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X-Ray Microheam Laue Pattern
Studies of the Spreading

of Orientation in OFHC Copper
at Large Strains

G. C. Butler
This paper assesses, via X-ray microbeam diffraction, the effects of development of dis-
S. R. Stock location substructure on the distribution of sub-grain misorientations in annealed OFHC
. copper deformed to large strains for compression, for shear, and for sequences of com-
R. D. MCGIMV pression followed by shear. Polychromatic synchrotron x-radiation was used to study
samples from four strain histories: virgin specimens, 50% effective strain in compression,
D. L. McDowell 100% effective strain in torsion, and 50% compressive strain followed by 50% torsion. A
very narrow beam illuminated an approximately 18n diameter column through the
Georgia Institute of Technology, sample, and the microstructure of the specimens was mapped by translating the sample
Atlanta, GA 30332-0245 along two orthogonal axes perpendicular to the beam by increments afrl0rhe beam
diameter was considerably smaller than the average grain size in the virgin material.
Both the degree of substructure formation and the nature of the distributed microstructure
were quantified from the resulting Laue diffraction patterns. The polychromatic diffraction
patterns of the polycrystalline samples consisted of well-defined streaks, and the azi-
muthal angular width of the streaks increased with plastic strain in a manner consistent
with the scaling of the misorientation distribution of high angle boundaries for sub-grains
reported recently using electron microscopy techniques limited to thin foils or thin surface
layers. A lattice spin correction is introduced based on this scaling law in a simple
extended Taylor scheme of polycrystal plasticity to achieve a retardation of texture devel-
opment that is consistent with experimental resyl3Ol: 10.1115/1.1421050

1 Introduction tions. These may eventually give rise to development of high

The formation of deformation bands in bcc and fcc metal cry fi_ng|gngﬁgrr:1destr;atl1li)éﬁ:fesf;?;); bounda(f@siBs) between defor-

. ) h ti
tals qctjaforr&ed to Iatrget pla;t'g stF:aln :tevfels h?s beep a SUbljeCt 0? Deformation bands occur more readily and are initially wider
considerable recent interd4t-9). Results from transmission e €Cin larger grains, with profuse formation of secondary and tertiary

tron microscopyTEM) and scanning electron microscofEM) pands within primary bands accounting for observed refinement.
electron backscattering techniques have led to an understanding peformation bands are less prevalent for precipitate-
that these deformation bands are quite complex in nature, gghaining alloys at room temperaturénternal stress fields

have - the foIIowmg attributes, summarized from Kuhlmannsf conerent precipitates tend to randomize the deformation sub-
Wilsdorf et al.[9]: structurey, and also at higher temperatures where statistical fluc-

- These bands' spacing refines as deformation proceeds uptl{gtions of dislocation activity and orientation become more

equivalent strain levels of 200—300%. prevalent. . .
« Only a limited(e.g., 2—3 number of slip systems need to be,_". Dgformatlon b_ands_ play a role in the dependence of recrys-
active within each band, less than the number ostensibly requilIgH'Zat'on and grain refinement on prior cold work.
of a single crystal to maintain compatibility; clusters of bands act While the TEM and SEM work has been illuminating in many
together to fulfill the Taylor criterion. respects, these techniques are based on either very thin foils/slices
* The measured misorientation of adjacent bands suggests ¢éineon very shallow surface interrogation of the samples. Prior
presence of high angle>5-10 deg boundaries, and dislocation work has not considered sampling significant volumes of material
content within these boundaries represents substantial populatigfig fairly high (sub-grain resolution as would be accessible
of geometrically necessary dislocations needed to accommodétugh high energy polychromatic synchrotron x-ray microbeams
the misfit associated with slip incompatibility between neighbokhich can have a diameter substantially smaller than the mean

ing bands. grain size. _ _ _
+ Individual bands do not extend across grains, but similarly In this paper, subgrain-scale microtexture of polycrystalline
oriented bands are observed in various grains. pure Cu is investigated based on analyses of transmission Laue

« Deformation bands give rise to a distribution of subgrain miffraction patterns obtained using polychromatic synchrotron
sorientations as well as to various texture components that difféfay microbeams. The amount and character of grain subdivision
from the Taylor criterion applied to the initial grains. is quant!fled for four samples of copper, with von Mises equiva-

