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Annual   Report   for  AASERT  Program  N00014-97-1-0557,   "Nondestructive   Three- 
Dimensional Microtexture/Strain Quantification in Al-Li 2090." 

Stuart R. Stock 
Associate Professor 
School of Materials Science and Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0245 

One US citizen's graduate work was supported during the past year: Mr. R. Morano. His MS 
was completed in September 1998 (R. Morano, 1998, "Effect of R-ratio on Crack Closure in Al- 
Li 2090 T8E41, Investigated Non- destructively with X-ray Micro-Tomography."), and he is 
currently ENS-Candidate USN. A second MS thesis, based on work of Mr. C.P. Patterson II who 
was supported by the predecessor AASERT grant, should be defended Summer 1999. Two US 
citizens have been employed as undergraduate research assistants: Ms. Chekesha Bradford and Mr. 
Tony Watt. Both graduated June 1999. Ms. Bradford won a NSF Graduate Fellowship, which 
she declined, and a DOD Graduate Fellowship, which she accepted. Note she is an African- 
American student. Finally the project director, Dr. S.R. Stock, was promoted to Professor from 
Associate Professor, effective August 1999. 

Research employed synchrotron polychromatic microbeams to map microtexture in three- 
dimensions in Al-Li 2090. The results expanded on earlier observations and are communicated 
in the publications tabulated below. Also of considerable interest was the demonstration that the 
synchrotron microbeams could produce transmission Laue patterns in reasonable times through 
2-3 mm thicknesses of Ti-6A1-4V; this means that the techniques developed in this program will 
have much greater use in materials of interest to ONR. Two invited presentations were given and 
a conference proceeding was edited by the project director appeared (Applications of Synchrotron 
Kadiation Techniques to Materials Science IV. Materials Research Society Symposium 
Proceedings Volume 524, 1998, Susan M. Mini, Stuart R. Stock, Dale L. Perry and Louis J. 
Terminello, Eds., 383 pages). Five papers were published, and five are in press. Copies of the 
papers in print form the body of this report. 
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X-RAY MICROBEAM MAPPING OF MICROTEXTURE 
RELATED TO FATIGUE CRACK ASPERITIES IN Al-Li 2090 

J. D. HAASE, A. GUVENILIRf, J. R. WITT and S. R. STOCK} 

School of Materials Science and Engineering and Mechanical Properties Research Laboratory, 
Georgia Institute of Technology, Atlanta, GA 30332-0245, U.S.A. 

(Received 6 November 1997; accepted 16 March 1998) 

Abstract—In certain orientations, Al-Li 2090 T8E41 cracks more slowly in fatigue than other aluminum 
alloys due to roughness-induced closure linked to the average texture or macrotexture. For this application, 
three-dimensional, non-destructive measurement of microtexture and strain evolution within samples was 
developed using synchrotron polychromatic X-ray microbeam diffraction; its use in mapping the microtex- 
ture of fatigue crack asperities in Al-Li 2090 are reported. Groups of adjacent grains with nearly identical 
orientations were found at numerous locations in the plate centers, and this type of "mesotexture" 
appeared closely tied to asperity formation. Changing arrangements of 111 diffraction spots relative to the 
samples' rolling and crack propagation directions are found to correspond to the transitions between a 
relatively planar section of the crack and an adjacent asperity. © 1998 Acta Metallurgica Inc. Published by 
Elsevier Science Ltd. All rights reserved. 
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1. INTRODUCTION 

Knowledge of the three-dimensional distribution of 
stress, strain, microtexture, etc. is sometimes necess- 
ary in order to understand the complex macro- 
scopic behavior of today's engineering materials. 
More specifically, understanding the role of micro- 
texture and the evolution of strain in response to 
monotonic and cyclic loading would lead to 
improved models for predicting a material's macro- 
scopic behavior. One such method under develop- 
ment, three-dimensional microbeam X-ray 
diffraction tomography [1-4], is being used to inves- 
tigate Al-Li 2090, an engineering alloy with inter- 
esting properties. In this alloy, fatigue crack growth 
rates along certain plate orientations are unusually 
low compared to those of other Al alloys [5,6]. 
This is related to a characteristic macrotexture (i.e. 
the texture averaged over a large number of grains) 
in the center of the plates which produces a rough, 
asperity dominated crack face and significant crack 
deflection [7]. The prominent macrotexture of the 
center of plates of this Al alloy has been correlated 
with the geometry of asperities on fatigue crack 
faces [8], but the role of microtexture on the path 
of fatigue cracks through the solid appears to have 
received little attention. 

