found in the polished samples. No significant in-
depth evolution was found for polishing type | (5N pressing force),ewsiitess
gradient occurs after type Il of polishing.

* No significant in-depth evolution was found fay lattice parameter. Large difference
was found betweea, determined for Al powder and Al2017 alloy.

* Approximately the same stresses were obtained using both methaetéomining of

peak position (fitting with pseudo-Voigt and center of gravity - CG).
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Finally, the Williamson-Hall method was used for investigationthad in- depth
evolution of root mean square of the third order strain and cristsifie (coherent domain).
The fitted linear functions to the experimental points in WilkamHall method for both
polished and ground AlI2017 are presented on Figs. 7.6. The calculated results arezdnmari

in Table 7.2. As the reference the Ltgibwder was used.

0.00006 - - 0.00006 ) - > &
= MGIXD experimental points « =5 = MGIXD experimental points « = 5° q
® MGIXD experimental points « = 15° L] = MGIXD experimental points « = 15° = =
0.00005 linear fit for « = 5° ﬁ 0.000055 I!near L 15’3 g A
linear fit for o = 15° > linear fit for « = 5 .
0.00004 - a . 0.00004 =
o Q[
S g < oA
£ 0.00003 . £ 0.00003 = g "
‘“‘é : ° e = Ng :?: Q “="
+2 0.00002 - . < 5. 8 g «2 0.00002 - S
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8 ) ) g
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Fig. 7.6. The linear function fitted to the experimental data itiaNison-Hall method for
polished — type Il (&) and ground (b) Al2017 samples (analysis vetis€san approximation,
see chapter 2.3.1).

Table 7.2. The root mean square of the third order stné(rf()) and crystallite sizelY)

calculated with Williamson-Hall method for Al 2017 ground and polished (typertiples.

a(®) T (um) V<& > D (&)
Al2017 polished (type I1)
5 5.8 0.0017 +0.0002 619 +231

15 14 0.0015 +0.0001 540 £+ 94
Al2017 ground

5 5.8 0.0019 +0.0001  --- = ----

15 14 0.0016 +0.0001 791 £168

It can be concluded that similar values of the third order st(%}(msz> ) were found

for polished (type II) and ground samples. The stré(rxz> decreases with depth. Large

uncertainties of the determined crystallite sipd gnable study oD evolution with depth.
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Measurement oD is close to the limit of method sensibility, i.e. ofdysmaller than about
500 A can be measured using applied configuration of the diffractonmiagtrufnental

broadening is about FWHMLgo-~ 0.3° verified using LaBpowder).

Ti samples
As it was mentioned the second series of samples was pregaredifand Ti alloy.

The example of peak profiles for all investigated samples anpgowder, obtained with
pseudo-Voigt fitting function are presented in Figs. 7.7 and 7.8. Thepéxa@a @¢)> ik
vs. sirfy plots for polished (type [Ji6AI4V alloy are shown in Figs. 7.9, while similar plots
for Ti (grade 2) sample were already presented in Figs. 6.1 and 6.2 (chapter 6).
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Fig. 7.7. Example of the peak profiles for ground Ti powder (a); and Ti (grade2) polgleedb) and ground (c), fitted by pseudo-Voigt function.
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Fig. 7.10. The in-depth profiles of stregsg,andc/a parameters for mechanically polished (type I) and ground Ti- gradenples and polished (type II)
Ti6Al4V alloy, as well as the reference powder sample, obtained by MGIZibad (Cu K radiation and pseudo-Voigt profile used for fitting).
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Fig. 7.11. The stress in-depth profiles (stregsand c/a parameters) for mechanically polished Ti6Al4V alloy (typerigasured by MGIXD method.
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145



Similarly like for Al2017 samples, the polished and ground Ti samgdasbit
significant broadening of diffraction peaks in comparison with statljzed powder. The
pseudo-Voigt functions fit correctly the experimental peaks medsime ground or
polished (with pressing force equal 5 N - type 1) Ti (gradea®)e while disagreement
between theoretical and experimental profiles was found in theotgs#ished Ti6Al4V
alloy (type Il); see asymmetries indicated by arrowsFig. 7.8. The disagreement is
particularly evident for higi2g angles. Thesa(@¢)>m; Vs. sirfy plots werditted using
procedure based on Eqgs. 6.1 and 3.23, in which the XSF are calculatedney iethod
from single crystal elastic constants given in Table 3.3 @agarameter was adjusted.
Similarly, as in the case of Al sample low crystal anisgtropuses that the choice of
XSF model and crystallographic texture is not significant. It shiwdstated that the
a(@W)> iy vs. sirfy plots were limited to the range sif¥y for which acceptable fitting
of pseudo-Voigt function was obtained (Fig. 7.9).

The in-depth stress and lattice parametegsafd c/a) profiles as a function of
penetration depthr were determined from measurements performed for differeicleinic
angles ¢), and compared with analogical measurements performed for tipewder
sample (Fig. 7.10). Refraction correction (taken into account) isigatficant for the
studied range of incident as shown in Fig. 5.11. The stresses dbteing two methods
(fitting by pseudo-Voigt function and center of gravity) for deteritgmaof peak positions
were compared in the case of polished Ti6Al4V alloy (type IhikEkng significant stress
gradient (Fig. 7.11). Analyzing the presented above results conceesidgal stresses for
Ti and Ti alloy samples, it can be concluded that (see Figs. 7.10 and 7.11):

» Stresses close to zero were measured in Ti powder.

« Different types of stresses were generated after apphchbth surface treatments,
l.e. tensile stresses after grinding (higher stress alomgtdin of grinding) and
compressive stress after polishing. No significant evolution a§sstseoccurs in the
depth penetrated by X-rays for ground and polished (with pressing &acg)les,
while the significant gradient of stresses occurs for polisheadldy in accessible
on the classical diffractometer range of penetration depth.

* No significant in-depth evolution was found feg and c/a parameters for all
measured samples. The valueslattice parameters for Ti (grade 2) polished and
ground samples are comparable with each other and are close tattite

parameters of powder sample (similar to the values chamotepure material:
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a = 2.95111 + 0.00006A, and c/a = 1.5873 [93]). On the other hand the value of
the lattice parameters of Ti6AI4V alloy, as it was expected, msfgigntly different

from those obtained for Ti (grade 2) sample (Ti6AI4V parametsrscise to
ap=2.9323 A andt/a = 1.5957, obtained by Bernier et al. [107] for similar alloy,
using synchrotron radiation).

The determined/a parameter does not depend on depth if stress gradient does not
occur, thus for Ti powder and polished or ground Ti (grade 2). However, in the case
of stress gradient in polished Ti6Al4V allaya exhibits small monotonic in depth
dependence which is slightly more significant in the case of gi&hn by Kroner

than in the case of free surface model (Fig. 7.11a). On the other haral, sheovs

small deviation close to the surface, which in turn, is smalleKféner model

(Fig. 7.11a). Because the deviationsagtirec/a are small and could be caused by
another reasons, it is not possible to decide which model beterilmbs grain
interactions in the studied sample. However, the hypothesis that skelaxation
close to the surface causes different grains interactiorffatedit depths should be

in future verified.

Different values of stresses aaglandc/a parameters were obtained depending if
the peak positions were determined by fitting pseudo-Voigt functi@aloulating

the center of gravity (Fig. 7.11b). This important problem will be consitim this

work and it is expected that such difference is due to asymiepgak caused by
stress gradient (the measured peak is integrated from diffeegtlis exhibiting

different lattice strains).

Williamson-Hall analysis was used for investigation of thedepth evolution of

root mean square of the third order strain and crystalliee(s@zherent domain). The fitted
linear functions to the experimental points in Williamson-Halthuod for investigated Ti
samples are presented in Fig. 7.12 (as the reference theploa®ler was used). The

calculated results are summarized in Table 7.3.
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Fig. 7.12. The linear function fitted to the experimental data iidson-Hall method
for Ti (grade 2) polished — type | (a) and for polished (type 1§ARYV alloy (b) -

Gaussian approximation.

Table 7.3. The root mean square of the third order st;#tsz()) and crystallite sizel)

calculated with Williamson-Hall method for Ti and Ti6Al4 samples.

a (%)

T (um) J<gr> D (A)

Ti6Al4V polished — Type lI

15

0.9 0.0018 +0.0003 438 +143
2.1 0.0006 +0.0006 408 * 66

Ti (grade 2) polished — type |

15

0.9 0.0025 +£0.0001 501 +123
2.1 0.0016 +0.0002 430 =83

Ti (grade 2) ground

15

0.9 0.0039 +0.0008 238 +152
2.1 0.0020 +£ 0.0002 474 =163

The values of the third order strain <(sz>) in polished (type 1) and ground

Ti (grade 2) samples are higher than in Ti6Al4 alloy, for Whiolishing type Il was

applied. In all samples the straig{<£2> decreases with depth. In the case of slightly

polished Ti6Al4 alloy very small value of straiq<£2> was measured in the depth

7=2.1um where material is not deformed plastically. Similarlyf@asAl sample due to

large uncertainty of the determined crystallite size the stu@yefolution is not possible.
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As mentioned before, the clasicall X-ray measurements weir@raduction to the
study performed with synchrotron diffraction. X-ray measurementbled to choose
appropriate samples, i.e. the samples having important in-depth gsa(#¢?017 and
Ti6Al4 - type 1l of polishing). Next these samples were studieagusimilar wavelengths
(energies), as used on the laboratory diffractometers, with tnmh radiation.
Additionally for the ground and polished (with pressing force) Tadg 2) samples much
higher energies was used (EDDI — energy dispersion diffraction) to stueg behavior in

deeper layers.

7.2.SYNCHROTRON MEASUREMENTS USINGMGIXD WITH DIFFERENT

WAVELENGTHS AND INCIDENT ANGLES
The results for samples exhibiting a high in-depth stress gtadiee results

obtained using classical X-ray diffraction) were verified usiggchrotron radiation. The
experiment was performed at HASYLAB, DORIS Il storage rimgn beamline
G3 spectrometer, using soller collimator (with divergence 0.15°) antllstion detector.
The double-crystal germanium monochromator was used. The beam dimersion
monochromator was about 5 mm per 10 mm. All monochromator movementsinvere

by stepper motors. The tilted gold mirror was used for suppressiotineotigher
harmonics. The advantages of synchrotron radiation are its perédimation,
monochromatization, high intensity and possibility of wavelength vanatMoreover,
very valuable advantage is that penetration depth can be change for the sameangige
by changing wavelength. In Fig. 7.13 the penetration depths foratifferavelengths are
shown. Three different wavelengths=(.2527 A,A =1.5419 A and. =1.7512 A) were
chosen and the incidence angle$, for which the penetration depth is the same, were
calculated. The important question verifying the methodology wiag ifame stresses will
be determined for such combination of wavelengths and incident afigilessets of
incident angles and wavelengths corresponding to the same penetrgiibs dere
determined drawing horizontal lines in Fig. 7.13.
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Fig. 7.13. The penetration depth vs. incidence andbte Al (a) and Ti (b) samples. Curves
for three, different, selected wavelengths are shown. Horizomtes lare drawn for
constant penetration depths.

Al2017 sample
Fist studied sample was mechanically polished (type 1l) Al 2017 allowlich the

significant gradient of stresses was determined using céssiay diffractometer. The
MGIXD method with radiations having three different wavelengths1.2527 A,

A =1.5419 A and. =1.7512 A were applied. Synchrotron radiation enabled to extend the
penetration depthr) for which the stresses are determined. The measured peaks were fitte
by the pseudo-Voigt function. The example of peak profiles are presented in a Fig. 7.14.
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In the case of synchrotron radiation having better resolution (Fyydv= 0.1°) in
comparison with X’Pert PANalitical diffractometer (FWHiyo-= 0.3°) the diffraction
data measured at G3 spectrometer shows more accurate peadspdihsequently peak
asymmetry occurs when peaks are fitted by pseudo-Voigt furetidrihe physical reason
of this asymmetry will be discussed later (Fig. 7.14).

In order to check agreement of the in-depth profiles obtained féeretfit
absorption of synchrotron radiation (depending on energy), the stresssmspanameter as
the functions of penetration deptt), (were determined for each wavelength independently.
The positions of peaks were found by fitting of pseudo-Voigt functiog. (F15a) or
calculating the center of gravity (Fig. 7.15b), and next thenditprocedure based on

Eqg. 3.23, with Kroner, XSF was applied to calculate the values ofsste,,' =0,

(this assumption was previously confirmed by X-ray measuremantsp, parameter.
When peaks were fitted by pseudo-Voigt function, a very good agréewas achieved
between data obtained using synchrotron radiation (for three difieeseiengths) as well
as classical diffractometer (preliminary measurements oNaB#ical — X'Pert MRD
(ENSAM, Paris)). If the peak positions are calculated as cehtgravity (Fig. 7.15b) the
agreement is worse but the stresses are still equal, in thginn@ uncertainty, for
different wavelengths and classical diffractometer. Bothhous (pseudo-Voigt and center
of gravity) give very similar results. To confirm that the dateed stresses really depend
on the penetration depth and not on the geometrical conditions alsodbsestas the
function of incident anglex were drawn in Fig. 7.16. As expected, due to different
absorption significant difference of stresses measured wittreliff wavelengths are seen
for the same value aefangle.
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The agreement between results obtained with different waveleraiibws
developing the MGIXD. The idea is to colleca(@y)> iy values corresponding to the
same penetration deptton the samsir?y plot. Therefore<a(@¥)> iy vs.sinfy curves
(containing information obtained using different wavelengths) are pess@mt separate
plots corresponding to chosen penetration depths (Fig. 7.17). Subsequenthg fostt
time the MGIXD method based on Eq. 3.23 was simultaneously applied lifor a
<a(@y)>mky values measured at the same penetration depth and being combination of
chosen wavelength and incident angle (XSF calculated by Krie#nod). As seen in
Fig. 7.17 the experimental points are close to the fitted linesystdmatic decrease of the
negative slope of thea(@y)>my Vs. sirfy plot (representing compressive stress) with
penetration depth is seen for both experimental and fitted resultsstidss in-depth
profile obtained with the developed method is presented in Fig. 7.18a. Theaagvaht
this approach is that each point on the in depth dependence was obtaioedy rvaith
different reflectionshkl corresponding to different incident angles (multi-reflection) but
also with different wavelengths (multi-wavelengths).