« Initial formation of low angle boundarigsometimes termed lent strain levels of 50% and 100#0th monotonic and complex

“incidental boundaries” or 1By is manifested by dislocation cell s;rain hilsto_rie_}s arr]ld an annealed,hundefo[]med _sa_mplde_. Thde Eeyrtlo
wall boundaries arising from mutual trapping of glide dislocal'€ analysis is the recognition that each grain irradiated by the
polychromatic beam produces a pattern of diffraction “spots,” the

arrangement of which depends on the grain’s orientation relative

Contributed by the Materials Division for publication in theURNAL OF ENGI- . thi _
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials tp the beam; this arrangement degrades to streaks as the deforma

Division October 10, 2000; revised manuscript received May 10, 2001. Guest Egiqn levels increase- Because each region of a su_bd_iVided _Cry5ta|
tors: Mohammed Cherkaoui and 420 S. Tah. will form a different, slightly rotated pattern, analysis is relatively
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straightforward, and one expects that greater amounts of subd” -

sion in a crystal will produce a more complex Laue pattern. Di

ferent approaches can be used for x-ray microdiffraction materi \ /o !
analysis[10-14], and it is interesting to consider how the volu- = B 1"" .
metric x-ray methods may complement or even compete wi > \.f & )IP' o
electron-based orientation mapping techniques for determini ) _.N A
misorientation distribution at large strains. — A -

2 Experiments ~, \

The material used in this study was annealed oxygen free hi - ,& LA —cll

conductivity(OFHC) copper with an equiaxed grain structure ant

an initial grain size of approximately 60—6&@m [15]. Samples | "

were cut from as-received material, and from material subjected !

equivalent von Mises strain levels of 50% compression, 100

torsion, and 50% compression followed by 50% torsion. Pole fi(

ures from theg(111), (200), and(220) planes were measured from

all four samples, and these results are reported elsewWhéte

The observed macrotextures of the samples subjected to mo ‘?"

tonic deformation were consistent with those reported in the li 7

erature; the authors are not aware of data with which the sam, P ¥

with complex deformation histor§60% compression followed by %

50% torsion could be compared. - \l
Planar sections of each of these samples were cut with a slc r-“

speed diamond wheel and hand ground from 1 mm thick sectic
into thin wedges. The samples were then metallographically pt
ished on SiC paper and etched to remove polishing damage. 1
final thickness of the samples subjected to microbeam analysis
was between 10@m and 200um. Fig. 1 Transmission Laue patterns recorded with a 10 ~ um di-

Diffraction data were collected at the Stanford Synchrotron Rameter pinhole collimator for as-received OFHC copper, after
diation LaboratorSSRL under storage ring energy of 3.0 GeV50% compression, after 100% torsion, and after 50% compres-
and beam currents between 50 mA and 100 mA. Both the sampien followed by 50% torsion  (clockwise from upper left ). Low-
and the image storage plate were normal to the incident beagt intensities are _white with_increasing _diffractio'n intensity
Microbeam diffraction was initially performed with a 3@m di- Shown by darker pixels. The light square in each is the beam
ameter pinhole collimator placed 55 cm from the sample. How:°P:
ever, it was determined that the beam had approximately 20 arc-
seconds of vertical divergence, which was enough to broaden the
beam to about 8@m at the sample position. The resultant bearroader streaks. The number of peaks is also higher for the
area was unacceptable for subgrain scale investigations, sincestained samples, reflecting the additional texture resulting from
grain size was approximately ah. Thus, the separation betweerthe developing microstructure. Also, the presence of distinct “sub-
collimator and sample was subsequently reduced to approximatglfeaks,” closely grouped within a single envelope, is evident, and
8 cm, resulting in an irradiated column approximately 2@ in is more prevalent in the samples with 100% equivalent strain than
diameter. in the 50% compression sample.