Orientation Imaging Microscopy (OIM) is an 
alternative to the microtexture mapping method 
used in this work, and it determines crystal orien- 

fPresent address: Motorola, M/D K-10 Yield 
Enhancement Technology Transfer, 3501 Ed Bluestein 
Blvd, Austin, TX 78721, U.S.A. 

JTo whom all correspondence should be addressed. 

tation from the distribution of backscattered elec- 
trons in a scanning electron microscope or 
SEM [9,10]. The relatively shallow interaction 
volume of electrons prevents this method from 
examining the interior of bulk samples without 
destructive sample preparation. Another drawback 
of the OIM method is that it requires special 
sample preparation; for example, polishing damage 
must be removed. In contrast, the X-ray micro- 
beams described below allow the sample's entire 
volume to be mapped nondestructively, an import- 
ant advantage if the evolving strain accumulation 
ahead of the crack is also of interest. 

The goal of the work reported here is to under- 
stand how local changes in the microtexture lead to 
the low fatigue crack growth rate in Al-Li 2090. To 
this end, transmission Laue patterns using synchro- 
tron X-ray microbeams were recorded at numerous 
positions on a compact tension sample. The com- 
missioning of the new high brightness sources 
ESRF (European Synchrotron Radiation Facility) 
and APS (Advanced Photon Source) have stimu- 
lated others to employ similar approaches to map- 
ping microtexture (e.g. Refs [11,12]). Emphasis in 
this paper is on identifying what features or changes 
in features within the diffraction patterns correlate 
with asperity formation. In other words, the 
approach is to determine the location and orien- 
tation of individual grains or groups of similarly 
aligned grains related to asperity formation in Al- 
Li 2090. Comparison of the observed microtexture 
associated with a particular large asperity and the 
macrotexture of Al-Li 2090 demonstrates the pre- 
sent results are consistent with earlier reports. 

4791 



4792 HAASE et ab.   MICROTEXTURE RELATED TO FATIGUE 

2. BACKGROUND 

One result of the crack face roughness in Al-Li 
2090 is crack closure, the phenomenon where the 
crack faces come into contact prematurely during 
unloading of the sample (i.e. before the minimum 
stress of a fatigue cycle is reached) or where the 
crack faces remain in contact much longer than 
expected during loading [13]. Crack closure, in com- 
bination with significant crack deflection which 
increases the total crack length, leads to a reduced 
driving "force" for crack propagation and lower 
fatigue crack growth rates [14]. 

In 12.7 mm thick plates of Al-Li 2090 T8E41, 
the macrotexture of the center of the plate is very 
different from that in the outer sections [7], and the 
surfaces of fatigue cracks are much rougher, with 
larger, steeper asperities in the 'center than on the 
outside of the plate. The center region texture is 
characterized by two strong preferred orientations 
{123} (634) and {110} (112) and one weak preferred 
orientation {112}(111); and Yoder et al. [8] have 
shown that the orientations of the faces of the aspe- 
rities are related to this macrotexture. Using the 
macrotextural information contained in pole figures, 
it was determined that the angle between the two 
faces of large asperities corresponds to that between 
high density {111} orientations in the pole figure. 
Thus, the shape of asperities is a direct consequence 
of the macrotexture. 

Given that the morphology of the crack surface 
relates to the macrotexture present, the question 
remains: whether asperities in the center of plates of 
Al-Li 2090 form at random within the volume of 
material through which the crack is constrained to 
grow (by the notch) or whether variation in micro- 
texture within this volume dictates where large and 
small asperities develop. In other words, does the 
crack choose its path to avoid grains or groups of 
grains with certain orientations or to grow through 
individual grains, groups of grains or specific orien- 
tations of grain boundaries. The resulting large 
crack deflections and accompanying fatigue crack 
closure, which has been measured 
macroscopically [5,6] and with high resolution X- 
ray computed tomography [15-17], are responsible 
for the very low fatigue crack growth rates in the 
L-T orientation. Side grooves can minimize crack 
deflection [Fig. 1(a)], but very large deflections are 
the rule otherwise [Fig. 1(b)]. 