Having values of mean stress vs. penetration defiik variation of stress vs.—

‘real depth’ can be calculated using the inverse Laplace tramsfpplied to polynomial

function (see chapter 3). It was found that the solutiarig) ) are similar for polynomial

of 2" and ¥ degree as presented in Fig. 7.18b.
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Fig. 7.18. The stress profile for polished Al2017 sample for all exeetal points
obtained for three different wavelengths as a function-openetration depth (a) arxd
real depth in sample (b). The uncertainty bounds are given for polynomi&ldecee.
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Although the stress profile was found and presented in Fig. 7.18b twotampor
guestions must be answered, i.e.:
a) for which maximune- depth the presented approximation can be applied, and
b) does the determined stress gradient explains asymmetry o&ctdft peak

measured using synchrotron radiation?

To answer the above question the inverse analysis was performedssieming the

determined stress distributiarn,(z) the experimental results were simulated.

a) The mean stress denoted bY(r) and calculated using equation:
o; (1) :jq; (2)€”" dz J. " d (7.1)
0 0

up to different limitsx, instead ofx - « as in the real thick sample (whewg (2)

is the dependence of stress vs. real deptiihe results were compared with the
measured mean stresses which should correspond to the reedleyl@t) values.

It was found that the recalculated profiles does not changdisagmiy and agree

with experiment if the integration is performed at least ug 040 um, i.e. the

stresses over 40m does not influence significantly measured values. Therefore,

the distribution of stressew),(z) up to the depth of 4Qum was correctly

determined, however it was not proved that the solution is unique.
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Fig. 7.19. The stress profiles for polished Al2017 samplgiz) calculated from inverse
Laplace transformg;,(r) measured or recalculated from,(z) using Eq. 7.1. Polynomial
of 2" (a) and &' (b) degree were applied to fit the, (r) experimental values.

156



b) The experimental diffraction peak profiles were simulated. Eaek pvas modeled
as superposition of pseudo-Voigt functions having positions corresponding to the

interplanar spacing modified by different stressg$(z) at different depthsz.

In calculation of lattice strains the XSF (Kroner method) wesed. The main
problem of such modeling is that both FWHM amdcontribution of Lorentz
component) are unknown and they can depend on the depttly the dependence
of peak intensity is known and described by absorption law. In this vinerk t
n parameter was assumed constant for different depths and it teasided by
fitting pseudo-Voigt function to experimental peak for gived reflection (and
correspondin@d ). In the simulation, the superposed pseudo-Voigt profiles were
weighted by intensity depending on absorption (corresponding to the zjegtd
different dependences of FWHM on the depth were assumed in ordgproduce
one of the most asymmetric peaks $1.5419 A, 20 ~ 38.6° and a = 15).
The following in-depth profile of FWHM b was assumed:
b=, +hexp(-z/¢) (7.2)

wherebyg is the FWHM forz - « andg, b; describes the evolution of FWHM for
decreasing depth caused by microstructure variation due to polishing.

The evolution of FWHM described by Eq. 7.2 and arbitrarily assuming
bo = by with different & parameters is shown in Fig. 7.20. It was found that the
experimental asymmetrical peak<1.5419 A 20 ~ 38.6" anda = 15) is correctly

modeled for&=10 um and by = bs. In calculations the determined;,(2)

dependence was used and the model peak profiles were compared with
experimental points as well as with calculations assuming zsress

(see Fig. 7.21a). In Fig. 7.21b similar comparison but assuming const&iivIFsV
shown. Important question is if the other peaks (at differen®0 and for
different) are also correctly reproduced for the FWHM evolution described by
=10 um. In this aim different peaks were modeled assuming the sanagivaof
microstructure (described b§=10 um) and stress dependeneg,(z). Only the
values of by (assumingby = b;) was adjusted for different reflectionskl

(see Table 7.4). In Fig. 7.22 the experimental profiles were compathdthe
modeled ones assuming stress variaégj{z) or stress equal to zero. Very good

agreement between experimental and theoretical peaks confirmthé¢her,(2)
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function correctly describes in-depth stress dependence. Moreovan kecalso
seen that the stress gradient differently influences theadiifbn peaks measured
for different penetration depth. If penetration depthis relatively small (in
comparison with stress variation distance), compressive strasescaignificant
shift of the diffraction peakt(= 3.7um, T = 5.9um in Fig. 7.22 and = 2.6um in

Fig. 7.23), while for deeper penetration depth=(14.5um, t = 17.5um in
Fig. 7.22 andc = 31 um in Fig. 7.23) the peak is not much shifted but significant
asymmetry appears due to superposition of the intensities frgimnsewhere

compressive stress decreases and next change to tensile one.

—————— &=3um
=A &=10 um
\ e constant FWHM

Fig. 7.20. Variation of FWHM described by
Eq. 7.2 with different values of parameter
(assumindyg = by).
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Fig. 7.21. Comparison of diffraction peak profiles: experimental, sitedl!for g/,(2)

stress function and assuming zero strgs4.6419 A, 20 = 38.6 anda = 15). Results for
FWHM variation described by Eq. 7.2 wigs10 um (a) and for constant FWHM (b) are
shown.
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It can be concluded that inverse analysis (integration of stre&d with intensity

weight) allowed to determine range of the depth from which dinesses influence

diffraction results (about 40m), i.e., for which theg;,(z) was determined. Moreover, the
inverse analysis applied for peak profiles confirmed the stresbdt®n given bya,, (2) .

In the latter calculation increase of FWHM for the peaks ngrfriom the regions closer to
the surface was assumed. This effect is due to microstrwttange caused by mechanical
polishing (increase of number of defects and decrease of Gtgstaldeformed material).
It should be mentioned that similar simulation of peak profile wa® a@one by
Genzel et al. [36] in order to explain influence of stress gradietiteoprofile asymmetry.
However, calculations were performed for one peak in the case afeposited coating,

i.e. when constant FWHM can be assumed.

Table 7.4. Values df, (assumindy, = b;) used in modeling of the peaks for different
260 angles and wavelengths.

A=1.5419 A A=1.7512A A=1.2527A
20(°) | 38.6 827 1382 440 916 1515 31.15 84.8 1327
bo(® |[0.12 0.20 0.75 | 0.12 0.26 0.90 0.115 0.22 0.65
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Fig. 7.22. Comparison of diffraction peak profiles: experimental, sitedl!for g,,(2)

stress function and assuming zero stress. For all pgaks5419 A) the same variation of
FWHM described by Eq. 7.2 witt=10 um was used in calculationby(= b; is given in
Table 7.4).
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Fig. 7.23. Similar comparison as in Fig 7.18 but for example peaksuneeawith
A =1.7512A (a) and=1.2527A (the same variation of FWHM as in Fig. 7.18, described by
Eq. 7.2 with&=10 um was used in calculations abgl=b; given in Table 7.4).

Finally the root mean square straing< £? > corresponding to density of
dislocations but also influenced by stress gradierf(z) were calculated using

Williamson-Hall method for polished AI2017 sample. Fitted linear fonctto
experimental data is shown in Fig. 7.24. The results of calculat®rsiammarized in

Table 7.5. As the reference the Legibwder was used.
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Fig. 7.24. The linear function fitted to the experimental data u¥iAljamson-Hall
method for polished Al2017 (Gauss approximation). Results compered foreniffe
wavelengths but for the same penetration depth (a) and forathe savelength but
different incidence angle (different penetration depth) (b).

Table 7.5. The root mean square of the third order st;#laz()) and crystallite sizel)

calculated with  Williamson-Hall method for Al 2017 polished samples

(different wavelengths and incident angles).

MA) o) T (um) <& > D (A)

1.2527 2.6 5.9 0.0015+ 0.0001 596 = 96
1.7512 7.6 5.9 0.0015+ 0.0001 747 =261
1.5419 5 5.9 0.0016+ 0.0001 915 +413
1.5419 10 10 0.0015+ 0.0001 868 + 330
1.5419 15 15 0.0014+0.0001 438 + 55

1.5419 20 17 0.0012+ 0.0001 553 + 48

It can be concluded that results obtained using Williamson-Hall amadys in

a good agreement for the data collected with different wagtierand comparable with
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those obtained using classical diffractometer (in the margin dadrtamcty). As expected
the third order strain systematically decreases with thehdepghe sample (this supports
the above analysis concerning simulation of peak profiles), howexemtcertainty ob is
too large to determine the variation of the coherently diffraafimgain size with depth.
The results of Wiliamson-Hall analysis have rather qualitatinggacter, showing tendency
of variation, because it should be underlined thattke? > strain is influenced not only

by the defects (third order stresses) but also by the graafistiesso,,(z) integrated over

diffracting volume.

Ti6Al4V sample
Second studied sample was polished Ti6Al4V alloy (polishing typéoilhich

the gradient of stresses was observed for data obtained fromicaladiffractometer
(Fig. 7.11). The example peak profiles obtained using synchrotronioadsipresented in
Figs. 7.25-7.27 (for the comparison the diffraction peak profile fronssidal
difractometer is presented on a Fig. 7.28). In this case strogmgrery of diffraction
peak suggest that two irradiated regions of the sample hawrediff microstructure,
l.e. layer of about 0.5-im which has been severely plastically deformed (region of high
density of dislocations) and the base material, under this layenghauch lower density
of dislocations (smaller plastic deformation). Indeed the diffracpeaks can be easily
separated into two pseudo-Voigt functions having different integrdih&iand position
(Figs. 7.25-7.27). This effect was not clearly visible for difiatipeak from the classical
diffractometer because of larger divergence of the beam angréeence of Gy line.
But still it is possible to separate two peaks for chosenlgsoéis shown in Fig. 7.28
(compare also the same peak measured by synchrotron radiatiom shévg. 7.25b).
It should be underlined that in this case the separated peaksergpdéferent regions in
the sample and they can be treated independently. The broad peake(rapgethard’
deformed material in the layer) shifts relatively to themarone (coming from ‘soft’ base
material), i.e. whem=6-a angle increases (together with, for constant) the broad peak
shifts from the left to the right site of the narrow one (Sge 7.25). It was also found that

the relative contribution of the narrow peak increases for deepetrpgon depths when
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larger volume under the layer is irradiated. This effect issqted for chosen

measurements, showing:

» almost constant intensity ratio for differett, but constant ando (Fig. 7.25a and

b), as well as for combinations oainda giving the same (Fig. 7.27);

* increase of the severely deformed (‘hard’) layer contribution wheretgaion

depth decreases, i.e. whendecreases for constaat(compare Fig. 7.25a with

7.25b) or wherl increases for approximately the sam@ig. 7.26).

The above qualitative analysis shows that upper layer is defoemed (‘hard’) than the

deeper base material.
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Fig. 7.25. Comparison of fitted with pseudo-Voigt function peak profides$1.5419 A
and for two incident angles: 5° (a) and 15° (b).
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Fig. 7.26. The example peak profiles for more less the saméemicanglea but for
different wavelengths and penetration depths. Two pseudo-Voigt foaatiere fitted to
the experimental data.
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Fig. 7.27. The example peak profiles for the same penetrationdepitldum.
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Fig. 7.28. The example peak profile obtained using
classical diffractometer and fitted by two peaks.
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At first, the residual stresses were determined usingcdatfparameters
<a(¢.y )>rna VS. sinfy measured by three different wavelengths. Due to the presence of
heterogeneity of the layers in sample the peak position wasydeed by centre of gravity
method (one pseudo-Voigt function cannot be fitted to the measured pEaksij-depth
profiles of the determined stresses(z), lattice stress fre@, and c/a parameters are

compared with those obtained using laboratory diffractometer (Fig. 7.29Kimner XSF

was used in procedure based on Egs. 6.1 and 3.23)
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Fig. 7.29. The in-depth profiles of the stressegz), ap andc/a parameters, for Ti6AI4V

sample. Comparison for three different wavelengths (synchrotrow) laboratory
diffractometer using pseudo-Voigt fitting (p-V) and centre dvgy method (CG) for
determining of peak position.

The in-depth profile of stresses presented on Fig. 7.29 is sirmiflathé three
different wavelengths used in experiment. Furthermore the resbitained from
synchrotron measurements are not far from those obtained on aladifiactometer.
The largest uncertainty and significant shift disagreement ofeshdts (with other data)
was obtained when centre of gravity method was used to determake pgosition

measured on laboratory diffractometer.
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The above results represent an average values weighted by absdmptiomre
superior analysis can be performed for synchrotron data. As itmgationed before the
diffraction peaks can be easily separated into two pseudo-Voigtidoscand the

calculation of stresses can be performed for both of the regiosample. To do this
<a(¢. )>rna Vs. sify functions were determined independently from the positions of
broad (‘hard’ region) and narrow (‘soft’ region) peaks. Eiéy plots are almost linear
(Fig. 7.30) and they allow to determine stresse$z), a, and c/a parameters for each

region, independently. Significant negative slope of the curves sugaegscbmpressive
stress in the ‘hard’ region and almost horizontal lines corresponohdtl stress in the

‘soft’ region.

167



A=1.25A, a = 2.4°

2.94

o

<a(@.P>fhkiy (A)

2.93 A

n
©
N

o soft exp.
soft theor.
120} _{202) {211} {2&3)
0os T 110014} 220}

291 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

sin’y

A=154 A, a =5°

2.94

0

<a(@.W)>{hki} N(A)

N
©
N

o soft exp.
soft theor.
{004}
{%10} {2&1} {100} P
[
{1%2} {533) (202 {114} {302}

291 & ; ; ; ; " " " ; .
00 01 02 03 04 05 06 07 08 09 10

siny

A=175A a=7.6°

2.94

2.93 1

<a(@.W>fhky (A)

o soft exp.
soft theor.
{1!012) {}’12) {203} {114}
TG b
{103} (o1 211}

291 & T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Fig. 7.30. The exampl&a(@y)>may Vs. sify plots for polished Ti6AI4V sample
obtained with three wavelengths and different incident anglgtie same penetration
deptht=0.84um). The plots for the ‘soft’ (a) and ‘hard’ (b) regions agparated. In each

sin’y

a)

A=125A, o =2.4°

2,94

o

<a(@.y)>fhkiy (A)

2.93 1

N
©
N

o

hard exp.
hard theor.

{220}

291 &

00 01 02 03 04 05 06 07 08 09 10

sin?y

A=154 A a=5°

2.94

o

<a(@.P>(hkiy (A)

2.93 A

N

©

N
L

o hard exp.
hard theor.

{110}
g

{302}

291 +

00 01 02 03 04 05 06 07 08 09 10

siny

A=175A, o = 7.6°

2.94

2.93 1

<a(@.W>thkiy (A)

©  hard exp.
hard theor.