Beams diffracted from the Specimen passed through 3 mm of A|The measured azimuthal variation in intensity for the four
on the front of the image plate holder. A square Pb beam stop w&nples is shown in Fig. 2. Again, there is a clear difference
attached to the front of the plate holdés “shadow” can clearly between the virgin sample and the strained samples. The seg-
be seen in all of the diffraction pattepnsor some of the diffrac- mented or fragmented peaks support the presence of discrete sub-
tion patterns, Mo filters were placed in the beam; the resultifggions of the grain, misoriented with respect to the overall crys-
sharge change in contrast across the positions within a streak &lographic orientation. The microstructural features are not
fracting wavelengths on either side of the K edijé] was used to observed in the virgin sample, and increase as the level of strain
identify hkl for the different diffraction streaks and to ensure that
(111) streaks were compared for the four samples. Data were ini-
tially collected on 225 cm image plates with 100m pixel size (@) 0% strain (b) 50% Compression
and 1024 levels of contrast, and later on<2® cm plates read -
with 50 um pixel resolution and 256 levels of contrast. Microtex-
ture was mapped in the specimens by translating the sample along
the two orthogonal axes perpendicular to the beam by fixed incre= s

150

Intensity
Intensity

ments(generally 10um) and recording the resulting transmission 0 0
Laue pattern. More details concerning the technique can be founi ¢ & @ s w0 25 210 518 0 0 45 %0 15 180 25 270 315 360
in [lo] Angle Angle
. . . 100% Torsit % ion - 509 i
2.1 Experimental Results. Figure 1 compares the transmis- o ) orsion 110 (0)30% Compression - 50% Torsion
sion Laue patterns from all four specimens, recorded with the ™ -

smaller sample-collimator separation. The background intensity isz
white, with darker pixels denoting higher intensities, and the light £ s
square near the center of the figures is the shadow cast by the le¢
beam stop. The black circles mark the ring of azimuthal positions | . 0 |
at which diffraction intensity was measured. The contrast betweer ~ ° * % ™ ' = 20 52 200 4w e @ w0
the virgin sample and those with strain histories is evident. The

streaks of the virgin sample are very narrow, with little azimuthadig. 2 Azimuthal variation of diffracted intensity along the
broadening evident. By contrast, the strained samples show mubtitk circles shown in Fig. 1; strain histories as labeled

Intensity

2
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’ \ I \‘S‘ Fig. 4 Variation of angular spread  (full width ) of streaks from

, ' transmission Laue patterns, as a function of &P”°. The inverted
triangles represent the average width.

Fig. 3 Laue patterns of the 50% compression, 50% torsion

sample at four positions separated by 10  um translations. The after successive 1@m sample translations illustrates this for a

sequence is top left, bottom left, top right, then bottom right. sample strained to 100% in torsion. Again, the azimuthal variation
in intensity was measured, and is used to assess the nature of

. - . . microstructural variation. In this case the intensity from 135 to
applied to the material increases. Figure 3 is of the 50% comprd% Y

! 0 ; ; . |5 degreegmeasured counterclockwise from verticid ana-
sion, 50% torsion sample and shows dlffract!on patterns recor ed, showing the position where a microstructural feature is first
from four positions separated by 10n translations. The horizon- jeiected and its variation with position. Figure 5 shows the mea-
tal diffraction streaks_ just to the _Ieft of the be?‘m Stop persigf;req azimuthal intensity from the first four of the patterns, start-
between 10—3Qum; since the maximum beam dimension is be-

. ing at the sample position 66.94 mm. At the starting position the
tween 15 and 2gum, this demonstrates that the structure observ [eak of interest is not detectaifeo peak in azimuthal intensity
oceurs on a Iength scale sgbstantlally smaller than the orging present As the sample is translated, a peak in azimuthal inten-
~60 um grain size. Also, notice the two patterns of streaks aboygy phegins to form, indicating the presence of a favorably-
the beam stop. The group of streaks in the upper left position !