3. EXPERIMENTS 

Compact tension samples were examined in this 
study of microtexture: identification of the micro- 
texture producing crack deflection and asperity for- 
mation in Al-Li 2090 requires examination of 
samples with geometries that can be compared with 
those of other investigators. The compact tension 
samples  had  a  thickness  of 2.7 mm  and  were 

5mm 

Fig. 1. Crack profiles on the faces of Al-Li 2090 compact 
tension samples: that on one face is shown in black and 
on the other in gray. The crack profile at both faces of the 
grooved sample (CT-2) is shown in (a) while (b) shows the 
crack path on the front and back surface of a sample 
without side grooves (CT31). The notch tip is on the left. 

machined from the center of plates of Al-Li 2090 
T8E41; the specific dimensions are discussed 
elsewhere [17,18], but the scaling was in accordance 
with ASTM E-399-83 [19]. Composition, mechan- 
ical properties and fatigue crack growth rates for 
this material are reported elsewhere [6,20]. Fatigue 
cracks were grown in L-T oriented compact tension 
samples (i.e. loading along the L direction and 
crack propagation along the T direction) with 
R = 0.1 (i.e. ffmin/ffmax), 5 Hz frequency and haver- 
sine wave form. Most of the samples tested to date 
had side grooves which minimized crack deflection 
and allowed valid comparisons to be made with the 
observations of others of stress intensity range, etc. 
A number of samples were examined before crack 
propagation, several were examined after fatigue 
cracks had extended 6-7 mm and a few specimens 
were studied after fracture. This paper focuses on 
the samples which were fractured. 

In the fractured samples, the volume of material 
adjacent to the crack was cut from the sample so 
that the specimen could be examined in the trans- 
mission parallel to the rolling direction (L) (Fig. 2). 
The sample thicknesses (along L) were kept equal 
to or less than 3 mm so that the number of overlap- 
ping diffraction streaks would not overly complicate 
analysis nor would exposure times be lengthened 
inordinately. 

The microtexture was mapped in the various 
compact tension specimens by translating the 
sample along the two orthogonal axes perpendicüTaf 
to the beam by fixed increments and recording the 
resulting transmission Laue pattern. Prior to 
microbeam data collection, the surfaces of the frac- 
tured compact tension samples were viewed opti- 
cally to locate asperities so that microtexture data 
collection could concentrate on areas of interest. 
For the fractured compact tension specimens, most 
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Fig. 2. Experimental geometry with incident X-ray beam 
parallel to the rolling direction (L). The transverse plate 
direction T is horizontal. The sample is a section from a 
fractured compact tension of Al-Li 2090. Incident and 
exit beams are shown, and the diffracted beams exit the 

fracture surface. 

of the Laue patterns were recorded with the inci- 
dent beam parallel to the rolling direction (L). In 
this "parallel" geometry (Fig. 2), the beam was 
translated along the short transverse (S) direction 
for various positions along the transverse (T) axis. 
The fractured compact tension specimens were also 
examined with the incident beam parallel to the 
short direction (i.e. perpendicular to the face of the 
plate and in the "perpendicular" geometry) in order 
to investigate whether asperities could be located in 
unfractured, unsectioned compact tension speci- 
mens. In samples where both fracture surfaces are 
available, matching locations on each face were stu- 
died with the X-ray microbeams. 

All diffraction data were collected with polychro- 
matic bending magnet radiation at Stanford 
Synchrotron Radiation Laboratory (SSRL) beam- 
line 2-2 (3.0 GeV, beam currents between 20 and 
100 mA). Pinhole collimators with 100, 30 or 10 urn 
diameters have been used. Exposure levels were of 
the order of 2x 103 and 1 x 104mAs for the 100 
and 30 mm collimators, respectively. The collimator 
was placed 55 cm from the sample in order to mini- 
mize the effect of scatter from the edges of the pin- 
hole. The ~20 arcseconds of vertical divergence of 
the beam was enough to broaden the beam from 
the 10 /aa diameter collimator to 80 /mi vertically at 

the sample position. Image storage plates [21,22] 
were used to record the polycrystalline Laue pat- 
terns. Initially, 20x25 cm2 plates were read with 
100//m pixel size and 1024 levels of contrast in a 
Fuji BAS-2000 Imaging Plate Scanner. Once a Fuji 
BAS-2500 Imaging Plate Scanner became available, 
all data was collected on this system on plates with 
an area of 20 x 40 cm2 and read with 50 /mi pixel 
resolution and 256 levels of contrast. Additional 
levels of contrast could be obtained in the BAS- 
2500 system at the cost of much larger data file 
sizes, but 256 levels of contrast provided adequate 
range for these experiments. 

