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Abstract

Variations in the local crystallographic orientation due to the presence of geometrically necessary dislocations and dislocation boundaries
smear the distribution of intensity near Laue reflections. Here, some simple model distributions of geometrically necessary dislocations,
GNDs, are used to estimate the dislocation tensor field from the intensity distribution of Laue peaks. Streaking of the Laue spots is found
to be quantitatively and qualitatively distinct depending on the ratio between the absorption coefficient and the GND density gradient. In
addition, different slip systems cause distinctly different Laue-pattern streaking. Experimental Laue patterns are therefore sensitive to store
dislocations and GNDs. As an example, white beam microdiffraction was applied to characterize the dislocation arrangement in a deformed
polycrystalline Ni grain during in situ uniaxial tension.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction levels. For example, at small strains, geometrically neces-
sary boundaries (GNBs) are composed of dense dislocation
Nondestructive probes covering a range of spatial resolu- walls (DDWSs) or double walled microbands (MB) inclined in
tions, momentum transfer resolutions and penetration depthsthe direction of metal flow. At large strains they can form al-
have recently been developed for the analysis of structuremost parallel lamellar bands (LB§—15]. These micro bands
evolution in material§1—4]. For studies of inhomogeneous are distinguishable mainly due to the differences in local ori-
deformation, white beam prob§3,4] have unique advan- entation as well as morphology differences of the disloca-
tages: (1) the sample does not need to be rotated whichtion structure within the deformation microbari@$. Large
allows for good spatial resolution; (2) the intensity distri- cumulative misorientation within one grain was recently ob-
butions around a large number of different reflections can served by 3D XROQ14]. Large intensity gradients have also
be simultaneously analyzed from the same subgrain; (3) been observed in the Laue signature of some experiments
an uncompromised full three-dimensional (3D) reciprocal [16-18]
space intensity distribution can be measured when neces- Gradients in cell-wall structure arise from plastic strain
sary by scanning the incident beam energy; and (4) the lo- gradients that can be detected through inhomogeneous lat-
cal environment can be characterized near a volume elementice rotations along the probe direction. This inhomoge-
of interest. neous behavior can lead to asymmetric Laue spots or to
With white beam microdiffraction it is also possible to other intensity variations along the Laue streak; the ac-
quantitatively analyze a sample at different structure levels. tual intensity distribution depends on the dislocation density
In particular, it is now possible to analyze details of structure distribution. Here, we describe how the dislocation tensor
corresponding to nano (cells) and mesoscopic (fragments)field can be estimated from the shape of Laue spots col-
lected with polychromatic X-ray microdiffraction. An ex-
* Corresponding author. Tel.: +1 865 2417230; fax: +1 865 5747659. ~ ample is presented to illustrate the application to a real
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2. Experimental details Difffacted X-ray A

Measurements were made on the 3D X-ray crystal micro-
scope of beamline 34-ID at the Advanced Photon Source,
Argonne I1. The 3D X-ray crystal microscope uses a mod-
ified Laue diffraction method based on polychromatic radi-
ation [3,4]. This approach allows for true 3D mapping of
crystalline phase, orientation, elastic strain and plastic defor-
mation with unprecedented submicron spatial resolution. In
particular, differential-aperture microscopdj resolves the
local crystallographic structure along the path of the incident
X-ray microbeam. This allows for detailed 3D mapping of the
local crystallographic structure in materials. As described in
ref.[4], the depth-dependentintensity contributions to all pix-
els of the detector are reconstructed from the variation in the
CCD pattern as a wire passes near the sample surface. Details
on the experimental setting and data collection can be found
elsewherg4].

In this experiment, rotations of five neighboring grains
in a polycrystalline Ni tensile sample were determined at
three levels of strain. Here, we present the results for one
grain at 15% plastic strain. Dimensions of the beam were
0.5pm x 0.5pm with a penetration depth ef30um. Rota-
tions were resolved witkv 1 wm resolution along the incident
beam[3,4].