. . . . Sljented domain for(111) diffraction. At a sample position of
the pattern gradually decrease in both intensity and ammutfgé_w mm, this feature is well established. Note that the general

range, w_hile those adjacent streaks to the right gradually incre%pes of the peaks at positions 66.96 and 66.97 mm are similar,
In Intensity. The c_omp_lexny_and structural dev_elopment underl vith two lobes or sub-peaks in each case; the intensities are higher
ing crystallographic orientations are clearly evident at scales well the Jatter position. '

below the level of the grain. Figure 6 shows the last of the previously measured positions
The electrqn back;catter work ofl—_|ughes and Co”ea@?ﬂaﬁ— 66.97 mm positiopy together with the next three positions
19] resulted in the discovery Of. scaling laws for key_mlcr_ostru rough 67.00 mm. Of interest is the contrast between the first and
tural parameters. For the strain levels considered in this woik, s ent intensity profiles. As discussed in the previous para-
high angle GNBs are considered as the dominant source of ph, there are two well defined sub-peaks evident at sample
misorientation distribution, so we consider a relation for the aver- <01 66 97 mm. At higher translations the two sub-peaks are

age misorientation of high angle boundaries within grains whicfjs,"e\/iqent, however the relative intensities have changed: the
is drawn from their electron backscattering and TEM work. ' ’

Hughes et al. found that the average angle of misorientatigy) (
between both low angle incidental boundaries and high angle geo-
metrically necessary boundariéss termed by theijris a function 160
of effective plastic strain. The relations for IBs and GNBs are
clearly different; for the high angle GNBs which relate to the
higher strain levels considered in the present work,

T L (1)

Intensity

whereeP= \2/3efsf} is the equivalent plastic strain. The angle
0., represents a minimum angle between adjacent subgrains de-
termined by considering all cubic symmetry operations for the
individual crystallite orientation matrices. The data reported in the
present study are consistent with this relationship, as shown in

Fig. 4, which shows the measured angular spraltl width) of

the(111) diffraction streaks as a function 8P™° Data were taken 20
at well-separated positiortat least one grain diameter apdrom
all four samples; the average for all measurements is shown by
inverted trian_gl_es and, to within experimental scatter, the data fQ—Ii'g. 5 The variation in measured diffraction intensity at four
low the prediction of H_ughe_s et "?‘l' . . different sample translation positions (66.94, 66.95, 66.96, and
The spread of domain orientations is not the only quantity thgs.97 mm). The peaks detected at the final two positions indi-
can be determined; structural variation within individual graingate the same microstructural feature is within the irradiated
can also be quantified. A sequence of ten Laue patterns recordgithder of material.

140 160 180 200
Angle (degrees)
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Fig. 6 The variation in measured diffraction intensity at four Fig. 8 Histograms for the angular separations between sub-
different sample translation positions ~ (66.97, 66.98, 66.99, and  Streaks of a given diffraction streak for the sample which had
67.00 mm). The relative sizes of the two subpeaks detected at undergone 50% compression and for the sample subjected to
66.97 mm and 66.98 mm are reversed. 100% torsion. The five independent measurement positions

used were far enough apart to minimize bias.

maximum intensity has changed from the right sub-peak to the
left. This sequence implies a region with two subdomains, with . . .
differential rotation in the translation direction. 100% torsion sample. As expected, the sample with greater plastic
Figure 7 again shows the last of the previous profifessition stra_in _has significantly greater mean misorientati_on ar_1d standard
67.00 mm, as well as the next three translations. This ﬁgurgewatlon;_the fact that the total range of misorientation values
shows that the microstructural feature prominent in the first pogPServed is more-or-less constant for strains which differ by 50%
tion (67.00 mm has essentially disappeared by the final positiof§ Most likely a necessary consequence of the combination of
(67.03 mm. domain size, of volume sampled and of the range of Wavelengths
Figures 5-7 illustrate the presence of a group of microstructufd[eSent in the beam which can penetrate the sample. The picture
features of less than 8am in size; with an approximate peamWhich emerges from th|§ limited number of measurements is
size of 20um, the size is actually closer to 6am. This is con- n_onetheless consistent with that from the total az_lmuthal spre_ad of
sistent with the previously determined grain size. Also illustratedifferent streaksFig. 4) and that from the experimental scaling
however, is the fact the changing substructure is clearly visiblWs advanced by othef§,18-19.
There are two clearly observable sub-peaks, and each is predomi-
nant in only part of the area in which the streak is produced. The
close spatial and orientational correlation of the substreaks of tBe Texture Evolution: Extended Taylor Model With
larger streak indicate that the features are from a single grain, apdified Lattice Spin
not from neighboring grains. . —_ .
Histograms for the angular separations between sub-streaks of &fforts to explicitly account for the subdivision of grains by
given diffraction streak appear in Fig. 8 for the sample which he#eformation bands and cells such as that of Lefféisare ex-
undergone 50% compression and for the sample which had bdifnely challenging, computationally intensive and inevitably
subjected to 100% torsion. The five independent measurement pYPI€Ct 10 a great deal of idealization of incompletely understood
sitions used were far enough apart to minimize lfias, the sepa- Processes and mechanisms. Here we propose a rather simple
ration was comparable to the grain size in the starting maerigiodification which builds on the earlier suggestions of the work
The mean, standard deviation and range of angles are 3.2, 1.8, §hgutler and McDowel[20] which involves adding an additional
7 deg, respectively, for sub-streaks in the 50% compressilfiiM O the lattice spin to represent the diffusioatardation of