2112}

{102}

{114}
[]

fed O
{203} {2113

291 +

00 01 02 03 04 05 06 07 08 09 10

siny

b)

figure experimental data are shown together with fitted theoreties. li

168




x
y 50
0 3
[N
— P ~ ~ -
S 200 =¥
= re
~ '
g -400 f £ A soft A =1.2527 A (p-V)
e} . soft A =1.5419 A (p-V)
L] soft A =1.7512 A (p-V)|
600 4 s { s hard A =1.2527 A (p-V.
. hard A=1.5419 A( p-V
% E L] hard A =1.7512 A (p-V,
-800 : : — #— meansynchr. (CG)
0 1 2 3 4 5 6 7
T (um)
2.934 1.600
2.932 A soft A=1.2527 A (p-V)
| e soft A=1.5419 A (p-V) |
2.930 " soft A=1.7512 A (p-V) 1.598
2.928 |
= 2.926 - 1596 i 3t * 1
o~ ] s = o i & . +
“oea{ * ¥ .5 t
. s
< 2.922 4 (\C‘; 1.594 4 A soft A =1.2527 A (p-V)
2920 *  soft A=15419 A (p-V)
: 4 hard A=1.2527 A (p-V) = Soft A=1.7512 A (p-V)
2.918 4 e hard A=1.5419 A (p-V) 1.592 A 4 hard A=1.2527 A (p-V)
2016 1 = hard A=1.7512 A (p-V) * hard A=1.5419 A (p-V)
= hard A=1.7512 A (p-
2.914 ‘ ; ‘ ‘ ‘ ‘ ; 1.590 ; ; ‘ ‘ ‘ 124 (pV)
0 1 2 3 a4 5 6 7 0 1 2 3 a4 5 6 7
T (um) T (um)

Fig. 7.31. The in-depth profiles of the stressegz) , a; andc/a parameters, for Ti6AI4V

sample. Results after peak separation are plotted as the fuottpmnetration depth.
The results are compared with those obtained using center of graettyod for peak
position.

In-depth profiles of the measured values for *hard’ and ‘sofioregof the sample
are presented in Fig. 7.31. High compressive stress of about 500-700 §/Peehaound
in the layer (irradiated for all wavelengths and geometricatitions), while in the base
material a small tensile stress increases with pertrdépth within the range of about O-
120 MPa. The stress determined using centre of gravity method is mpately equal to
the average from the values measured in the layer and baseamaterghted by the
intensity of reflected beam. For smaller penetration depth contnibaf the layer causes
relatively higher value of the measured stress, while fopetepenetration stress value
approaches to this measured in the base material. It should doencabd that using

synchrotron radiation\e1.2527 A) the stress was determined for much deeper regions in
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comparison with classical X-ray results (in this case stesn the layer cannot be
determined because of very low contribution of the broad peaks). It shouiddedine

that almost the same values a&f and c/a parameters were obtained both for ‘soft’ and
‘hard’ regions (after separation of two peaks), as well ashimmean results calculated

using centre of gravity method. These parameters do not vary with penetration depth.

Now, it is possible to evaluate the thickness of the deformeat.l#s it was
mentioned before, the information gained from the diffraction expatimseweighted by
the absorption of X-ray in the material. On the basis of the expahattgnuation law it is
possible to find the thickness of the layer from the relative iittesif the diffraction
peaks. The intensities of the separated pseudo-Voigt profiles correspaadhe ‘hard’

(Inarg) @nd ‘soft’ (1_ . ) regions of the sample, respectively can be expressed as:

soft

t oz © 2 _t
loars =10 [ @ rdz/jef dz= 5(1— efJ (7.3)
0 0

9z <z 1
Lo =o€ rdz/jerdz= L& (7.4)
t 0

where t is the thickness of the severely deformed (‘hardgrlayndl, is the total peak

intensity.

By dividing both sides of above equations by each other and after dirmpsformation

the thickness of the layer is given by:

t:rln{lh—ard +1J. (7.5)

soft

I
Using Eq. 7.5 the values bfthickness were determined frorf2 for all peaks for which

soft
separation of two peaks is possible (for some peaks the position ofdadih ip the same
and separation cannot be done, however the positions of both peaks canrrbseltte
The results presented in Fig. 7.32 show that the uncertaintyickness increases for low
20 as well as for decreasing wavelengtland not all peaks can be used to determine

thickness of the ‘hard’ layer. In order to precisely estintaethickness of the layer peaks
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with the smallest uncertainty were chosen for each waveleigh.ratio hadlsorr @S
a function of penetration depth for chosen diffraction peaks is presented-ign 7.33a,

where an increase of contribution bf,, intensity with decreasing penetration depth is

seen. The results obtained for three different wavelengths ar®im angles: coincide
when they are plotted vs. This proves that the,lddlso ratio really depends on the

absorption phenomenon.

Knowing the ratio dardlsort ratios the layer thicknesses were calculated. Fig. 7.33b
shows the estimated size of the layer as a function of theragoe depth. As it can be
seen the thickness of the layer is about Ju88and does not change for the data obtained
with different experimental conditions (determirteflickness is constant for various depth

7, penetrated by the beam).
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Fig. 7.32. The thickness of the layer calculated for all used waytbken1.2527 A (a),
1.5419 A (b) and 1.7512 A (c) and for different diffraction peaks.
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Fig. 7.33. The ratiophdlsort (@) and calculated layer thicknesgb) as a function of
penetration depth for chosen diffraction peaks fitted with two pseudo-Voigt profiles

After estimation of the layer thickness it is possible to gmesesults from the

synchrotron measurements as a function of the information depthfined by Eq. 3.4.
Fig. 7.34 presents the in-depth profile of stresses and lattice gt@ramThe results

coming from both parts of the sample are gathered separately.cAs now be clearly

seen there are two regions in the sample: the ‘hard’ region, wheie calculated for

a layer having thicknegs=1.38 um and the ‘soft’ material for whiclz=7 is defined for
the infinite base material, starting at depth of 1uB8 The high compressive stresses is
present in the layer of the thickness up to 1uB8 on the other hand the part of the
sample, deeper than 1.8, exhibits a small value of increasing tensile stress. Valties
calculated lattice parametaganda/c are nearly constant in both parts (Fig. 7.34).

In the above analysis the sample was divided into two differens peaving
different properties and stresses. The reason of such treatrasrthat two peaks were
seen and well separated from the diffraction profile. However, apgoximation is
artificial because the properties of the sample and strdesesxample FWHM) changes
more or less smoothly. Therefore, it is necessary to comparebtagmed results with
another approach in which the stresses change gradually. It ceoméeby using inverse
Laplace transformation for the data obtained from the peak positidesniteed by the
center of gravity method (presented in Fig. 7.29). The assumptionsagproach is that
the evolution of the stresses can be approximated by polynomial i.estefhehange of
stress is not possible. Therefore, the results are ‘smoothediuocl and the separation of
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two profiles should not be seen in the diffraction peak. The resulteointlert Laplace
transform (using polynomial of 2 degree) together with the tewfl peak separation
method are shown in Fig. 7.35. A quantitative agreement of both methakens
i.e. compressive stress close to the surface, zero stredss sarhe depth (2-gm) and
tensile stress in the base material were obtained for both appsalso, the values of
stresses are not very different. Concluding it can be statedhthaesults of the method
with separation of two peaks are more reasonable because tleegdmdirmation in peak
profiles and some smoothing of the stress distribution between twratspaarts of the

sample should not introduce significant errors (a shown using invers Laplace method).
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Fig. 7.34. The in-depth profiles of the stressggz) , ag andc/a parameters, for Ti6AI4V

sample. Results for different wavelengths after peak separation and wsibrivito two
regions in the sample separated by dashed vertical line.
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Fig. 7.35. The in-depth profiles of stresses for Ti6Al4V sample.ulResfter peak

separation and with division into two regions in the sample (poaj;(s_z) ) are compared

with the in-depth stress profile (lines;,(z)) as a function of real depth obtained with
Laplace method (center of gravity for peak position).
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Finally the root mean square strains £ > corresponding to density of defects

and influenced by the stress gradient were calculated usitigardgon-Hall method

independently for two separated peaks obtained from polished Ti6&lldy (the LaB

powder was used as reference). As expected higher value of > = 0.2% - 0.3% was

obtained from the severely deformed layer in comparison with tlse Ibaaterial

(V<&®>=0.08%- 0.1%). For the ‘hard’ region the/<&” > strain does not depend on

the value of penetration depihin the margin of uncertainty), while small but systematic

decrease of/< £” > appears in the ‘soft’ region (Table 7.6). Indeed, the whole volume of

‘hard’ layer always contribute in the broad diffraction peak, wihieegauge volume of the

‘soft’ part increases with larger penetration deptshowing small decrease g £ > in

deeper volumes measured using narrow peak.

The size of coherently diffracting domain was determined onthencase of the

broad peak coming from ‘hard’ region, but still with large uncernyafiieble 7.6). Some

results are not shown because uncertainty exdeeddue. In the case of the ‘soft’ part,

the D size is too large to be determined in this experimentalforesults, i.e., the

experimental uncertainty exceeds few times the obtdinealues.
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Fig. 7.37. Similar presentation as in Fig. 7.36, but the resultscanpared for the same
wavelength (1.5419 A) and for different incident angte.e. for different depths in the
sample). Plots for ‘hard’ (a) and ‘soft’ (b) regions are shown separately

Table 7.6. The root mean square of the strQKEQ) and crystallite sizelY) calculated

with Williamson-Hall method for Al2017 polished samples (differenvel@ngths and

incident angles).

" A a(®) T (um) V<2 > D (A)
Hard region

1.2527 2.4 0.8 0.0020  +0.0005 441 +280
1.7512 7.4 0.8 0.0023  +0.0003 406 +149

1.5419 5 0.8 0.0029  +0.0004  --

1.5419 10 15 0.0020  +0.0003 478 +217

1.5419 15 2.1 0.0021  +0.0001  ---

1.5419 20 2.5 0.0022  +0.0004  ---
Soft region

1.2527 2.4 0.8 0.0011  +0.0002 e
1.7512 7.4 0.8 0.0010  £0.0002 ---

1.5419 5 0.8 0.0013  +0.0001 ---
1.5419 10 15 0.0010  +0.0001 ---
1.5419 15 2.1 0.0009  +0.0001 ---
1.5419 20 2.5 0.0008  +0.0001 ---
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On the basis of presented results obtained measuring meclyampoéished
samples with synchrotron radiation on G3 spectrometer (DESY, HABY,Lit appears

that for three different wavelengths the same in-depth profiles;trefssesojl(_z) were

obtained analyzing shifts of the peak positions. What is more sdtseerfectly agree
with those obtained previously using classical X-ray diffract{®p.k.a=1.54056 A).
As the result, it was verified that absorption phenomenon limits therpgae depth of X-
rays and stress gradient can be measured using MGIXD methtiterifusre, synchrotron
radiation §=1.2527 A) allowed to measure the stress profile for deeper regions
comparison with classical X-ray8&ck.=1.54056A). In all measurements constant and
independent on the depth valuesgéndc/awere determined.

The analysis of peak profiles brings more information concerdegendence of

the stress vs. real deptly((2)). In the case of polished Al2017, the asymmetry and/or
shift of the peak correctly reflects the stress gradielsuleded applying inverse Laplace
transform for theoil(i) function. On the other hand, two different regions having different

microstructure were separated when diffraction peak wasdfitty two pseudo-Voigt
function. (it was clearly seen that the diffraction peak is coegbdsom two profiles).

Finally, the Wiliamson - Hall method was applied to determir@ution of the root mean

square of the straim(<£2> ) from the depth. A small decrease of this value was found for

polished Al 2017 sample and in the soft region of. Significantly, Ia@ strain was

measured in the severely deformed upper layer of polished Ti6AlY. dlhe size of

coherently diffracting domairD)) cannot be determined, because of large uncertainty.
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7.3.ENERGY DISPERSION MEASUREMENT USING SYNCHROTRON RADIATION
In the next experiment multireflection method was applied tlog energy

dispersion method in which white beam containing radiation having elitfevavelengths
was usedX (A): 0.3-0.18/ E (keV): 40-68). The measurements were performed in polished
(type 1) and ground Ti (grade 2) samples on the EDDI beamliBE&SY synchrotron
(Berlin, Germany). These specimens did not exhibit stressegitadihen measured using
laboratory diffractometer (see section 7.1). The synchrotron Wwbaen was generated by
the 7T-Wiggler and passed about 30 m through few optical components upptadbef
the experiment. An absorber mask limits the beam diamet&9tanm per 3.9 mm.
In order to gain required characteristics of the beam, system ofrglifdexs is provided.
The stress analysis was performed using three differertonet(the XSF were
calculated by Kréner model):
e The first was the standaﬂinzw method s - geometry) in which consta2t = 16°

was used. Eack a(¢.y )> ng VS. sify plot was measured for different reflection

hkl using appropriate wavelengths. Due to various absorption corresponding to
different energies (and wavelengths) of radiation, each plot dessrmined for
different average penetration depth. However, the penetration deptt onstant
and variesvs.sirfy .

e Universal plot method (described in section 3.1.2) was applied for 106ti@fl@nd
stresses close to the surface were determined.

e Using multireflection analysis it was possible to separiaée data for chosen and
constant penetration depth (within interval u#i). In this method only values

<a(¢y)>n for the same penetration depth (different wavelengths and

hkl reflections) were chosen to create onéqsiplot. Using iteration fitting procedure

based on Egs. 3.23 and 6.1 the stresses were determined for constant depths.

The example<a(¢ )> g VS. sirfy plots for standard analysis are shown in

Figs.7.38 and 7.39, while similar plots for multireflection method aesgmted in
Figs. 7.40 and 7.41. The comparison of the in-depth stress profiles detemineall

used methods of analysis, is presented in the Fig. 7.42.
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Fig. 7.42. The in-depth profile of stresses for polished (typend) ground Ti (grade 2)
sample. Comparison of the results from classical diffractoni@t&iXD) and synchrotron
EDDI experiment, for which tree different methods of analysisevused (standard $in
multireflection, universal plot). Two different ranges of pen&iratiepth are compared:
a) 0-50um and b) 0-1um.

In the light of presented results (Fig. 7.42) it is visililat tfor the range of the
penetration depth 0-50 the relevant spread of experimental points.oeccursw of the
nature of these results it appears that the spread of thanegptl points is caused by
rather weak intensity of the large energy line which leag®br experimental data fitting.
Furthermore the deeper the penetration depth, the number of ava#dleldions is
decreasing since the small energy lines are no longer sensitthis region. Narrowing
the analyzed range of penetration depth to QubSshows the convergence of the results
obtained from different methods in smaller depths. Moreover the tnmh data
perfectly agree with the results obtained on laboratory ditfiraeter (Cu K radiation)
close to the surface. The results obtained for larger depth thamlthe experimental

points exhibit significant spread and do not agree with the results of standaatime
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Concluding, for the range of penetration depth Qifrd the results of different methods
agree. Results obtained using with synchrotron radiation confirmecksvalf stresses
measured close to surface using Cy fddiation. Moreover, it was shown, that the
multireflection method, in which the experimental data are celieftir the same depth in

one plot, can be used for data obtained with white beam (EDDI).