Under some conditions of plastic deformation, large dis-
location density gradients are observed even within the
micrometre-scale resolved volume element along the inci-
dent beam direction. In these cases, intensive streaking is
observed even from the Laue patterns within the differen-
tially resolved volumes. In order to get additional informa-
tion about the plastic strain gradients within these highly de-
formed volume elements, the results of standard differen-
tial aperture microscopy (DAXM) are extended with a Laue
intensity analysis of local streaking. Samples requiring this -

Kind of analysis mC.IUde hlghly defo.rmed samples, thm_ fl_lm Fig. 1. (a) Cell-wall structure with decaying density of dislocation walls
structures or materials with a very high absorption coefficient iy the depth of the grain, (b) shielding of stress fietdiue to grouping
(e.g., Ir); in these samples the strain gradients are either tooof dislocations within infinite equidistant dislocation walls; aXiis perpen-
high or the small range of sampling along the beam direction dicular to the plane of the wall, axiis parallel to the rotation axis; ax¥s
prevents standard DAXM analysis. and_Z areinthe pla_ne of Fhe WaII._ Solid curve shO\_Ns_the dgcay of_ long-range
strain and stress fieldswith the distance from the infinite dislocation wall
and a tendency for long-range strain to reappear near the finite equidistant
dislocation wall[19] or near the wall with irregular dislocation positions
3. Models of cell-wall substructure with varying (dashed curve).

dislocation density

Incident X-ray

beam

(b)

3.1. Parameters of cell-wall structure “thin walls” [5—-10])). Long-range internal strains from indi-
vidual dislocations within the infinite “thin” wall shield each
Consider deformation cells with distinct orientations sep- other §ig. 1b). As a result “thin” walls inhibit long-range
arated by geometrically necessary boundaries formed by tilt strain while allowing rotations between cell blocks.
dislocation walls as shown iRig. 1a. Each wall provides a The misorientation angl® due to such a boundary is
rotation between neighboring cell blocks around the direc- defined by the equatiob/h=2 sin(®/2), whereb/h~ © for
tion of the dislocation lines within the wall. The unit vector small angle boundary. Kis the distance between these dislo-
 parallel to the rotation axis of each wall coincides with cations in the wall, one can consider the boundary as a single
the unit vectorr along the dislocation lines in the case of defect producing a local rotation field. According to Saada
a tilt boundary. We consider tilt dislocation walls formed by and Bouchautl9], walls made of a finite number of parallel
equidistant edge dislocations with Burgers vebt(so called dislocations cause long-range interactions in the cell interior
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to reappear. However, with increasing length of the walls, this that satisfies the Bragg/Laue conditions. To analyze the white
input becomes smaller and their displacement fields can bebeam intensity distribution from a deformed grain, we intro-

treated as an infinite thin wall to a first approximation.
We define the average size of the deformationDélbe-

duce unit vectors in each direction of scatterfng: k/\|k|.
Near a Bragg reflection we define a misorientation vector

tween the two nearest GNBs and write the linear density of m = k — k. The scattered intensity depends on the second

GNBs as the number of walls per unit lengtH)1/ The total
density of unpaired dislocations grouped in the walls is de-
noted byn* = ﬁ. We use a Cartesian coordinate system
with axisZ parallel to the direction of dislocation lines within
the wall and axisX perpendicular to the plane of GNB. We
consider two models of the varying GNBs density distribu-
tion: (a) constant and (b) linear gradients of GNBs density
(Fig. 1a). In addition, we discuss the intensity changes in-
duced by the convolution of absorption correction with het-
erogeneous lattice rotations.

3.2. Laue diffraction from the gradient cell-wall
dislocation structure with decaying dislocation density

Our analysis of cell-wall dislocation structure is based
on the general kinematic treatment of X-ray scatter-
ing from crystals with dislocations and dislocation walls
[5,17,18,20-22] The precise shape of each Laue spot de-
pends formally on the distribution of local orientations within

rank dislocation density tenspj via the displacemeniy of
each scattering cell from the equilibrium positiﬁﬁ.

2

1(0)=|>_ fiexp(Q(RY +uy))| -

k

1)

Herefy is the scattering factor from an individual até&nThe
total displacement afth cell u; due to all GNBs is defined
by the equation

u; = E Cilljr.
t

The intensity distribution of a crystal with GNBs may be
written as followg17,18,20,21]

;i 0_ pO
Ig) = 123 " e,
ij

)

®3)

The correlation functiof differs for different dislocation
arrangements. The detailed analysis of the correlation func-

the probed grain/subgrain volume. The intensity also dependsijo s for crystals with unpaired dislocations or dislocation

on the incident beam spectral distribution near the Bragg en-

ergy of the reflection and the distribution of elastic deforma-
tion in the grain/subgrain. The initial spectral distribution can
be described biy(k), where k= |kg|). The momentum trans-
fer corresponding to a Bragg/Laue reflecti®gy | we define
as,kn k1 — ko, where (ko| = [kn k1| =K) (Fig. 2). Here kg is the
incident wave vector ankh | is the scattered wave vector