sample: the values are 7.5, 2.8, and 8 deg, respectively, for {ptiice orientatiop associateq with grain subdivision and microtex-
ture formation via deformation bands.

The governing principle for the new term is drawn from a scal-
140 ing law [8] that relates the average angle of misorientatiy),,
to the average spacing between deformation bafidss per

Oay

b =constant 2)

whereb is the magnitude of the Burgers vector. Both relations
have been verified for a variety of fcc materials.

If 6., <P, then

Intensity

e, @3)
This relation can also be approached from another direction. Com-
bining Egs.(1) and(2),

140 160 180 200 203

5=AeP

020

20

2/3
. A= 5P
Angle (degrees) ;A 598 ¢ (4)

where &, is the initial boundary spacing, ang allows for the

Fig. 7 The variation in measured diffraction intensity at four introduction of a threshold effective plastic strain necessary for

different sample translation positions (67.00, 67.01, 67.02, and

67.03 mm). At 67.03 mm, the microstructural feature present in the onset of microstructural refinemeftote thats=d, for &P
the other three patterns is no longer detected. <eP). Now, defineg, the relative amount of grain subdivision, by
Journal of Engineering Materials and Technology JANUARY 2002, Vol. 124 /| 51
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each of Egs(15) couple the elastic deformation with the plastic
e=1— o (5) rotation (i.e., rotation of the intermediate configuratipralbeit
9 typically in a relatively weak manner.
From the similitude relation, normalizing by the initial grain size The effect of dislocation substructure formation with its char-

rather than the Burgers vector magnitude, acteristic misorientation distribution following E@) are intro-
s duced by modifying the lattice spin tens®R". SinceW~w
(_) 6,,=C (6) +WS+WPwherew= RRT, (thenw=W—WP), the lattice spin is
Sy modified to include a term associated with subgrain/microtexture
Since developmenti.e.,
4 J. =0 7 ST Bwézu
3 bay + 5 oy = ) 0=RR"=wg ;= (W—WP)| 1+ Wi (16)
this leads to