7.4.CONCLUSIONS
Summarizing the results obtained with synchrotron radiation (MGIlXRan be

stated that using different wavelengths (energies) of radidlie same similar in-depth
stress profiles were obtained. In addition the determined valugsamidc/a vs. depth do
not vary significantly with depth. For the first time also the timeflection method in
which the data for the same penetration depth are selected wassfulty used to analyze
the EDDI data.

Perfect agreement was obtained between the measurementanpdrfasing
synchrotron radiation as well as Cy Kadiation on laboratory diffractometer (for MGIXD
and also for EDDI methods). Certainly, synchrotron radiation withdnighergies allowed

measurements for larger depths in comparison with laboratory X-rays.

Synchrotron radiation (with better resolution) shows asymmetdyfiohction peak
caused by stress gradient. If the asymmetry is small (pdli&i#017) the analysis of this
effect is difficult to analyze directly but inverse analysis. simulation of peak profile
with stress gradient can be used as the confirmation of the stessurements. It also
happens that two regions exhibiting significant difference ofastcucture can produce
big asymmetry of the peak which can be fitted by two peakthi$ case the data can be

separately treated for these regions.

The stress in-depth distribution vs. real deptban be determined from stress
profile measured as the function of information (or penetration) deptig usverse
Laplace transform. In this work the limit effor which the stress dependence is calculated

was established using inverse analysis, i.e. comparing funati¢z) integrated with the

weight of intensity with experimentadijl(i). It should be also underline that it was not

proven that the result of Laplace transform is unique. In the casepafated two peaks
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corresponding to two regions in the sample, the thickness of the uperhaving
different stress and microstructure can be determined analgairtigbution of intensities
of these regions in the diffraction peak.

Finally the Wiliamson Hall analysis allowing determination of the rodmszjuare

strains~/< & > and size of coherent domdhwas used. It was found that the uncertainty

of D is too large to obtain reasonable results when parallel dgoree used in
MGIXD method. The values of < £ > measured using synchrotron and Cur&diations

agree very well. It should be stated that in the case of giradent, the /< &> > value is

influenced by third order stresses but also by the stressopetssity in the measured

volume.
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8. GENERAL CONCLUSIONS
The MGIXD (multireflection grazing incident X-ray diffractiony one of the

methods used for determination of in-depth stress distribution. Such ereasdris
possible due to small angle between incidence beam and sample, samthcensequently
constant penetration depth of X-ray radiation in the studied mat@ii@ information
depth can be changed by setting different angles of incidence.wss presented in the
thesis the MGIXD method has very important advantages in comparighnother
diffraction methods of stress determination. The important feature of this mettinad the
lattice strains are measured in different crystallograpmection and next simultaneously
used in analysis. This enables study of elastic anisotropglarde of appropriate model
of grains interaction for the interpretation of the experimeeallts. Furthermore not only
stresses but also strain fragand alsoc/a (for hexagonal structure) parameters and their

in-depth variation can be determined. Finally in-depth evolution of the reah aquare

strain @ and crystallite size (coherent domain) can be studied usingahVsibn-
Hall method. The main disadvantage of the MGIXD method is the regemteof perfect
adjustment of the experimental setup. To obtain reasonable resulteéiserements must
be performed using parallel beam configuration of the diffractometer.

In this work the MGIXD was developed and applied to measure in-degtbs str
distribution in coating and surface layers of the materials sigojec different mechanical
treatments. The effect of physical and geometrical facdorshe XSA was considered.
The method oft/a parameter determination was proposed for hexagonal samples and the
influence of stacking faults on the XSA was taken into account. &eren the thesis the
mechanical properties of the polycrystals such as: elastiotaopy of elastic constants
and grain interactions were investigated. Different theoretiaalingelasto-plastic
interaction models were considered and applied in XSA. Finally, 8&XM method was
verified using synchrotron radiation and for the first time @swapplied for EDDI
experiment.

In the light of presented in thesis results, the following conclusions can be drawn:

183



« for the samples investigated in the thesis, the LPA correction didnfioénce
significantly the results of XSA, even in the case of relgtivmoad diffraction
peak. However this correction should be always applied when MGIXiZes
beacause diffraction peaks having differgfpositions are measured..

* The refraction can significantly influence the results of M&IXD method.
The new approach, presented in this thesis, takes into account theaefeffect
as well as the accompanying wavelength change. It hasrsthat the effect of
refractive index n<l on the stress measurement strongly dependsuerof/ghe
o parameter (and thereby the type of material), wavelengthdeintciangle.
The study of the literature indicates that also surface rougluagsstrongly affect
the influence of refraction correction on XSA. This problem was ndised in
the thesis but study of the problem would be a valuable addition to the research.

* In the case of parallel beam geometry used for MGIXD method igguos
imprecision does not significantly influence the obtained results, hovepeeial
attention should be paid to adjust accuratelyZfeero position. Moreover, both
statistical error and the misalignment error can be saamfly reduced when the
Gobel mirror is used in the primary optic of the diffractomeiersynchrotron

radiation is applied for measurements.

Secondly in the thesis following issues were developed:

« the method ofc/a determination was proposed and tested for hexagonal samples
with residual stresses (polished Ti - grade 2). It was shbanfor the material
having low elastic anisotropy the stresses, strain freemgdeaa, as well asc/a
value can be determine using presented in this work self-consigteation
method (the experimental values determined in the case of teasileell
compressive stresses were compared with those found in literédigeificantly
better fitting of the theoretical values to experimental ones ebtained wheo/a
was adjusted.

» Probability of finding stacking faulp was determined for polished austenitic
sample (alloy having low stacking fault energy). Reasonadliges ofp but with
very large uncertainty were determined in the case compeessiess in the

polished sample.
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* The influence of XSF (X-ray stress factors) anisotropy on X&& considered.
Verification of the XSF was done by measuring lattice netastrains during

‘in situ’ tensile test. From the presented results it is evit@itboth experimental
and calculated < & @ @) >{rf]'k|} vs. sify functions based on different

hkl reflections exhibit nonlinearities in the case of elasicaflisotropic samples
(austenite stainless steel) but for elastically isotropimpda (titanium) this

dependence is almost linear. Anisotropy of XSF was also observetheon
<a(@Y) >4 vs.sinfy plots obtained when the residual stresses were measured

in ground Ni alloy, polished austenite stainless steel and Crtihgodhe results
presented in thesis, obtained using MGIXD and standard method, shoRetisat
and free surface grain interaction models are in the best agmeenmith the
experimental results. Both models reflect in the best wagldstic anisotropy of
the sample but the free surface model has a physical explanaticmmirast to

Reuss model.

Thirdly, in thesis the MGIXD method was verified using synchroteghation. In this aim

two experiments were performed.

* In the first measurement performed at G3 spectrometeS{DEamburg) three
different wavelengths (energies) of radiation were used in NDGIXethod.
As the result:
o almost the same in-depth stress profiles were obtained foapglied
wavelengths.
0 The determined values af andc/a vs. depth do not vary significantly with
depth.
o Due to its very good resolution of applied synchrotron radiation it was
possible to observe the diffraction peak asymmetry caused by stress gradient.
0 The stress in-depth distribution vs. real deptivas determined from stress
profile measured as the function of information (or penetration) deptly usi
inverse Laplace transform. It should be underline that it was notrptoee
the result of Laplace transform is unique.
o In the case of sample having strong diffraction peak asymmetiisiied

Ti alloy) the separation of two peaks, corresponding to two regiotisein
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sample, was performed and the thickness of the upper layer havierg mlif
stress and microstructure was determined analyzing contributiotensities
of these regions in the diffraction peak.

o The Wiliamson-Hall analysis showed that the uncertainty & too large to

obtain reasonable results when parallel geometry is used in DI@i&thod.

The values of/<&”> measured using synchrotron and Cu&diations

agree very well. It should be stated that in the case dsstyedient, the

m value is influenced by the third order stresses but also bstribes
heterogeneity in the measured volume.
* For the first time also the proposed multireflection method (ddexted for the

same penetration depth) was successfully used to analyze the daidD Very

good agreement was obtained between the measurements performed using

synchrotron radiation as well as Cy Kadiation on the laboratory diffractometer

(for MGIXD and also for EDDI methods). The great advantage of usigiy-

energy synchrotron radiation was the possibility to measuresetrder larger

depths in comparison with laboratory X-rays.

Concluding, it can be stated that MGIXD method is indispensabléasdlidy the
distribution of stresses in the surface layers, but the appltgatiilthis method is limited
by factors such as refractive correction or interpretation proldesociated with the
anisotropy of elastic constants. On the basis of considered resMt&IXD method is
used, it is advised to perform the stress analysis with and witkioaction correction and
when the difference is significant the results should be rejeatedccepted with so
estimated large uncertainty. This is one of the limitationd1&fIXD method which is
significant for small incidence ange What is more, the special attention must be paid to
accurate adjustment of the diffractometer (parallel beam aoafign) and thed - zero
position must be carefully verified. It should be also underlined, that thbleetidfraction
stress analysis is only possible when an appropriate grain tiberacodel is applied in
calculation of XSF for anisotropic sample. On the bases of theagqwaisented in this
thesis it appears that free surface model is the one which notomkctly reflects the
anisotropy of XSF well but also has a physical explanation comggatastic interaction

of the grains.
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Etude par diffraction des propriétés mécaniques et des contraintes

résiduelles résultant de la transformation de matériaux polycristallins

RESUME : Les contraintes résiduelles sont les contraintes qui subsistent aprés
I'élimination de la cause originelle des contraintes (forces externes, gradient
thermique). L'ampleur et la répartition spatiale des contraintes résiduelles
jouent un réle primordial dans le comportement de la matiére. Par conséquent,
les méthodes expérimentales fiables pour la détermination des contraintes
résiduelles sont d'une grande importance. Parmi les méthodes de détermination
de ces contraintes, les techniques de diffraction détiennent une place spéciale.
Leur spécificité la plus marquante est qu'elles sont non destructives et
permettent de séparer les micro et macro contraintes résiduelles et d'étudier la

répartition des contraintes dans I'échantillon.

Dans la premiére partie de cette thése (chapitres 1-3), les méthodes de
détermination des contraintes de diffraction sont introduites. Les principes de la
distorsion du réseau, la taille des cristallites, I'analyse des contraintes en
fonction du profil de pic de diffraction ainsi que la déformation du réseau
mesurée sont décrits dans le chapitre 2. Ensuite, le chapitre 3 est consacré a
une courte caractérisation de différentes méthodes pour la détermination des
contraintes résiduelles en utilisant des rayons X (classique et synchrotron). Les
meéthodes expérimentales sont divisées en deux groupes, a savoir : le groupe,
dans lequel la profondeur de pénétration des rayons X est constante ou
deuxiéme pour lequel la pénétration varie au cours de la mesure. Sur la base
des trois premiers chapitres, des objectifs de la thése sont précisés dans le

chapitre 4.

Les chapitres 5 - 7 présentent les résultats originaux de ce travail, en
matiére de développement et de test de la méthode de multireflection en
incidence rasante (MGIXD) pour détermination des contraintes résiduelles sont
présentés. Tout d'abord, les corrections les plus importantes des données
expérimentales et des essais de dispositifs expérimentaux sont décrits (chapitre
5).
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Le chapitre 6 présente deux développements théoriques importants de la
méthode MGIXD. Le premier, qui permet la détermination du paramétre c/a et
qui améliore de maniére significative la qualité de l'analyse des données
expeérimentales pour la structure hexagonale a été proposé et testé. Le second,
dans lequel la densité des défauts d'empilement est prise en compte est
appliqué. Qui plus est, une vérification de différents types des facteurs de
contraintes (XSF) qui peuvent étre appliquées pour interpréter les données
expérimentales obtenues & 'aide du procédé MGIXD, est présentée. A la fin, le
chapitre illustre des exemples de détermination des contraintes dans la couche
de surface pour des matériaux ayant une haute et basse anisotropie des

constantes élastiques monocristallines.

Dans le chapitre 7 la méthodologie de l'interprétation des données est
développée afin de traiter les données obtenues non seulement pour différents
angles d'incidence, mais aussi simultanément en utilisant différentes longueurs
d'onde. Il est démontré que la nouvelle méthode élaborée est d’une part « multi-
réflexion », et d’autre part « multi- longueur d'onde ». En outre, I'application de

différentes longueurs d'ondes permet la vérification des mesures de MGIXD.

Le chapitre 8 rassemble tous les résultats présentés dans la thése et
formule des recommandations pratiques pour les utilisateurs de la méthode
MGIXD.

Pour analyser les contraintes de premiéres ordre67, les déformation
moyenne du réseau doit étre déterminée a partir des changements de la
position du pic de diffraction. C'est pour cela que la position exacte du pic de

diffraction doit étre déterminée avec une grande précision [1].

Il convient de préciser qu’avec |'utilisation des méthodes de diffraction, la
déformation du réseau n’est pas mesurée directement mais, en fait, les
distances interréticulaires <d(¢,y) >, sont déterminées a partir de la position
des pics de diffraction. Ces positions sont mesurées pour différentes

orientations du vecteur de diffusion par rapport a I'échantillon, défini par les

angles ¢ et y (Fig. 1).
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L;| scattering
vector

Fig.1. Orientation du vecteur de diffusion en ce qui concerne le systéme
de I'échantillon S. Les angles vy et ¢ définissent I'orientation du systéme de L (L»
de l'axe est dans le plan de la surface de I'échantillon). En outre, n - rotation du

systéme de L autour de vecteur de diffusion est affichée.

Aprés la transformation simple les distances interréticulaires peuvent étre

exprimées par les macrostresses o; et df, - espacement réticulaire sans

stress [1, 2, 3]
<d(.¥ Porg =[ Fy (hkLgy, Doy 1dp, + dig (1)
ou Fj(hkl,¢,p) sont XSF et dans le cas d'un matériau quasi-isotrope :

1 I | | | | .
E%md{(511—033)cosz¢+alzs|n P+ 6,0y sify+ o
<d(y,9) Zthih = 1 dp + Aoy

+S™M (0l + oyt o) + > &' (o', Losp+0' ;5ing) sin @ 2

Le calcul des contraintes en utilisant les équations affichées ci-dessus

peut étre effectué grace a la méthode des moindres carrés et a I'ajustement des

composantes de tenseur de contraintes ainsi que de dj, . Toutefois,

I'ensemble du tenseur des contraintes (des contraintes principales) ne peut étre

calculé que si dj,, (sans stress paramétre) est connu. Heureusement, dans le
cas de diffraction des rayons X pénétrant la mince couche de surface (grace a
une absorption élevée), nous pouvons supposer que les forces normales a la

surface sont égales a zéro et de méme o, = 0. Puisque I'une des contraintes

.
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principales est connue, d{ohkl} peut étre ajusté et sa valeur peut également étre

déterminée.