CCD Plane

(004h) ﬁ!“
i

1/A

(002h)

(001h)

Fig. 2. Intensity of Laue image as a function of a misorientation veuotor
Laue spotst{kl), (2h 2k 2) and (31 3k 3) give one spot at the CCD detector.

walls can be found elsewhdii8]. After some kinds of plastic
deformation crystals may form inhomogeneous distributions
of geometrically necessary (unpaired) dislocations (GNDs)
of one sigm* as well as geometrically necessary boundaries
(Fig. 1). This causes not only local fluctuations in displace-
ments from lattice sites, but also strongly correlated long-
range rotations within the crystal, grain or subgrain. Such
correlated deformation spreads the conditions for X-ray (or
neutron) scattering transverse to the reciprocal space vec-
tor of each reflection and causes streaking of the Laue spot.
Near an k) Laue spot the diffracted intensity is strongly
elongated in the¢ direction[17,18] The streak directiorg,

depends on the dislocation slip system orientagien éi&

3.3. Absorption correction

Eq. (3) describes the intensity distribution of Laue spots
when the penetration depth is relatively small compared to the
characteristic length of the lattice rotations along the beam;
cases where the local orientation is roughly constant along
the beam. In many measurements, however, this condition is
invalid which alters the intensity distributions within the Laue
streaks. For large penetration depthsit becomes important
to take into account the attenuation of the intensity along the
beam path both in and out of the crystakly e #.

To illustrate the essential influence of absorption, we first
describe the intensity distribution of an ideal crystal by delta-
functions (neglecting the finite size of the crystal and other
defects). The Laue image of a reference crystal before defor-
mation consists aod-functions in the symmetry positions of
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the reciprocal space of the crystal. The measured Laue inten-of the cell-wall structure and explicit distortion fields due
sity at each point of a Laue pattern is an integral(gf over to the dislocation arrangement. If we neglect the weakening
the energy spectrum of the incident beam. of the intensity with depthy(=0) the structure with con-

In the case of a large penetration depth we may approx- stant dislocation GNBs density gives the “flat-top” shape of
imately extend the integration to infinity and the diffracted intensity profile along the Laue streak and for a symmetric

Laue intensity profile can be written as, (central) image the maximal value is in the center of the im-
00 ) age Fig. 3a). Absorption reduces the intensity arising from
1(6) = A/ 80 — 0(x))e ¥ dx. 4) volumes deep within the sample resulting in an exponential
0

tail to the Laue spot. The single maximum corresponds to
The integral Eq(4) takes into account the absorption correc- the near surface regiofrig. 3 and c). This is in agreement
tion for an ideal reference crystal without dislocations. Below with Eq. (6). The length of the streak increases with higher
we show how it can qualitatively change the Laue intensity density of GNBs, and with lower absorption coefficient.
depending on the cell-wall structure arrangements.
3.5. Linear decay of dislocation density with depth
3.4. Isotropic strain gradient distribution
Consider a linear decay of GNBs density with depth. This
We consider two simple models of cell-wall density gra- reasonable next approximation to actual dislocation arrange-
dients: SectiorB.4, uniform; and Sectior8.5, linear. Here,  ments can result in Laue streaking qualitatively distinct from

we assume that the cell interiors are free from dislocations that observed with a constant dislocation tensor field. Here,
and from long-range displacement fields. First we consider the dislocation tensor density is described by

diffraction by a crystal with a constant densitly of geomet- .

rically necessary boundarie(s‘f% = O) forming tilt dislo- nt(x) =nd(1—px) and on™ = —ngp 7)

cations walls in the cell-wall structure. Each wall provides a ox

local orientation shif® (Fig. 1a). The uniform distribution Here,n:)r is GNBs density near the crystal surfagéhe decay

of GNBs creates a constant gradient of macroscopic lattice coefficient of the GNBs density along the beam path in the

rotations (along the beam) with depth sample. Lattice rotations and their gradient may for this case
99 be written

0(x) = 60 + anar@x; P a®n’t. (5) 90

) 8y 0(x) = 60 + anb"@)x(l — Bx); — = omg'@(l — 2Bx)
Herea =« is the contrast factor along the streak. dx
The expression for the scattered intensity may be written )

explicitly as follows: For a linear decay of GNBs, the Laue spot intensity profile