where g, is the new lattice spin tensor including substructure
¢ 2 1 effects,|WP|| is the norm of the plastic spin tensor, a#if] (rad/9
m - §C(1_ ®) (8) s the modified rate of change of the average angle of misorienta-
tion among sub-grains. The dimensionless coefficigptcan be
or adjusted to match experimentally measured texture development.
_ 2 s Positive values of3,, tend to increase the rate of texture develop-
6., = (—CE‘C’ )gp 5P (9) ment; recall that the classical extended Taylor model already over-
3 predicts texture developmefit6]. Negative values retard texture
PERTYA ; : . ; ; development, especially during the early stages of plastic defor-
To simplity |[nzgl.ementat|on, one may_lr?troduﬂév » in which the mationPA value Fc))f,way—0.259has beer)ll fOU?]d to SF|)OW lattice
term 2/ef  in Eq. (9) has been divided out, so that rotations (by roughly a factor of two to five and leads to pre-
) 3 . e s ferred or.ientations.in genergl agreement with measured pple fig-
egvzzc—lgg 0= ‘/1—<pgg GP="5P &P (10) ures. This retardation of Iatt_lce rotation can b_e ur_lderstood in term
of the development of a misorientation distribution of subgrains
In view of Eq. (8), we may rewrite this solely in terms of thethat are separated by boundaries with significant geometrically
subdivision variable, i.e., necessary dislocation content. Even though the plastic spin is ac-
centuated within each band due to limited activated slip systems
(fewer than necessary to fulfill compatibility, in gengrahere is
an alternation of misorientation of the bands so that the net effect
) ) o is to slow down the average lattice orientation over many bands
In the continuum slip theorj21], material is assumed to moveyjithin 5 grain. This is clearly demonstrated by traverses of mis-
though the. crystalline lattice via dislocation gllde.. The latticgientation distribution of the bandsf. [7]); abrupt changes of
structure (with embedded materiplundergoes elastic deforma-pmisorientation with alternation of sign are observed over traverses
tions and rigid rotations. The deformation gradiénis written as s only tens of microns in large strain samples. It is therefore
F=F* FP= RUSF? (12) evidently energetically favorable for the geometrically necessary
dislocations to be generated in order to accommodate significant
Here, F* is associated with the elastic deformation and rigid rdecal misorientations between bands, while the overall lattice ori-
tation of the lattice;FP represents the deformation gradient reentation rotates at a significantly lower rate. This lattice spin is
maining after elastic unloading and after rotating the lattice baglssumed to hold for each grain within the context of an extended
to the reference orientatioR is the lattice rotation tensor ardf  Taylor assumption which enforces the same deformation gradient
is the right elastic stretch tensor. It is understood Rads com- F among all grains in the polycrystalline ensemflé,20,23.
prised of rotation from both elastic deformation atmtedomi- Predicted results for texture evolution based on the the sub-
nantly) rigid rotation; the former is neglected for small elasticstructure formulation are next compared with those from the clas-
strain. The plastic deformation is described in terms of shearisgal (w =W — WP approximatiofn model and with experimentally
along crystallographic slip systems. A particular slip systefmis measured pole figures for compression. Diffraction intensity mea-
designated by associated unit vecte&‘é? and mgﬂ) for the slip surements were made from modified Lindholm specimens using
direction and slip plane normal, respectively, in the undeformeah automated Phillips Expert system located at the National High
lattice; for fcc crystalsx=1,2, . . .,12. These unit vectors are or-Magnetic Field Laboratory at Florida State University. The beam
thonormal in the undeformed lattice and convect with the latticgize was 1 mrh and the orientation distributions of th@11),

™
k-]

0,,=C

¢

C

. 3 (P 2/3
* _ = —p
av 2 (l_<p)280 (11)

so that in the deformed lattice they become (200), and (220 crystal planes were measured. Specimens were
y o (@) —1 mounted in resin, and polished to a smoothness @i using
s$¥=F*g; m@=m{F* (13)  diamond paste.

These vectors are also orthonormal, but are rotated and Stretche'tgetg(tureps(oLpoIeLfigurAeFwere plottEgsl]Jsi'\r)lg the Prefertred Ori-
with F*. The velocity gradient. is given in the current configu- eéntation Fackage-Los Alamaos, pop - Vieasurements were
tion byL=EF-1 so taken at five degree increments in betfithe angle relative to _the
ra y ’ normal to the surface of the sampkend ¢ (the angle of rotation
L =RRT+RUSUS 'RT+ RUSEPEP ‘Ue 'RT (14) a_lbout the normal The outer 10' deg_rees of each mgasured pole
figure were constructed by routines in popLA, following the pro-
The first two terms involve only rigid lattice rotation and elasti¢edure described previoudl§6]. Harmonic analysis was used to
deformation. Separating symmetric and antisymmetric terms, extrapolate the high tilt angles, after which the pole figure was
— el PP _—y PP~k — 1 re-normalized, to an average overall intensity of 1(@®es ran-
D=D"+D+(C o)WF=WH(C ) dom). The resulting pole figure was then analyzed using the
W=RRT+We+WP+(C* 1. ¢)DP—DP(C* 1. o) (15) Williams-Imhof-Matthies-Vinel(WIMV ) method_[24_—25, which
recalculated the outer ring using the normalization provided by
whereW®=0 to first order in elastic strain, an@* is the rotated the harmonic analysis. The plane of measurement is normal to the
elasticity tensor in the current configuration. The last two terms gompression axis.
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scales of normalization of the gradients are related to the mean
spacing of deformation bands over which jumps of lattice orien-
tation occur. In the case of sharp boundaries of deformation bands,
presumably dominated by geometrically necessary dislocations,
gradient theories of hardening must recognize the discontinuous
nature and net orientation of the of the geometrically necessary
dislocation population associated with the slab-like volumes of
deformation band$9]. In some cases, the boundaries between