La procédure des moindres carrés utilisée dans ce travail est basée sur

la minimisation de la fonction de mérite appelée »* qui est définie comme [4]:

X_N_anl 5

n

2
2 1 i(<d(¢n1l/ln) >({el)1(lg|}_< d(¢n’!r//n >§1&|1(II} j
3)

ou : <d(g,w,) >4k et <d(d,.w,)>5h, sont les expérimentaux et la
distance interréticulaire Jn=dn( <d(4,,y,) >5y,) est l'erreur de mesure (écart-
type) de la distance déterminée pour la mesure de la n-ieme, N et M sont
respectivement le nombre de points de mesure et des paramétres d'ajustement.

La valeur de x ? est une mesure de la qualité de I'ajustement, c'est a dire:

* X* = 1, signifie que le « bon choix » a été obtenu (il correspond a

I'ajustement exactement dans les limites de l'incertitude expérimentale),

* X* < 1, les incertitudes de données expérimentales (<d(4,,v,) > )

sont surestimées ,

* x2 > 1, les incertitudes de données expérimentales sont sous-estimées

ou des valeurs <d(4,,v,) >f:,'(,} (théoriques) calculées en fonction des facteurs

Fii(hkl,,p) ne sont pas assez précises.

La présente thése porte aussi sur, la méthodologie de mesures des
contraintes en fonction de l'incidence d’'un faisceau rasant de rayons X, a
savoir: la méthode de multiréflection en incidence rasante (MGIXD) qui a été
étudiée et développée. Cette technique est caractérisée par un angle
d'incidence a faible et constant et par des orientations différentes du vecteur de
diffusion (Fig. 2) [5-9].
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AK {hkil} A X,
"

26,

l=a+tb b)

I=a+b

Fig.2. Géométrie de la méthode MGIXD-siny. L'angle d'incidence a est
fixé lors de la mesure alors que l'orientation du vecteur de diffusion est

caractérisée par l'angle Y.

Dans cette géométrie, le plan de diffraction est toujours perpendiculaire a
la surface de I'échantillon. Le grand avantage de la méthode MGIXD (en
comparaison avec les méthodes classiques) est que la profondeur de
pénétration ne change pas pendant la mesure pour un angle d'incidence donné
(a) (Fig. 3). En plus, la profondeur de pénétration peut étre modifiée par un
choix approprié de l'angle a, pour étudier les matériaux a différentes
profondeurs en sous-couches de l|'échantillon. Cela donne la possibilité de

mesurer un gradient de contraintes dans les échantillons.

T A (um)

6 q 40
—————— graz. o=1°
35 4 graz. =5°
5 ' graz. o=10°
30 A graz. a=10°
4 . wfsinz\y
25 4 sees  —siny
3] 20 o~
;) ﬁ\\\
2 4 . ¥
10 4 /.__,__._._-—»—m-‘—»—~—A—»—~—A—»—~—<_'—.._\.'_i_._,__
19 ] e _ e ——_——— - — I
Y \)
0 o r—-— s ———

Fig. 3. La profondeur de pénétration (1) vs sin?y pour les géométries y et
w classique (montrée pour 20 correspondant a 422 réflexions dans le cas d’Al)
et pour la méthode MGIXD-sin2y (représentée pour quatre angles d'incidence).

Deux échelles de 1 correspondant a Al et Ti sont présentées.
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Analogiquement a la méthode standard, des contraintes résiduelles
peuvent étre déterminées a partir des distances inter-réticulaires mesurées
dans la direction du vecteur de diffusion, c'est-a-dire a condition que les angles
soient différents Wiy, Bsniy €t que d’'un angle a soit constant. Toutefois, dans le

cas de la méthode multi- réflexion, au lieu de <d(¢,1//,_z)>{hk|}, les parametres

équivalents de maille sont exprimés par macrostresses et constante ap pour les

treillis libre de souche [9]:

<a(py.zhme =[F (kg ) (]a+ a (4)
ou :

pour la structure cristalline cubique:

<a(¢’W'_Z)>{hk|} = <d(¢’W’_Z>{ N+ K+ F (4a)
pour la structure hexagonale :

|2

%
- - 4
<a(¢w. 2 Pme =<, 23y {{é(m hk+ R)}W} (4b).
Dans le cas du procédé MGIXD, les mesures de distances inter-
réticulaires sont effectuées dans le volume prés de la surface, qui est limité par
I'absorption du rayonnement. Pour définir ce volume, le trajet du faisceau de

rayons X a travers I'échantillon doit étre considéré. Les espacements

interplanaires moyenes mesurés <d(¢,y,7 )>(nq €galent a:

()

<d(¢,y.z ) >hg = : sina ! Sin(26}hk,} —-a)
[ explu 1 @)1dz

jd(hkl,¢,¢//,z)exp[—y 1(2)] d ot I(z)=z£ 1 1 J
ou la formule ci-dessus peut étre utilisée si une o >> o (o est un angle
critique de réflexion totale externe), z est la profondeur au-dessous de la
surface et la moyenne est calculée par rapport au volume de tous les grains qui
refletent dans la trajectoire du faisceau, c’est-a-direa partir de la surface (z = 0)
de I'épaisseur du revétement (z = t). Si les contraintes sont mesurées dans un

échantillon monolithique ou dans un revétement d'épaisseur t — .
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Le principal inconvénient de la méthode MGIXD est la résolution. La
position du pic doit étre déterminée avec précision. C'est pourquoi la géométrie
du faisceau paralléle a été appliquée pour la détermination des contraintes. Le
faisceau incident, sur diffractométres classiques, a été collimaté par le miroir
Gobel et les tests en configuration paralléle ont été réalisés pour la poudre
d’aluminium. Les résultats présentés dans la thése confirment que les erreurs
statistiques et l'erreur d'alignement peuvent étre considérablement réduites
lorsque le miroir Gobel est utilisé dans l'optique primaire du diffractometre
(Tableau 1).

Tableau 1. Composante de contrainte résiduelle déterminée pour la
poudre Al utilisant deux optiques de faisceau d'incidence : miroir Gobel ou fente
(contraintes calculées excluant 111 et 200 réflexions comparées avec les

résultats obtenus a partir de toutes les réflexions).

€ _ primary o1.(MPa) reflections 111, 200 excluded
(24 b4
method beam all .
or hkl . MPa a 2
(m) config. reflections | ™ (MPa) o() X
) _ 4.04936
Gobel mirror -5.0+3.0 -1.6+15 0.05
+0.00003
o=5° 5.8
. 4.04973
Slit -221+53 | -16.0+5.3 0.55
+ 0.00009
) _ 4.04948
Gobel mirror -3.1+3.2 -04+11 0.02
+ 0.00002
MGIXD «a=10° 10.8
. 4.04995
Slit -28.1£6.4 | -33.3£5.6 0.64
+0.00008
4.04945
Gobel mirror -3.0+4.4 0.4+3.8 0.29
14.9 + 0.00006
a=15°
. 4.04914
Slit -7.31+6.1 -86+7.3 1.07
+0.00011
4.04946
Gobel mirror -21+0.5 0.65
12- + 0.00001
Standard 422
34 . 4.04903
Slit -05+14 3.08
+0.00004
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Dans le cas de la géométrie du faisceau paralleéle utilisé pour la méthode
MGIXD, les imprécisions sur la position z n'influencent pas de maniére
significative les résultats obtenus avec la méthode d’analyse par diffraction des
rayons X (DRX). Afin de déterminer avec précision la position du pic de
diffraction, des facteurs physiques doivent étre pris en compte [1,2,3] : Lorentz-
polarisation et le facteur d'absorption ainsi que la correction de réfraction. A la
lumiére des résultats présentés, linfluence de la correction LPA est

généralement négligeable dans la méthode MGIXD (Tableau 2).

Tableau 2. Les contraintes (o) et des constantes de réseau (a0) déterminées
pour rectifié Al2017 et polies Ti grade 2 échantillons a partir des données

expérimentales avec et sans correction LPA.

calcul sans correction calcul avec correction différence
LPA LPA
rectifié Al 2017 (cubic)
o11(MPa) 204.2 +4.38 206.9+5.7 2.7
022(MPa) 126.4 £4.8 1294 £ 5.7 3.0
ao ( ') 4.04697 £ 0.00008 4.04698 £ 0.00010 0.00001
poli Ti grade 2 (hexagonal)
o11(MPa) -411£11 -405.4 £12.2 5.6
022(MPa) -405+11 -397.7 £12.1 7.3
ao ( ') 2.9506 +0.0001 2.9506 £ 0.0001 -
c/a 1.5881 £ 0.0003 1.5881 £ 0.0003 -

La réfraction des rayons X entre deux milieux différents peut influencer
de maniére significative la position du pic de diffraction. La déviation de la
direction des vagues décrite par la loi de Snell-Descartes, provoque un
changement dans la valeur de I'angle de diffraction A20 et en plus une petite
inclinaison Ay de l'orientation du vecteur de diffusion. Jusqu'a présent, les
seules solutions pour une correction de réfraction sont données dans le cas
d'une surface lisse. Dans la thése, la variation de l'angle de diffraction due a
I'indice de réfraction n <1 est considérée, et la question de la correction de la

réfraction a été examinée et comparée a des considérations présentées dans la

littérature (par Hart et par Genzel) [10, 11]. Suite a la confrontation de «
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nouvelle formule » développée dans la thése avec les approches proposées par
Genzel et Hart (Fig. 4), on peut conclure que pour les grands angles
d'incidence la «nouvelle approche» est conforme a celle proposée par Hart,
mais elle en différe par rapport a Genzel ou l'effet de changement de longueur
d'onde dans la réfraction a été néglige). Pour les petits angles d'incidence
I'approche de la Genzel et celle proposée dans la thése sont conformes, mais
la formule de la Hart ne reflete pas correctement l'effet. Elle est causée par

I'approximation imprécise pour les petits angles d'incidence.

Al,20=1325° Al,26=1325°
0.30 0.030
—— Genzel
0.25 | Hart 0.025 — ge;‘tze'
1 * Newformula . NZW formula
0.20 A 0.020 ¢
—~ o
o o
N N
@ 0.15 @ 0.015
(@] (9]
< <
0.10 0.010
0.05 A 0.005 4
aCI’
0.00 ; ; ; ; ; ; ; ; ; 0.000
00 02 04 06 08 10 12 14 16 18 20 012345678 91011121314151617181920
o 0
a () a ()

Fig. 4. Changement de la position du pic causé par la réfraction comparé
pour Genzel, Hart approches et «Nouvelle formule» (a,=0.24°, Al échantillon et

le rayonnement Cu).

L'effet de l'indice de réfraction n <1 sur la mesure de contrainte dépend
fortement du type de matériau, la longueur d'onde, de I'angle d'incidence et de
la rugosité de surface. Sur la base des résultats considérés, si la méthode
MGIXD est utilisée, il est conseillé d'effectuer I'analyse des contraintes avec et
sans correction de la réfraction et lorsque la différence entre les résultats
obtenus est importante pour le paramétre désigné, les résultats doivent étre
rejetés. Cet effet est la limitation de la méthode MGIXD. Par conséquent,
l'interprétation des résultats expérimentaux effectués avec la correction pour
surface plane et sans correction fixe des limites pour les valeurs des contraintes
et pour le parameétre ap dans I'échantillon étudié. Ces calculs doivent étre
toujours comparés afin de voir la gamme de I'angle d'incidence pour lequel la

correction n'est pas significative (comme pour les échantillons présentés dans

la figure 5).
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i e Al powder corrected for refraction
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Fig. 5. Contrainte résiduelle et le paramétre a, en fonction de I'angle a
d'incidence déterminé avec et sans correction de la réfraction. La méthode
MGIXD a été appliquée pour un alliage d'aluminium polie mécaniquement (Al

2017) et pour la poudre d'Al (Cu Ka rayonnement X-ray).

Dans ce travail, deux développements théoriques de la méthode MGIXD
ont été présentés. Tout d'abord la procédure de détermination du parameétre de
maille c/a a été proposée, ce qui améliore considérablement la qualité de
I'analyse des données expérimentales dans le cas des échantillons de structure
hexagonale. La méthode de détermination de ce paramétre a été testée sur un
échantillon de Ti poli (grade 2) montrant une faible anisotropie élastique des
contraintes. Le paramétre ag ainsi que c/a, peut étre déterminé en utilisant la
méthode présentée dans le travail : itérative d'auto- cohérent (les valeurs
expérimentales déterminées dans le cas de contraintes en traction comme en

compression ont été comparées avec la littérature).

Dans le cas de la structure cristalline cubique, des parametres

<a(g,y )>nq expérimentaux de maille sont calculés directement & partir des
distances mesurées <d(¢,y )>nq . Par la suite, les paramétres d'ajustement
o, et a, peuvent étre trouvés en ajustant les valeurs <a(g,y )>y obtenues a

partir de I'équation a celles mesurées, comme dans la méthode standard.
Toutefois, la procédure plus complexe de données expérimentales doit étre
appliquée pour la structure hexagonale puisque la valeur de paramétre c/a doit

étre connue a priori pour le calcule expérimental <a(g,y )>nq de I'équation
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théorétique. Cette difficulté peut étre surmontée quand le procédé d'itération
sera appliqué. Un meilleur ajustement des valeurs théoriques et expérimentales
ont été obtenues de fagon significative en cas c/a ajusté. Il convient de
souligner que la valeur du c/a peut étre estimée avec une bonne approximation
pour le matériau élastique isotrope (Ti) ou si la XSF sont connus (mesurée ou

contrdlée) [12].

Au début, le calcul des contraintes stressantes poli et rectifié Ti (grade 2)
a été réalisée suite a l'utilisation des valeurs hypothétiques de c/a (le paramétre
c/a est indiqué sur les figures 6 et 7). Dans ce cas-la, la valeur de c/a n'a pas
éeté modifiée pendant la le traitement de données. |l est a remarquer que les
points expérimentaux sont répartis loin des lignes obtenues en ajustant. Les
XSF calculées grace a l'application du modéle Kroéner. Ensuite, la procédure
d'auto-cohérent a été utilisé et la valeur c/a a été également ajustée. Les

diagrammes <a(@,y )>nq VS. siny ci-dessous démontrent une meilleure

entente entre les points théoriques et expérimentaux. Les valeurs du paramétre
c/a et la x2, déterminées en utilisant la procédure présentée, sont données
dans les figures 6 et 7. On peut apercevoir que la valeur de x2 diminue de
maniere significative lorsque les points expérimentaux se rapprochent aux

courbes théoriques.