In Laue patterns of polycrystalline samples, each 
grain produces its own set of spots or streaks, and 
one cannot easily separate the superimposed pat- 
terns. Occasionally there are features in the pattern 
peculiar to the spots/streaks from a given grain 
which allow for grain identification, but this 
approach is not often possible. Instead, the primary 
goal of indexing the polycrystalline Laue patterns 
becomes identifying the diffraction planes hkl pro- 
ducing the features recorded on the detector or 
film. Measuring the separation (in the transmission 
Laue pattern) between the feature of interest and 
the position where the incident beam exposed the 
image plate and knowing the distance between 
sample and detector allows the diffraction angle 20 
to be calculated. Bragg's law (for cubic materials) 

k = 2dhkl sin 6 = 2a sin 6/(1? + h2 + /2)1/2 

where k is the wavelength, dhk, the interplanar spa- 
cing for reflection hkl and a is a lattice parameter, 
can only be used to determine hkl if k is known. In 
order to identify the positions where one wave- 
length was diffracted, a filter with an absorption 
edge in the wavelength range of interest was placed 
in the beam in some of the patterns. Wavelengths 
of the polychromatic beam below the filter's 
absorption edge are heavily attenuated, and these 
wavelengths no longer contribute appreciably to the 
Laue pattern. Wavelengths above the edge suffer 
relatively little attenuation compared to those below 
the edge. A sharp change in contrast results in the 
polycrystalline diffraction pattern [23], and this 
allows the pattern to be indexed (see Fig. 3). 

4. RESULTS AND DISCUSSION 

In the fractured compact tension specimens, the 
thickness was chosen so that the number of grains 
in the beam path along the rolling direction (i.e. in 
the parallel diffraction geometry) would be mini- 
mized. The appearance of complex streaks is evi- 
dent in microtexture mapping in the parallel 
geometry and greatly complicated the process of 
determining the orientation of specific diffracting 
regions. Since the grain size in Al-Li 2090 along 
the L direction is of the order of 1 mm and along 
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• 200 mm- 

Fig. 3. Two diffraction patterns at the same location on compact tension sample CT21. These patterns 
were recorded in the perpendicular geometry (i.e. along the short plate direction), the transverse plate 
direction T is horizontal. A 10 ^m diameter collimator was used to form the microbeam. and the pat- 
tern on the right was made by placing a 75 ftm thick molybdenum filter in the incident beam path. The 
presence of this filter causes a sharp change in contrast for diffraction of wavelengths above and below 
0.62 Ä, i.e. at the wavelength of the Mo K-edge. The darker the pixel value in this figure, the greater 
the diffracted intensity. The white diamond in the center of the pattern is the beam stop and, by design, 
the incident beam penetrates it. The separation between the exit surface of the sample and the detector 

was approximately 245 mm. 
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Fig. 4. Map of microbeam position (top) at the same scale as the SEM fractograph (bottom) of com- 
pact tension sample CT21 containing the large asperity described in the text and in Figs 5-8. The view- 
ing perpective is normal to the surface, the crack propagated from left to right and one of the side 

grooves appears at the top of the micrograph. 
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the S direction is of the order of 50 pm, diffraction 
patterns from the samples would be expected to 
consist of streaks from several grains, but not sev- 
eral tens of grains. The separation between 
sampling positions was chosen so that streaks from 
each grain would be present in more than one dif- 
fraction pattern (i.e. to reveal gradual changes in 
microtexture) and ranged from 20 to 100 um. 
Grouping of 111 streaks is observed in both the 
parallel and perpendicular geometries, and this 
suggests that results obtained in the two experimen- 
tal geometries can be correlated. This is important 
since the parallel geometry allows straightforward 
diffraction pattern interpretation and beam position 
correlation with asperity locations determined by 
scanning electron or optical microscopy. 

Figure 4 juxtaposes a map of microbeam pos- 
itions and an SEM micrograph of the fracture sur- 
face viewed along the loading axis (i.e. normal to 
the nominal fracture plane). One side groove is vis- 
ible at the top of the micrograph, and the crack 
propagated from left to right. The very large asper- 
ity described below lies adjacent to the side groove 
and extends almost the entire length of the micro- 
graph. Identifying specific streaks or clusters of 
streaks associated with asperities in the perpendicu- 
lar geometry is much more difficult without the gui- 
dance of the results of mapping in the parallel 
geometry. 