E

2B NEN

B33

(a)

(£ ich deformation bands may be rather less sharp, consisting of dislo-
_ ' _ cation cells of gradually changing orientation over some distance;
Fig. 9 Comparison of {111} pole figures for OFHC copper fol- these so-called transition ban@ form more diffuse misorienta-

lowing £P=50% in compression: (&) measured, (b) calculated  tjon fields and therefore should alter the length scale for normal-
based on the classical extended Taylor constraint, and ~ (c) cal-  jzatjon of strain or structure gradients. A viable question to ponder
\?vl:tlﬁtggbt;iii(tju?g th(eﬁnffg’lszsé)cal extended Taylor constraint is whether it is the strain gradient or the microstructure gradient

v B that ought to be represented in higher order gradient theories.
Conditions for the possible breakdown of the scaling law in Eq.
(2) at very high local shear strains in conjunction with formation
The predicted pole figures use the model described, both wighadvanced, refined low energy dislocation struct(i2sh is also

and without the new substructure terms; in both cases simulatigstsfuture interest, as are the dependencies of the deformation

are done with 500 grains based on the extended Taylor assumpti@ihds on temperature, strain rate and the presence of second phase
of a uniform total deformation gradient in all grains. Individuaparticles or precipitates.

grain orientations are converted to density files using standard
popLA routines and procedures; darker areas in the pole figu#s Conclusions

correspond to higher orientation densities. The slip system hard- . . .
ening laws and flow rules have been described elseviiiebut The results presented demonstrate that microbeam diffraction

there is no impact of the slip system hardening law on the textufg"Y polychromatic synchrotron x-radiation can be used to quan-

evolution at large strains because with the extended Taylor mody 9rain subdivision accompanying high levels of deformation in
copper. The measured misorientations within grains are consistent

texture evolution is essentially entirely kinematical in nature’ h the power law relation with effective plastic strain found b
Hence, we do not present unnecessary detail. The flow rule is E hes gt al[8] for GNBs in fcc metals baged on entirel differ-y
power law type with a low strain rate sensitivity of 0.01. 9 A . y

n‘?@ﬁ characterization strategies. Results also show that the method

fa(';gl;gﬁ os\jvisnhO\(I;vosn: h;aessst}eorgotgras%g/so fgir Lﬁ;agzﬂi\ﬁésg ;%e;' can be used to identify the nature and distribution of subdivisions
' g P - 19 e\githin individual grains.

sured pole figure, which had a maximum intensity of 2.30 tim A simple modification of the lattice rotation is introduced to

random. Compare this with Fig(l9, which shows the results of . L o
the extended Tavlor approximation with no allowance for sutfccount for texture retardation due to subdivision. The modifica-
grain microtextur)é forrr?gtion. The central void has grown evji:on is consistent with the rate of development of the misorienta-

larger, and the maximal intensity ring is clearly defined. Th orlﬂ?esssc();:ﬁrt_]edlgvvl\}ho?lgz ahnegslee?l;kl)-gErggnt:jc;t:jn(_jrgnﬁ)s; iismejg[ﬁ)?fd
maximum intensity for this figure is 4.30 times random, a diffe oy 9 9 ) y

ence of 87% compared to measured. Figu® Shows the effect for the evolution of crystallographic texture are made for a 500

of the substructure modification. Again, the intensities are ve ?i'gep;)l%/:rysg’sxgélandogvggoﬂ;éﬁem'?’;ﬁﬁtrgft%ﬁmﬂﬁg 02|e
similar to those from the measured texture, although there is s pin. v 9 g P P

a void in the center of the figure, and one area in the outer ring![gU"€S IS Shown when the lattice spin is modified to account for
also noticeably too low. The maximum intensity for this figureSUb'graln misorientation distribution.

was 2.66 times random, a difference of 16% compared to mea-
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