2.960

e =0
(103} o experimenta] _“ o experimentall 2960 —XTayCuradiation. a =5 7

—~ {102} —— theoretical | < (103} —— theoretical | — experimenta
< ~ {102} < theoretical
< 2.956 ~2.956 2956 G ¢=0°
= {110} = = (102}
< < <
A 2.952 A 2952 N 2.952
> > =
= £ =
$ 2948 1 cja=1.585 29481 1a=1.586 02 ©2.948 | 1 c=1.5876 (118

2_40 B0z 2-16 @ 227 1S

2.044 % 2944 1% 2044 L %75
0.0 0.2 0.4 0.6 0.8 0.0 0.2 04 5 0.6 0.8 1.0 0.0 0.2 04 5 0.6 0.8 1.0
sin‘y sin“y sin‘y
a) b)
c)

Fig.6. Le <a(d,y)>nqg

X-ray Cu radiation, o, = 5°

X-ray Cu radiation, o = 5°

vs. sin“y graphes pour polie mécaniquement

échantillon Ti (sous pression de 5 N), mesurées avec a = 5°. Sur les figures (a)
et (b) les graphes théoriques ont été ajustés aux points expérimentaux

déterminés avec valeur assumée de c/a, tandis que dans le cas de figure (c) c/a

a été réglé. L'incertitude de la position de pointe a été supposée §5(20) =0.01°.
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X-ray Cu radiation, o = 5°
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Fig.7. Résultats similaires a la figure 6, mais pour rectifié échantillon Ti.

Deuxiemement, le développement prend en considération la présence de
défauts d'empilement. Il a été montré que dans le cas des échantillons ayant
une faible énergie de fautes d'empilement (cas d’acier inoxydable austénitique),
la prise en compte de ces fautes d'empilement et la correction effectuée peut
étre bénéfique pour l'analyse par DRX. La probabilité de trouver le défaut
d'empilement p a été déterminée pour l'acier inoxydable austénitique poli. Des
valeurs raisonnables de p ont été déterminées dans la contrainte de
compression dans le cas de I'échantillon poli. Le calcul similaire a été fait au
préalable pour I'échantilon de sol (méme en acier austénitique) par
Baczmanski (2005) [9], qui a recu une valeur similaire de p. Cette méthode
exige également la connaissance de XSF pour matériau anisotrope (comme
I'acier inoxydable austénitique). C'est pourquoi il est important de vérifier les

différents modeéles de calculs XSF ce qui a été fait dans la thése.

A part des contraintes résiduelles qui sont la raison du décalage du pic
de diffraction par rapport a la position correspondante au réseau parfait, les
raies de diffraction peuvent étre influencées par I'empilement de défauts dans le
matériau. Cet effet est particulierement important pour les cristaux fcc ayant
une faible énergie de défaut d'empilement (par exemple, les aciers
austénitiques). Dans cette situation, I'amplitude du déplacement dépend de la
probabilité de trouver le défaut d'empilement et de la réflexion hkl qui a été
utilisée dans l'expérience. En l'absence des contraintes de seconde ordre
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<a(4.y )>mg = [F; (hKLg,y, oy + p G(NKI)] 4, + 4 (6)

ave(hk=— 3 g E(hrke)
Ar(u+b) 5 h*+k*+I
ou p =ps -pd, ps €t pq sont les probabilités de trouver respectivement la simple et
la double couche du défaut d'empilement, entre les plans voisins {111}, G(hkl)
est le coefficient de la variation relative reflétant des distances intercausées par
les défauts d'empilement pour les surfaces {hkl} de diffraction, tandis que b et u
sont les numéros des composants de pointe qui sont respectivement affectés et

non affectés par les défauts d'empilement..

A la fois la macrostress (Figure 8) et les défauts d'empilement
provoquent les non-linéarités de la <a(@, w)>pmip VS. sinzl//{hk,} graphiques. Les
macrostresses (500 MPa) influencent la pente ainsi bien que les non-linéarités
de la courbe. En revanche, les défauts d'empilement augmenteent seulement
les non-linéarités des graphique. Ce fait permet de séparer I'effet provenantdes
contraintes stressantes de celui relié aux défauts d'empilement et d’effectuer le

calcul des valeurs de stress des contraintes et la probabilité de défauts

0.003 0.003 >
a=10° {420y p=10" o= 10°
0.002 { Cu radiation 0.002{ o, “=0 Cu radiation
g 0001/ B11) (331 z 0001 { 200 oo
A 1111 {220} A {311} {420}
_ 331
10.001 p=0 20.001 {111} {2203 o3n
200) 5, =500 MPa
-0.002 ‘ ‘ . ; . . . . -0.002
0001020304 050607 08089 0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9
sin?y a) sin®y b)

d'empilement en polycristallin.

Fig.8. Déformation du réseau calculées pour différentes réflexions hkl que I'effet
de (a) contrainte uniaxiale et (b) la présence de fautes d'empilement sur les
plans {111} pour I'échantillon austénitique (XSF ont été calculées en utilisant le

modéle de surface libre [9].
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A la lumiére des résultats présentés dans la thése (Fig.9) il apparait qu’ il n'est
pas nécessaire, pour un alliage de Ni prendre en considération la présence des
défauts d'empilement dans I'analyse des contraintes. La valeur du parameétre p
est dans la marge d'erreur égale a 0. Contrairement a l'acier inoxydable
austénitique ayant une faible énergie de défauts d'empilement, il semble
probable que la prise en compte de la présence de défauts d'empilement dans
I'analyse des contraintes peut étre bénéfique. Sans doute l'effet de défaut
d'empilement améliore I'ajustement de la courbe théorique (calculée a partir du
modeéle d'interaction de grain choisi) aux points expérimentaux, mais il semble
possible que cet effet entraine le changement de la valeur XSF, qui peut

maintenant différer de la valeur correcte.