Figure 5 shows the same area of the sample as 
Fig. 4, but the sample is viewed at a large angle of 
tilt. The white dashed line indicates the position of 
a scan of the beam along the sample's S direction. 
Note the large asperity at the top of the SEM 

micrograph. The center portions of two diffraction 
patterns are shown to the right of the fractograph, 
and the arrows indicate the position where each 
was recorded. In Fig. 3 and Figs 5-9, the diamond 
at the center of each Laue pattern is a lead beam 
stop whose thickness was chosen to attenuate most 
(but not all) of the incident beam; and increasing 
diffracted intensities are indicated by the darkening 
of the pattern. The abrupt change of texture at the 
edge of the asperity is seen by the quite pronounced 
change in 111 streak orientations to the right of the 
beam stop. The upper pattern shows streaks 
oriented from 3 o'clock to 4 o'clock, with the long- 
est and most intense streak being at 4 o'clock, while 
the lower pattern shows most of the 111 streaks 
between 2 o'clock and 3 o'clock orientations. 
Within the volume of asperity, the orientation of 
the 111 streaks varied little from the upper pattern 
of Fig. 5. Outside the asperities, the 111 streaks 
either had different orientations or were not pre- 
sent. 

A series of diffraction patterns in the parallel geo- 
metry and spanning the asperity along the S direc- 
tion of the sample is shown in Fig. 6. Only the 
central portion of the patterns are shown, patterns 
(a) and (e) are outside the asperity and the differ- 
ence in diffraction patterns taken from the asperity 
volume are easily seen compared to those of nearby 
planar regions of the crack face. This type of map- 
ping allows the entire asperity along both the S and 
T directions to be covered. Figure 7 shows a series 
of diffraction patterns taken in the same geometry 
but with the translation between exposures being 
along the sample's T direction (i.e. along the length 

Tf/.. ,Mwki'^ 
Fig. 5. SEM fractograph of the region of the compact tension sample shown in Fig. 4 but at a high 
angle of tilt. The large asperity appears at the top, and the dashed line marks the line along which the 
microbeam was scanned. The central portion of diffraction patterns just within (top right) and just out- 
side (bottom right) the asperity are shown to the right of the fractograph; the two positions are ident- 
ified by the arrows. The darker the pixel value in these difTraction patterns, the greater the diffracted 
intensity. The white diamond in the center of the pattern is the beam stop. These diffraction patterns 

were recorded with a separation of about 245 mm between the exit surface and the detector. 
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Fig. 6. A series of five diffraction patterns showing the 
characteristic change in microtexture in and around an 
asperity in CT21. The images were taken in 50/on trans- 
lation steps with a 10 /mi diameter collimator beam and 
translation along the short rolling direction (S) across the 
asperity. The sample was oriented so that the incident X- 
ray beam is parallel to the rolling direction. Patterns (b)- 
(d) are from the asperity region, and the gray scale and 

sample-detector separation are the same as in Fig. 5. 

of the asperity). The microtexture revealed by the 
111 streaks changes little over the 250 /an of trans- 
lation. 

Figure ? shows a series of diffraction patterns of 
the same asperity shown in Fig. 7 but recorded in 
the perpendicular geometry (i.e. with the incident 
X-ray beam parallel to the S direction and normal 
to the face of the plate). The positions of diffraction 
patterns in Fig. 8 are separated by 20 /mi trans- 
lations along the sample's T direction. This demon- 

strates that the microtexture producing the 111 
streaks parallel to or nearly parallel to the plate's T 
direction in the parallel diffraction orientation also 
can be unambiguously seen in the perpendicular 
geometry as horizontal 111 streaks. It is likely, 
therefore, that volumes of material with the proper 
microtexture to form asperities can be located non- 
destructively in samples prior to crack growth. 
Whether or not such volumes of material actually 
form asperities or significant crack deflection, how- 
ever, depends on many other factors, including 
whether the advancing crack will intersect the 
volume. 

It is also  important  to  ascertain  whether the 
microtexture  inside  and   outside  of the  asperity 

50 
mm' 

■) 

**■ W-.S■'.■■■ •"'" j m 

M 

Y\ \i' \^i^- 
e) 

::|'-'te: -^■:. 