16) = A o° slo—a a®x\ _ . dr- even for semi-infinite crystal can have two maxima of inten-
©) = o “ T Ty € ' sity due to the interplay between the decay of GNBs density
and of scattering intensity with depth. An integration similar

+ +
16) = ADi exp [_“/D(G_GO)] (6) to Eqg.(6) leads to the following expression for the intensity
10/ a® of the Laue streak
1(6) has a single maximal value at 6o formed by diffrac- expl—ux1(f))  expux2(0))
tion from the near-surface region and decreases exponentiallyl = 0(x19)) 30(x2(0)) (9)
ox ox

with the deviation from this angle.

Simulations of the intensity distribution for uniform GNB  The maxima correspond to the scattering from the depths:
density with an absorption correction are showhii 3. All

simulations were performed using a microscopic description an§® + \/(Omg@)z — 4and OB(y — 6o)

X12 = 10

12 2and OF (10)
210 . . . .
% s @ u=o| | (B pt || © p=10 Simulations show that the decay of GNBs density with depth
2 ole redistributes the streak intensitlig. 4a—c). The most un-
= usual shape of the streak is revealed when 8 or u<p.
E a.d Here, the interplay of the depth-dependent absorption with
g o2 the dislocation density gradient results in a streak with max-
S 9554020 020406 imal values at both side§ig. 4b). The first maximum cor-
Deviation from 9, responds to the scattering from a near surface region and the

second is close to the scattering angle of the undistorted bulk
Fig. 3. Influence of absorption at constant GNBs dengityQ) on the streak crystal. The numerical simulations are in agreement with the
profile intensity distribution (a—c). continuum description (Eq€9) and (10). A further decrease
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11.0[ 4 ws | [io) w15 [ (o) o direction. Thg plastic response of the material in each_ grain
0.8 i pet x can be described by the formation of cell wall structure in the
0.6 g material to relax the stress field induced during pulling.

0.4 Streaking of the Laue images reconstructed fram-

0 length volumes along the incident beam is observed up to
™ 25pm below the sample surfacEig. 5). The total Laue pat-

8604020 020 06 tern obtained from 3f.m consists of two sets of streaks. This

Deviation from @ . o . . . . .
’ is an indication that at least two regions with different slip

Fig. 4. Intensity profiles for linear gradient of GNBS% 1) and different systems and different strain gradient directions are presentin
ratio betweerp andp (a—c). the unresolved probed volunjs].

Differential aperture microscopjl 6] demonstrated that
ofthey/Bratio results in the appearance of a very strong max- in the near-surface region only one set of very-long streaks is
imum in the position close to undistorted bulk material and present which is replaced by the second set of streaks at the
long weak tail Fig. 4c). This Laue streak shape is observed depth of about 12—1am (Fig. 5b). Each set of streaks is re-
in a number of experimen{s6,17] lated to a certain (predominant) dislocation slip system. Using

By comparing the two simple models above, we see that the aforementioned theoretical analysis and fitting the exper-
gradients in the dislocation tensor field can result in distinct imental Laue pattern we determined the dislocation density
Laue spot shapes with a peculiar intensity profile along the tensor for both regions.
streak. When the unpaired dislocation density is small along  The analysis of the dislocation cell-wall substructure was
the beam pathRig. 4a) or the absorption large, then X-rays performed in following steps:
are scattered by planes with similar orientation. In cases with
significant unpaired dislocation densifyig. 4c) more inter-
esting Laue spot shapes are created. By studying the shape o
the Laue spot, DAXM methods can be extended to materials
that are otherwise difficult to study.

e the orientation of eigenvectors and eigenvalues of the lat-

¢ tice curvature tensor were modeled from the streaks pro-
files of the experimental Laue pattern at each region;

e simulated Laue patterns using these eigenvectors were
compared with the original experimental image;

e aleastsquare fitwas performed to find the predominant slip

4. Gradients of rotation in the Ni polycrystalline systems corresponding to the dislocation density tensor.

sample after uniaxial pullin . . .
P puling The Laue pattern simulated with the experimentally deter-