— Austenite - polishing 3.605- Austenite - polishing
; - = experimental = experimental
~~~~~~~ theoretical p = 0 {200) ~ theoretical p = 0
< 3.600+ —— theoretical p =0.01 g 3-6001 ] —— theoretical p = 0.01
&z {311} < 3.595 {
A 3.595- . A3
= .{2'2‘;} “““““ {222} =
g é i
\V(‘( 3.5904 - y 3.590 w=10° e J31)222)
o= - =
= 0° = 90°
3.585 ¢ ,“ R — 3.585 ¢ —— T —T——————
000102030405060708091.0 0.0 0.1 02030405060.7080091.0
; . 2
a) sin’y sin’y
Ni alloy - grinding Ni alloy - grinding
3.590 —= 3.590+ — {420}
a=15 a=15
3.5854 = o° 1d = 2 l"331
< ¢=0 e ] sty 0N
—.3.5801 T23.580 -
A~ 3.575] @ A 3575 Ul
3 2 s111) ’l{222) (331} 3 : ‘!(111).{220}
3 1 220} 2 /
£ 3570{| /R Do < 3570 /
v §200} * experimental v oo = experimental
3.565 1 theoretical p =0 3.565 4 *200} theoretical p=0
3.560 theoretical p = 0.003 — : theoretical p=0.003
0.00.10.20304 0-? 0.60.70.80.91.0 ©0.00.10.20.30405060.7080.91.0
b) sin“y siny

Fig.9. Les paramétres <a(¢, w)>miy ajustés aux points experimentaux (en
supposant p = 0 - ligne continue ou p = 0- pointillés) pour l'acier poli inoxydable
austénitique (AISI 316L) et d'alliage rectifié Ni (Inconel 690). XSF ont été

calculés avec le modéle de surface libre en utilisant les fonctions de texture.
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Pour étudier I'état des contraintes dans les matériaux polycristallins, les
constantes d’élasticité radio-cristallographiques (CER ou XRayC) ou les
facteurs de contraintes (XSF) doivent étre déterminés [9, 12]. Dans le présent
travail, les méthodes de diffraction des rayons X ont été appliquées pour
mesurer les contraintes résiduelles dans les matériaux. Et outre, les CER et les
facteurs XSF ont été utilisés pour interpréter des résultats. Les différents
modeéles théoriques d'interaction élasto-plastique entre les grains (Kroner,
reuss, Voigt, surface libre) ont été pris en considération et appliqués dans

I'analyse des contraintes (Fig. 10) [9].

08:6‘ Eg(d)zxg(sc):o
‘0- & & 098 0.8
e TRt e e
Reuss Kroner
2 D_g £BEeD_XE6e-E). o
_0.& o.& 0. RE G.€
<« Lt o A B S B S o e 4 B & _,’
Voigh Free
surface

Fig. 10. Schéma de l'interaction entre les grains pour quatre modéles différents:
a) Reuss - contrainte homogeéne, b) Voigt - déformation homogéne c¢) Kroner -
inclusion ellipsoidale dans milieu homogéne d) surface libre - inclusion

ellipsoidale placée prés de la surface du milieu homogéne [9].

La vérification des valeurs des XSF a été faite par les mesures des
variations des distances interréticulaires lors des essais de traction dans le
domaine élastique, pour ['échantillon anisotrope (en I'acier inoxydable
austénitique) et pour I'échantillon isotrope (en titane). L’anisotropie des XSF a
eté également observée lors de la mesure des contraintes résiduelles dans un
alliage de nickel réctifié, dans un acier inoxydable austénitique poli et dans un

revétement en CrN.
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L'échantillon anisotrope (I'acier inoxydable austénitique).

Aux besoins de notre étude l'influence du modéle d'interaction des grains
sur les valeurs de contraintes calculées en acier inoxydable austénitique
(présentant une forte anisotropie élastique) a été soumise a une tension
contrélée (Z11= 50 MPa, 180 MPa et 300 MPa) pendant le chargement et le
déchargement de la traction test. Pour chaque valeur de la charge, les
contraintes résiduelles mesurées par la diffraction des rayons X ont été
déterminées en utilisant le XSF calculé par quatre modéles (Kréner, Reuss,
Voigt, surface libre) avec la fonction de distribution des orientations FDO ou
ODF (orientation distribution function). Dans le cas du procédé MGIXD, les
mesures ont été effectuées pour a = 20 ° (correspondant a la pénétration de
profondeur T = 2,9 um). La valeur initiale des contraintes calculées et des
parametres de maille pour I'échantillon non chargé sont rassemblés dans le

tableau 3. Les <a(¢,l//)>?;:f<“ vs. sin’y graphiques pour I'échantillon initial sont

présentées dans la figure 11. Une petite compression et des contraintes de
traction (comparables avec leurs incertitudes) ont été trouvées respectivement

pour=0"°etp=90"°.

Tableau 3. Les valeurs initiales des contraintes et des parametres de maille

d'acier inoxydable austénitique non chargé.

modéle al’l o1 (MPa) 022 (MPa) ao( ) X2
surface libre -29+ 18 27+ 18 3.5937 + 0.0001 1.5
Kréner 20 27 £ 24 25+ 23 3.5937 + 0.0001 1.7
Reuss -26 £ 16 25+ 17 3.5937 + 0.0001 1.5
Voigt -26 + 33 24 + 31 3.5937 + 0.0001 1.9
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3.597

a =200 = experimental 3.597 o500 « oxperimental
3506 | ¢=0° free surface 3506 |¢= 90° free surface
= —— Kroner P 111} —— Kroner
= ] —— Reuss < —  Reuss
3.595 Voiat 3.595 | :
g lom —— Voig 3 Jieo0y — Voigt
53,594 S73.594
S { ¥ ——4{222} S (311} {222
> 3.593 | (220} (311} = 3.593 1 {220}
= {200} =
¥ 3:592 1 v 3.592 |
3.591 3.591

00 01 02 03 04 05 06 07 08
sin“y

00 04 02 03 04 05 06 07 08
sin“y
Fig. 11. Les graphiques <a(¢,w)>}';:tk,} vs. siny pour l'acier inoxydable

austénitique initial non chargé (incertitude de la position du pic 6(20)=0.01° a

été prise en charge).

Les déformation relatifs du réseau < &(g,w ) >

g Vs. sin®y (pour a = 20 °)

pour chaque charge et de quatre modéles grains d'interaction durant le
chargement et le déchargement sont représentées respectivement sur les
figures 12 et 13. Dans ces figures, les données expérimentales sont comparées
avec les résultats de I'ajustement des moindres carrés basé directement sur la

relation :
<e(py ) >hg =R (hKL g, f)a, + By (hKlg .y, oy,

ou les valeurs o, et o,, ajustées des contraintes peuvent étre comparées

respectivement avec les valeurs de contrainte appliquée =, et =,, =0 MPe.
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Fig. 12. Les défromations moyenne du réseau <&(@,y ) >

20°) pendant le chargement de I'échantillon acier inoxydable austénitique. Les

résultats expérimentaux sont équipés de XSF calculés par quatre modéles

testés.
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Fig. 13. Comparaison similaire comme dans Fig. 12 mais pour le déchargement

de I'échantillon en acier inoxydable austénitique.

La non-linéarité des graphiques siny dans les figures 12 et 13 est

associée a une forte anisotropie élastique de I'échantillon. Comme on peut le

déduire de ces graphiques, les déformations du réseau sont les plus faibles

dans la direction <111> et les plus grandes dans la direction <200> pour

charger I'échantillon austénitique. Ce résultat est en accord qualitatif avec

I'évolution de %2 s; et sq valeurs pour différentes réflexions hkl (dans I'approche

de matériau quasi-isotrope), ce qui explique la tendance observée. Si
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I'interaction entre les grains est bien prédite les non-linéarités des courbes

théoriques doivent refléter cette dépendance.

Nous voyons sur les graphiques sin®y (figures 12 et 13) que les valeurs
expérimentales ainsi que I' anisotropie élastique sont bien approchées par

Reuss, Kroner et par le modéle de surface libre. La dépendance linéaire
<g(¢,w)>{f\'k} vs. sin?y prédite par le modéle Voigt ne peut étre appliquée pour
I'acier inoxydable austénitique ayant une forte anisotropie élastique. La
comparaison quantitative de la qualité appropriee est donné par parametre x2

dont la valeur est comparée a la figure 14 pour toutes les charges appliquées et

quatre modéles testés.

12.00

10.00

8.00

%< 6.00

4.00

" T i T

0.00 i . E=

50 MPa 180 MPa300 MPa180 MPa 50 MPa 0 MPa
unload unload unload

M Free Surface M Kréner Reuss Voigt

Fig. 14. Comparaison des valeurs de x? pour quatre modéles d'interaction de
différents grains pendant l'essai de traction de [I'échantillon austénitique

(chargement et déchargement).

On peut affirmer que x? doit augmenter & condition que les différences
entre les valeurs expérimentales et les résultats théoriques augmentent. Si un
modéle donné prédit parfaitement XSF, la valeur de x? est déterminée
uniquement par les incertitudes expérimentales et il ne devrait pas augmenter
pour des contraintes plus importantes appliquées (la déformation du réseau en

raison de stress augmente par la méme valeur que la souche prédite par la
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théorie et en conséquence la distance entre elles ne change pas). Toutefois, si
les valeurs de XSF ne sont pas correctement calculées par le modéle (méme
pour certaines orientations) la différence entre les distances interréticulaires
théoriques et expérimentales agrandie avec l'augmentation de la charge
appliquée provoque l'augmentation importante de la valeur de x> (en raison de

la quadrature dans la définition de x?).

Afin de déterminer le meilleur modele la comparaison des contraintes
recalculé a partir des données de diffraction avec des valeurs de la charge
appliquée est présentée dans la Fig. 15, pour le chargement et le
déchargement de I'échantillon. Les mesures ont été effectuées en utilisant deux
méthodes suivantes : MGIXD ( a = 20 ° ) et y géométrie standard. On peut voir
que les processus de chargement et de déchargement sont exactement
réversibles (points pour la méme contrainte appliquée de chevauchement pour
les deux méthodes expérimentales), c'est-a-dire, les mesures ont été
effectuées dans la plage de déformation élastique. Il faut souligner que la
bonne concordance entre les résultats obtenus avec les deux méthodes et des
valeurs de la contrainte appliquée standard et MGIXD a été constatée dans le
cas de la Reuss et du modéle a surface libre, il s’ensuit que les résultats
obtenus avec les modeéles obtenus avec Kroner et Voigt modéles s'écartent de
la valeur de la contrainte appliquée. Pour les derniers modéles en particulier un
grand écart entre les contraintes appliquées et re - calculé est vu dans le cas de
mesures standard. Les pires résultats c’est-a-dire, le plus grand écart entre la

contrainte appliquée et recalculée a été obtenu en cas du modele Voigt utilisé.

.
r s r =

AV ETVETIERS ParisTech

» » INSTITUT DES SCIENCES ET TECHNOLOGIES

< | PARIS INSTITUTE OF TECHNOLOGY



500
. [Eee surface MGIXD a=20° 800 ™ Reuss MGIXD 0=20°
| o roner «  Voigt
400 . 1 9
***** applied load 4001 ___. applied load
= 300 H /é — 300 P
o 7 & T
2 200 i 2 200 | e
~b— ’/,/’/ _b: ’//,//
100 E? - 100 4 i -
0 1 §/’/ 0 - {’/
-100 : : : : : : -100 ; ; ; ; : :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
500
800 ™ ree surface MGIXD 0=20° * Reuss MGIXD a=20°
o Kroner 1 * Voigt
4009 applied load Rl S applied load
= 300 = 300 1
o o
2 200 2 200 |
100 © 100 ; ; }
01& —SE Y § 0 1 [ R i
§ 3 [y [} E T
-100 ‘ ‘ ‘ . . . -100 ; ; ; ; ; :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
- annlied load 3. (MPa) applied load X, (MPa)
500 |f;ee surface standgrd 500 ™= Reuss :
4001 ° roner y-mode |« Voigt
***** applied load ¢ 4009 applied load
—~ 300 ¥ | i
G s L = 300 . ///1
= g -7 a e
= 200 4 = 2 200 | =
T© 100 - ; T 100 | i
01" 01{¢™ standard
y-mode
-100 : : " " " " -100 : : : " " "
0 50 100 150 200 250 300 0 50 100 150 200 250 300
500 500
o free surface standard +  Reuss standard
400 { ° Kroner y-mode 400{ + Voigt y-mode
***** applied load --—-- applied load
—~ 300 A —~ 300 -
© ©
o o
2 200 { 2 200 {
100 | © 100
01r & T ] 01¢  ; ¥
-100 ‘ ‘ ‘ ‘ ‘ ‘ -100 - ‘ : : : : :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
b) applied load =, (MPa) applied load X, (MPa)

Fig. 15. Comparaison des valeurs de contraintes o,, et o}, de re-calculé par
rapport a la contrainte appliquée =, et X, =0 MPe¢, respectivement (ligne en
pointillés indique la valeur de la contrainte &,,= ¥,, ou o,,= %,,=0 MP¢). Les
résultats de chargement et de déchargement sont présentés et le point ~,,= 0

MPa correspond a l'état aprés le déchargement. La méthode MGIXD (a) et la

méthode standard - mode y (311 de réflexion) (b) ont été utilisées.

Parislech

INSTITUT DES SCIENCES ET TECHNOLOGIES
PARIS INSTITUTE OF TECHNOLOGY

ET METIERS



L'échantillon isotrope (titane).

Nous avons étudié comme le second échantillon étudié était Ti (grade 2),
I'échantillon ayant une faible anisotropie élastique. Le titane a été soumis a une
tension contrélée (50 MPa, 150 MPa, 210 MPa) pendant le chargement dans
I'essai de traction. Pour chaque valeur de la charge les contraintes mesurées
par diffraction des rayons X ont été déterminées en utilisant le XSF calculé par
quatre modéles avec la fonction ODF. Dans le cas du procédé MGIXD, les
mesures ont été effectuées pour a = 10 ° et a = 20 ° (correspondant a la
pénétration des profondeurs : 1 = 1,6 et T = um 2,5 um), tandis que le w-
géométrie a été utilisé pour les mesures classiques. La valeur initiale des
contraintes calculées et des paramétres de maille pour I'échantillon non chargé
sont rassemblés dans le tableau 4, tandis que les contre sin®y graphiques pour
I'échantillon initial sont présentés dans la figure 16 (méthode MGIXD). Les
contraintes de compression de l'ordre de moins 30 MPa ont été trouvées pour @

=0 ° et presque zéro stress pour ¢ = 90 °, respectivement.

Tableau 4. Les valeurs initiales des contraintes, des constantes de réseau de
contrainte libre et c/a paramétres pour un échantillon non-chargé Ti (grade 2) -
méthode MGIXD.

modéle | 011 (MPa) 02 (MPa) ao( ) cla X2

a=10°

S‘I‘i:f‘ece 309 +54 -47 +56 29511 +0.0001 1.5872 +0.0001 1.3
Kréner |-319 +54 -4.9 +56 2.9511 +0.0001 1.5872 +0.0001 1.3
Reuss |-30.2 +53 -4.4 +55 29511 +0.0001 1.5872 +0.0001 1.3
Voigt |-335 +56 -53 +57 2.9511 +0.0001 1.5872 +0.0001 1.4

a=20°

S‘I‘i:fece 331 +82 10.7 +8.6 2.9514 +0.0001 1.5869 +0.0001 2.9
Kréner |-35.3 +82 104 +86 2.9514 +0.0001 1.5869 +0.0001 2.9
Reuss |-32.3 +80 11.4 +84 29514 +0.0001 1.5869 +0.0001 2.9
Voigt |-382 +84 94 +88 29514 +0.0001 1.5869 +0.0001 3.0
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2954 applied load 0 MPa
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v 3
2950 , ; : : , .
00 01 02 03 04 05 06 07

sinZ\p

2954 applied load O MPa = 90"
= expenmental
& —— free surface —— Reuss
2.953 g —— Kroner —— Voigt

02 03 04 05
Sinzlll

Fig. 16. Les <a(¢,v/)>;'2f(ﬁ VS. sinztp graphiques pour I'’échantillon non chargé

Ti (grade 2) mesuré a l'aide de MGIXD avec a = 20 ° (incertitude de la position

du pic a été prise en charge).

Les résultats obtenus pour I'essai de traction sont représentés sur les figures

suivantes :

* Fig. 17 - les déformation du réseau expérimentales relatives a treillis contre

<&(dw ) >y Vs. siny pour a = 20 ° (méthode MGIXD),

* Fig. 18 - les valeurs du paramétre de bonté x*> pour a = 10 ° et a = 20 °

(méthode MGIXD) ;

* Fig. 19 — les valeurs des contraintes de re-calculé comparées avec celles

appliquées.
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Fig. 17. <g(¢,y/)>{‘f]'k} vs sin®y (pour a = 20 °) pendant le chargement de

I'échantillon de Ti. Les résultats expérimentaux sont ajustés avec XSF calculé

par quatre modeles testés.
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a) M Free Surface M Kréner Reuss Voigt b) M Free Surface m Kréner Reuss Voigt

Fig. 18. Comparaison des valeurs de X 2, quatre modeéles d'interaction du grain
au cours de la traction de I'échantillon de Ti pour a = 10 ° (a) et a = 20 ° (b) -
méthode MGIXD.
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Fig. 19. Comparaison des valeurs de contraintes o), et o, de re-calculé par
rapport a la contrainte appliquée *,, et ,,=0 MPe¢, respectivement (ligne en
pointillés indique la valeur de la contrainte &,,= =, ou o},= %,,=0 MP¢). La

méthode MGIXD pour a =10 ° (a), a = 20 ° (b) et la méthode standard avec w-

mode (213 réflexion) (c) ont été utilisées pour mesurer les contraintes dans

I'échantillon chargé Ti.
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Ensuite, les échantillons ayant des contraintes de surface résiduelles

importantes et non soumises a la charge externe ont été étudiés.

Tout d'abord, le tungsténe élastiquement isotrope de I'échantillon (W) a
été étudié. Pour générer le stress en surface de I'échantillon la surface a été
polie manuellement (article de 2000 grains, polissage non directionnel). La
méthode MGIXD et la méthode standard (géométries w et y avec 321 réflexion)

ont été appliquées a mesurer les déformations du réseau.

La comparaison des contraintes déterminée en utilisant de différentes
XSFs et les valeurs du paramétre x? obtenu de cette analyse est présentée
dans la Fig. 20. Les sin®y graphiques pour un exemple d’un angle incident a =
5° (méthode MGIXD) et des méthodes standards sont présentées dans la figure
21, tandis que la comparaison des graphes siny pour différents angles a est
démontrée sur la Fig. 22 (les XSF donnés par le modéle de surface libre ont été

appliqués dans les calculs).

0 6.0
-100 =
5.0
-200 =
-300 - B 4.0 B
T -400 - o
=3 3.0 =
- -500 - -
®
-600 — 2.0 - |
ITT
-700 - [ I [71 3|
1.0 - —
w00 - W77 T 1
-900 00 -
a=10" a=15" =20 w-{321} ¥-{321} a=10° a=15° a=20"° w-{321}y-{321}
1=0.4 pm 1=0.6 UM 1=0.7 pm T=0.9 pm T=1.0 um 1=0.4 pm 1=0.6 UMT=0.7 pm1=0.9 pMT=1.0 UM
m Free surface W Kroner = Reuss = Voigt mFree surface MKréner = Reuss ~ Voigt

Fig. 20. Les valeurs de contraintes déterminées dans I'échantillon W poli en
utilisant la méthode MGIXD et la méthode standard (a) et la comparaison des

valeurs du paramétre x? (b) pour quatre modeles d'interaction de grain.
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Fig. 21. Points expérimentaux et théoriques <a(¢,l//)>{hk,} vs sin’y pour

I'échantillon W poli. Les mesures présentées pour MGIXD (a = 5°) (a) et y-

mode standard (b) et w-mode (c) méthodes (incertitude de la position du pic

6(20) =0.01" a été prise en charge).
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Fig. 22. Exemple de <a(@,y )>y,, Vs sin“y graphiques pour I'échantillon W

poli. Les résultats présentés pour

d'incidencea=5°eta=15"°.

Deuxiemement, les échantillons

eté étudiés : réctifié Ni alliage, acier in

CrN. La méthode MGIXD et la méthode standard ont été appliquées pour

déterminer les contraintes dans
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Seulement dans le cas de I'échantillon austénitique, les probabilités
déterminées pour trouver le défaut d'empilement entre les plans voisins (p
valeur) ont une influence significative sur les résultats et la valeur de
l'incertitude. Par conséquent, le parametre p a été réglé dans le cas de l'acier
inoxydable austénitique poli, tandis que pour les autres échantillons p = 0 a été
supposé. Le résultat de l'analyse des contraintes pour différents modeéles
d'interaction des grains considérés et pour tous les échantillons est présenté