The theoretical approach described above was used to in‘mined eigenvectors of the lattice curvature for a second re-
terpret the complicated Laue diffraction pattern and to obtain gion occupying the depth scale 15+8@ is shown aFig. 5c.
the parameters of the gradient cell-wall structure in a grain Our analysis of the dislocation density tensor shows that
of a Ni polycrystal after in situ uniaxial pulling. Average the dislocation population, which is activated in this grain
grain size Wag\,loopim The microbeam-Laue diffraction is mOStly formed by edge dislocations with lines inclined
revealed pronounced streaking of the Laue spots after 15%@approximately 45to the loading direction.
strain. Laue images were reconstructed at different depths of ~ All Laue spots have a highly asymmetric intensity distri-
a grain in the Ni polycrystalline sample. The orientation of butions along the streak with a strong maximum at the end
the gra;in surface normal after deformation was a|m0§t para|_ of the streak associated with the interior of the Sample and
lel to [233] with |oading direction approximate|y in [|12] with a |Ong tail with gradually deCfeaSing intenSity. The in-

(a)

1 S .
- 464
‘ ! (- 246) L(-466) Y

i y % (-353)
1 (-355)

A F ',;\‘ g A
|§ ¥ -_(-244)
\ “7;- 133)

Fig. 5. Depth integrated (a) and depth resolved images (b and c) corresponding to the region within the depils erg@ith the surface of the grain with
a free surface in a Ni polycrystlal after uniaxial pulling: Experimental (b) and simulated (c) Laue images.
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Fig. 6. Experimental contourmaps and 3D portraits of (13 3) and (24 4) Laue spots show asymmetric intensity distribution along the streakradfitessity p
across the streak are shown at the inserts.

tensity maxima of all spots are located at the same end of thethe analysis of surface orientation maps. Extended analysis of
streak Fig. 6). According to the previous discussion (Sec- 3D Laue diffraction measurements thus allow us to character-
tion 3.5) this particular asymmetry indicates a strong dislo- ize inhomogeneities and orientation gradients in the cell-wall
cation tensor gradient with depth. At depths beyong.80 structure of materials.

the Laue images became sharp and rotations in the grain were

resolved with the differential-aperture technique. The results
of the streak profile are in agreement with the results of the

differential-aperture information. ¢ Inhomogeneities in the dislocation tensor as a function of
The gradient in the cell-wall structure is understood to depth in the grain of a Ni polycrystal after uniaxial pulling
arise from the change in constraints near different boundaries gre observed.
of the analyzed grain and near the free surface. The number ofy A decaying unpaired dislocation density with depth results
constraints increases away from the surface toward the mid-  jn an asymmetric Laue streak profile with a strong intensity
dle of the Sampl{'23] The observed gradient in the cell-wall maximum arising from volumes deep in the Samp|e and a
structure has a length scale which differs from surface rough-  |ong weak tail due to the near surface region.
ness, known to vary from 12 to 80 nm in similar experiments o Ananalysis of the experimental intensity distribution along
[24]. The observed gradients in GNBs with depth result in  the streak profile allows the dislocation density gradient to
cumulative rotations and occupy regions with a much larger  pe estimated due to the distinct intensity distribution for all
length scale of about15um. They indicate the evolution of Laue spots when corresponds to the gase (Fig. 4c).
a hierarchical mesoscopic substructure. It evolves as a resully Qualitatively the observed asymmetry of the intensity dis-
of translational-rotational movement of the grain with free tribution a|0ng the streak prof”e indicates the presence of
surface during pulling including both shear and rotation. Dif- 3 significant dislocation density gradient leading to probed
ferent structural levels are observed in this grain. The Iength regions with h|gh dislocation density and low dislocation
scale at which the change of slip system orientation takes density. This is definitely measurable within the penetra-
place (at the depth of about 12-1f) is comparable (ap- tion range of the~15-22 keV X-ray beam and both the
proximately two times smaller) to the length scale of fractal  |arge rotation field near the surface and the smaller gradi-
dimensions found during tensile testing of Ni single crystal  entwithin the grain are probed simultaneously, as shownin
with AFM [24]. Itis also inagreement withthe length scale of  Fig. 1a. This result is in agreement with our measurements
mesoscopic slip sub-bands observed with EBSD during ten-  of the grain rotation.
sion[25,26] and with earlier observations by Honeycombe o The analysis of the dislocation density tensor shows that

[27] and Mughrabi et a[28]. Earlier paper§25-27]demon- slip systems with dislocation lines inclined approximately
strate the inhomogeneities of plastic deformation based on  45° to the loading direction are activated first.

5. Conclusions
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