dans la Fig. 23, tandis que les valeurs de test de X sont présentées dans la
Fig.24. L'exemple de graphiques sin®p, comparé pour tous les échantillons
analysés est présenté dans la figure 25 (pour des modéles différents de grains

d'interaction).
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Fig. 23. Comparaison de l'influence de quatre modéles de l'interaction de grain

appuyée sur les résultats des rayons X I'analyse des contraintes pour rectifié
alliage de Ni (a), en acier poli inoxydable austénitique (b) et le revétement CrN

(c). Les résultats pour les angles différents d'incidence a sont comparés avec la

méthode standard pour des réflexions hkl.
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Fig. 24. Comparaison des valeurs du paramétre x* pour différents modéles

d'interaction de grain pour rectifié alliage de Ni (a), poli acier inoxydable

austénitique (b), le revétement CrN (c). Les résultats pour les différents angles

d'incidence a sont comparés avec la méthode standard pour des réflexions hkl.
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Fig. 25. Le sin®y graphiques, comparé aux différents modéles d'interaction de
grain, pour MGIXD a = 5° pour rectifié alliage de Ni (a), de I'acier inoxydable
austénitique poli (b), le revétement CrN (c). Seulement dans le cas de

I'échantillon I'austénitique, le paramétre de p a été aménagé et déterminé (p =

0.014 + 0.0086).

Les résultats présentés dans la thése, obtenus en utilisant la méthode

MGIXD et la méthode standard, montrent que les modéles d'interaction de
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grains de types Reuss et de surface libre sont en meilleur accord avec les
résultats expérimentaux. Ces modéles décrivent de la meilleure fagon
I'anisotropie élastique de I'échantillon, cependant le modéle de surface libre a

une explication physique contrairement au modéle de Reuss.

Enfin, la méthode MGIXD a été vérifiée en utilisant le rayonnement
synchrotron. La méthodologie de l'interprétation des données a été développée
afin de traiter les données obtenues non seulement pour différents angles
d'incidence, mais aussi simultanément en utilisant différentes longueurs
d'ondes. Les résultats pour les échantillons présentant un gradient élevé de
contrainte en profondeur (les résultats obtenus par diffraction des rayons X
classique) ont été vérifiés en utilisant le rayonnement synchrotron. Trois
longueurs d'ondes différentes (A = 1.2527 ,A=1.5419 etA=1.7512 )ont
été choisies et les angles d'incidence (a), pour lesquels la profondeur de
peneétration est la méme, ont été calculés. Le premier échantillon étudié a été
un échantillon en alliage Al2017 poli. Lorsque les pics ont été ajustés par la
fonction de pseudo-Voigt, une trés bonne concordance a été obtenue entre les
données obtenues quand le rayonnement synchrotron (pour trois longueurs

d'ondes différentes) a été utilisé ainsi que sur diffractométre classique (Fig. 26)
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Fig. 26. Les profils en profondeur des contraintes et paramétre de maille sans
contraintes ap pour I'échantillon Al2017 poli. Les résultats pour les différentes
longueurs d'onde du rayonnement synchrotron et pour laboratoire

diffractométre sont présentés.
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L'accord entre les résultats obtenus avec les différentes longueurs d'ondes
permet de développer la méthode MGIXD. L'idée était de recueillir <a(dp,w)> ¢k
les valeurs correspondant a la méme profondeur de pénétration t sur la méme
tracé en siny. L'avantage de cette approche est que chaque point
correspondant a une profondeur soit obtenu non seulement avec différentes
réflexions hkl correspondant a différents angles d'incidence (multi-réflexion),
mais aussi avec différentes longueurs d'ondes (multi-longueur d'onde). Ayant
les valeurs moyennes des contraintes en fonction de la profondeur de
pénétration, la variation de la contrainte en fonction de z — ‘la vraie profondeur’
peut étre calculée en utilisant la transformée de Laplace inverse appliquée a la

fonction polynomiale. Il a été constaté que les solutions (o/,(2) ) sont similaires

pour des polyndmes de 2°™ et 3°™ degré (Fig. 27).
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Fig. 27. Le profil de contrainte pour I'échantillon Al2017 poli pour tous les points
expérimentaux obtenus pour trois longueurs d'onde différentes en fonction de 1
- profondeur (a) et z pénétration - une réelle profondeur dans I'échantillon (b).

Les limites d'incertitude sont données pour polynédme de degré 2.

Dans le but de révéler si le gradient de contrainte déterminé explique
'asymétrie des pics de diffraction obtenus en utilisant le rayonnement
synchrotron, I'analyse inverse a été réalisée, c'est a dire, en supposant que la
distribution des contraintes est déterminée, et les résultats expérimentaux ont

été simulés. On peut en conclure que l'analyse inverse (intégration de la

contrainte o/,(z) avec le poids de lintensit¢) a permis de déterminer la
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profondeur a partir de laquelle les contraintes influent sur les résultats de la

diffraction, c'est a dire, pour laquelle, la contrainte o,,(z) été déterminée. En

outre, l'analyse inverse appliquée pour les profils des pics a confirmé la

répartition des contraintes données par o,,(2).

Le deuxiéme échantillon étudié a été un échantillon poli en alliage

Ti6AI4V, présentant une forte asymétrie de pic de diffraction (Fig. 28).
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Fig. 28. Les profils exemple des pics pour plus moins les mémes incidents
angle a mais pour différentes longueurs d'onde et des profondeurs de
pénétration. Deux fonctions pseudo-Voigt ont été ajustées aux données

expérimentales.
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Cela suggére que deux régions irradiées de I'échantillon ont deux
microstructures différentes, par exemple une couche de l'ordre de 0.5 a 1 ym,
qui a été séverement déformée plastiquement (région de forte densité de
dislocations) et, sous cette couche, le matériau de base ayant une densité de
dislocations beaucoup plus faible (petite déformation plastique). Les pics de
diffraction peuvent étre aisément séparés en deux fonctions pseudo-Voigt ayant
des positions et des largeurs intégrales différentes. Le profil en profondeur des
contraintes est similaire pour les trois longueurs d'ondes différentes utilisées
dans l'expérience. En outre, les résultats obtenus a partir de mesures au
synchrotron ne sont pas loin de ceux obtenus sur diffractométre classique (Fig.

29).
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Fig. 29. Les profils en profondeur des contraintes, ap et c/a parameétres, pour
I'échantillon Ti6Al4V. Comparaison pour trois longueurs d'onde différentes
(synchrotron) et laboratoire diffractométre en utilisant le réglage pseudo-Voigt

(PV) et le centre de gravité (CG) pour déterminer la position du pic.
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Sur la base de la loi d'atténuation exponentielle, il est possible de trouver
I'épaisseur de la couche a partir des intensités relatives des pics de diffraction.
Apres l'estimation de I'épaisseur de couche (t = 1.38 um), il est possible de
présenter les résultats des mesures de rayonnement synchrotron en fonction de
la profondeur de l'information estimée. De fortes contraintes de compression
sont présentes dans la couche dont I'épaisseur atteint 1.38 um, au-dela de 1.38
Mm une légére augmentation de la contrainte de traction a été trouvée. Une
autre approche dans laquelle les contraintes changent peu a peu a pu se faire,
en utilisant la transformation de Laplace inverse. L'hypotheése de cette approche
est que I'évolution des contraintes peut étre approchée par un polyndme. Un
accord quantitatif de ces deux méthodes a été noté, c'est a dire, une contrainte
de compression a proximité de la surface, et une contrainte nulle a la méme
profondeur (2-3 ym) et une contrainte de traction dans le matériau de base ont
été obtenues par ces deux approches. Aussi, les valeurs de contraintes ne sont

pas trés différentes.

L’analyse Wiliamson-Hall a été appliquée pour les données collectées,

permettant de déterminer la moyenne quadratique des déformations +/<&” > et

la taille des domaines cohérents D. Il a été constaté que l'incertitude sur D est

trop grande pour obtenir des résultats raisonnables lorsque la géométrie

paralliéle est utilisée dans la méthode MGIXD. Les valeurs de +/<&’>
mesurées en utilisant le rayonnement synchrotron et la radiation Cu K,

présentent une trés bonne corrélation. Il convient de préciser que dans le cas

de gradient de contrainte, la valeur +/<&”> est influencée par les contraintes

d'ordre Ill mais aussi par I'nétérogénéité des contraintes dans le volume

mesure.

Ensuite, la méthode de multireflection a été appliquée avec la technique
de dispersion d'énergie dans laquelle le faisceau blanc contenant un
rayonnement ayant différentes longueurs d'ondes a été utilisé (A ( ') :0.3a0.18
| E (keV) : 40-68). L'analyse des contraintes a été réalisée en utilisant trois
méthodes différentes : la méthode des sin®y standard, la méthode de tracé
universel basée sur l'analyse en multireflection. Pour des profondeurs de

pénétration de I'ordre de 0-15 um, les résultats montrent une convergence des
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valeurs obtenues a partir de différentes méthodes dans les petites profondeurs
(Fig. 30). En outre, les données du synchrotron sont en parfait accord avec les
résultats obtenus sur le diffractométre du laboratoire (radiation Cu K,) prés de
la surface. Les résultats obtenus pour des profondeurs supérieures a 14 um,

les points expérimentaux montrent une dispersion importante et ne sont pas en

accord avec les résultats de la méthode standard (Fig. 30).
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Fig. 30. Le profil en profondeur des contraintes pour poli et réctifié Ti (grade 2)
échantillon. La comparaison des résultats de diffractométre classique (MGIXD)
et expérience de EDDI synchrotron, dont trois méthodes d'analyse différentes
ont été utilisées (sin®y standard, multireflection, ‘universel plot’). Deux gammes
différentes de la profondeur de pénétration sont comparées : a) de 0 a 50 um,
etb)de 0a 15 um.

Conclusion.

Pour conclure, on peut dire que la méthode MGIXD est un outil indispensable
pour étudier la distribution des contraintes dans les couches de surface, mais
I'application de cette méthode est limitée par des facteurs tels que la correction

de réfraction ou le probléme d'interprétation associée a l'anisotropie des
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constantes élastiques. Sur la base des résultats considérés, si la méthode
MGIXD est utilisée, il est conseillé d'effectuer I'analyse des contraintes avec et
sans correction de la réfraction et lorsque la différence est significative les
résultats devrait étre rejetés ou acceptés a une grande incertitude. Il s'agit d'
une des limitations de la méthode MGIXD qui est importante pour les petits
angles d'incidence a . Qui plus est, I'attention particuliére doit étre accordée a
un réglage précis du diffractométre (configuration de faisceau paralléle) et la 26
- position zéro doit étre soigneusement vérifiée. Il faut également souligner que
la fiabilité de l'analyse des contraintes de diffraction n'est possible que si le
modeéle d'interaction de grain approprié est appliqué dans le calcul des XSF
pour |'échantillon anisotrope. Sur la base des résultats présentés dans cette
thése, il semble que le modéle de surface libre est celui qui reflete non
seulement de maniére correcte l'anisotropie de XSF, mais a aussi une

explication physique concernant l'interaction élastique des grains .

Mots clés : contraintes résiduelles, diffraction des rayons X, méthode de

'incidence rasante, miroir Gobel
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Diffraction study of mechanical properties and residual stresses resulting from

surface processing of polycrystalline materials

ABSTRACT : Methodology of stress measurements with multireflection grazing incidence method (MGIXD)
was investigated and developed. The parallel beam geometry was applied. The incident beam in classical
diffractometers was collimated by Gobel mirror and the tests of parallel configuration were performed for Al
powder. Results confirmed that both statistical error and the misalignment error can be reduced when the
Gobel mirror is used. Physical factors were taken into account in XSA (X-ray stress analysis): Lorentz-
polarization and absorption factor (LPA) and also refraction correction (RC). Results showed that the
influence of LPA correction is minor in XSA but the RC can significantly influence analysis. In the thesis
the issue of RC was considered and compared with approaches presented in the literature. In the thesis
two theoretical developments of the MGIXD method were presented: the procedure of c/a parameter
determination and the influence of stacking faults on the results was taken into account. It was shown that
both developments significantly improves the quality of experimental data analysis. In the present work the
problem of X-ray stress factors (XSF) used for the interpretation of XSA results was studied. Different
theoretical grain elasto-plastic interaction models were considered and applied in XSA. Verification of the
XSF was during tensile test for austenitic stainless steel and for the isotropic sample. Anisotropy of XSF
was also observed in: ground Ni alloy, polished austenitic stainless steel and CrN coating. The results
shows that Reuss and free surface grain interaction models are in the best agreement with the
experimental results. Finally the MGIXD method was verified using synchrotron radiation and 3 different
wavelengths. The methodology was developed to treat data not only for different incident angles but also
using simultaneously different wavelengths. Stresses vs. z — ‘real depth’ was calculated using the inverse
Laplace transform applied to polynomial function. Wiliamson-Hall analysis was applied for collected data.
Next multireflection method was applied for the energy dispersion diffraction measurements in which white
beam containing radiation having different wavelengths was used (A ( ): 0.3-0.18/ E (keV): 40-68). The
stress analysis was performed using three different methods: standard sin2w method, Universal plot
method and by using multireflection analysis. In the range of penetration depth to 0-15 um the
convergence of the results obtained from different methods was gained. Moreover the synchrotron data
perfectly agree with the results obtained on laboratory diffractometer (Cu K, radiation) close to the surface.
For depth larger than 14 um the experimental points exhibit significant spread and do not agree with the
results of standard method .

Keywords : residual stresses, X-ray diffraction, grazing incidence method, Gébel mirror.

Etude par diffraction des propriétés mécaniques et des contraintes résiduelles

résultant de la transformation de matériaux polycristallins

REsuME : Méthodologie de mesures de contraintes avec la méthode multireflection paturage d'incidence
(MGIXD) a été étudié et développé. La géométrie du faisceau parallele a été appliquée pour mensurations
de stress. Le faisceau incident dans diffractométres classiques a été collimaté par le miroir Gobel et les
essais de configuration en paralléle ont été effectuées pour Al poudre. Les résultats confirmé que le erreur
statistique et l'erreur d'alignement peuvent étre réduits lorsque le miroir Gobel est utilisé. Facteurs
physiques ont été prises en compte dans la CSX (analyse aux rayons X du stress): Lorentz - polarisation
et facteur d'absorption (LPA) et aussi correction de la réfraction (RC). Les résultats montrent que
I'influence de LPA est mineur dans CSX, mais la RC peut influencer de maniére significative I'analyse.
Dans la thése de la question de RC a été examiné et comparé avec les approches présentées dans la
littérature. Dans la thése de deux développements théoriques de la méthode MGIXD ont été présentés: la
procédure de détermination de paramétre c/a et l'influence des défauts d'empilement sur les résultats. Il a
été montré que les deux développements améliore de maniére significative la qualité de I'analyse des
données expérimentales. Dans le présent travail le probléme de la X -ray facteurs de stress (XSF) utilisés
pour l'interprétation des résultats CSX a été étudiée. Différents modeles théoriques de grains élasto-
plastique interaction ont été envisagées et appliquées dans la CSX. Vérification de la XSF durant l'essai
de traction pour I'échantillon élastique anisotrope (en acier inoxydable austénitique) et pour I'échantillon
isotrope (Ti - note2). Anisotropie de XSF a également été observée dans: rectifié alliage Ni, acier
inoxydable austénitique poli et revétement CrN. Les résultats montre que Reuss et modéle de la surface
libre sont en meilleur accord avec les résultats expérimentaux. Enfin, la méthode MGIXD a été vérifiée en
utilisant le rayonnement synchrotron et 3 longueurs d'onde différentes. La méthodologie a été développée
pour traiter les données non seulement pour les différents angles d'incidence, mais aussi en utilisant
différentes longueurs d'onde simultanément. Contraintes en fonction de «vraie profondeur» a été calculée
en utilisant la transformée de Laplace inverse. Analyse Wiliamson-Hall a été appliquée pour les données.
Méthode MGIXD a été appliqué pour les mesures de diffraction de dispersion d'énergie dans lequel le
faisceau blanc a été utilisé: 0,3 a 0,18 . L' analyse des contraintes a été effectuée en utilisant trois
méthodes différentes : la méthode de sin2y norme, la méthode de terrain universelle et en utilisant
multireflection analyse . Dans la gamme de profondeur de pénétration a 0-15 um de la convergence des
résultats obtenus a partir de différentes méthodes a été acquise . En outre, les données de synchrotron
parfaitement en accord avec les résultats obtenus en laboratoire sur diffractométre (rayonnement Cu Ka) a
proximité de la surface . Pour profondeur supérieure a 14 um points expérimentaux présentent des
variations importantes et ne sont pas d'accord avec les résultats de la méthode standard.

Mots clés : contraintes résiduelles, diffraction des rayons X, méthode de l'incidence rasante, miroir Gébel
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