Fig. 7. A series of five diffraction patterns recorded with 
the 10ftm diameter collimator and showing the (111) 
streaks comprising the characteristic change in microtex- 
ture from an asperity region. The images are from pos- 
itions within the asperity separated 50 //m apart along the 
transverse rolling direction (T), and the gray scale and 

sample-detector separation are the same as in Fig. 5. 
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Fig 8 Portions of perpendicular geometry diffraction pat- 
terns recorded at five different positions along the length 
of an asperity. This asperity was also shown in Figs 6 and 
7 Translation was in 20^m steps along the plates 1 
direction and the 111 streaks lie along this direction A 
10 /im diameter collimator was used to form the 

microbeam. 

described  above is consistent  with  the  expected 
average texture. Figure 9 shows an experimental 
111 pole figure (after Ref. [7]) from the central por- 
tion of plates of Al-Li 2090 T8E41. The section of 
the diffraction patterns just inside and just outside 
the asperity (Fig. 5) are reproduced, and the arrows 
link the diffraction patterns with the orientation in 
the pole figure producing the characteristic streaks. 
Seeing that these orientations produce exit beams in 
the proper directions and with the proper diffrac- 
tion angles requires locating the entrance and dif- 
fracted beams (S0 and S„„ respectively) coplanar 
with and at an angle jr/2 - 0B from the plane nor- 
mal. Consider the solid rectangle in the right por- 
tion of the pole figure as an idealized representation 
of  orientations   comprising   this   portion   of  the 
macrotexture, and note that the top and bottom of 
this region represent those orientations which will 
produce diffraction streaks at the greatest angle 
with respect to the transverse direction. Since S0 is 
along L for the diffraction patterns shown to the 
right of the pole figure, constructing a stereographic 
projection  with  the  reference  direction  along  L 
(shown below the pole figure) allows straightfor- 

ward comparison. The rectangle in the pole figure 
rotates to the position shown, and exit beams Sm 

corresponding to the innermost corners of the solid 
rectangles are indicated by the dashed lines leading 
to the outermost corners of the open triangles (on 
the back of the projection). From this represen- 
tation of the texture, 111 streaks are expected to be 
at an angle no greater than +25° from T; exper- 
imentally the angles are ~ + 20° in the upper pat- 
tern and ~-25° in the lower pattern. Note that 
there will be a spread of Bragg angles observed, 
and 90 - 0B will be 80° for the innermost corner of 
the rectangle in the stereographic projection. This 
Bragg angle (10°) corresponds to diffraction of a 
wavelength of 0.812 A, and the rest of the grains 
with 111 orientations represented by the rectangle 
are  expected   to  diffract  at  shorter  wavelengths. 
When the molybdenum filter is inserted into the 
beam, the position of its K-edge (0.62 A) intersects 
the   111   streaks  near the  transverse direction  in 
some of the diffraction patterns, and this confirms 
the identification of the portion of the macrotexture 
related to the microtexture inside and outside of the 

asperity. 
A consistent picture emerges of the relationship 

between microtextrue, macrotexture, asperity for- 
mation and "choice" of crack path of the central 
portion of plates of Al-Li 2090 T8E41. Groups of 
adjacent,   highly-oriented,   plate-like   grains   form 
near-single-crystal regions within the plate, and this 
spatial distribution of microtexture is a specific type 
of mesotexture which defines favored crack paths. 
In other words, macrotexture describes large-scale 
average texture (e.g. an average over the sample), 
microtexture is used to describe the orientations 
present at the subgrain scale or in a grain-by-grain 
average and mesotexture is used to describe the 
average preferred orientation over an assembly of 
adjacent grains. The present observations are con- 
sistent with the distribution of misorientation angles 
measured    across    grain    boundaries    for    this 
material [24]. Numerous studies have demonstrated 
that deformation is highly planar in Al-Li alloys 
and that such deformation morphology leads to 
considerable crystallographic  faceting  of fracture 
surfaces. Yoder and co-workers [7,8] linked the for- 
mation of large asperities, through the macrotexture 
revealed in pole figures, to the crystallography of 
slip   and   fracture   surfaces.   These   observations, 
coupled with the data reported above produce the 
following view of crack path selection in Al-Li 
2090 T8E41: fatigue cracks tend to propagate crys- 
tallographically   within   or   adjacent   to   highly- 
oriented near-single-crystal volumes and that crack 
deflection is likely at the boundary of such a region. 
The relatively high probability that adjacent pan- 
cake-shaped grains are nearly aligned leads one to 
expect   fracture   features  with   aspect   ratios  and 
orientations similar to that of the individual grains. 
The   correlation   between   macrotexture   and   the 
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Fig. 9. Orientation of 111 diffraction streaks related to the macrotexture of the center of plates of Al- 
Li 2090 T8E41. The 111 pole figure (after Ref. [7]) is shown in the upper left, and the portion of the 
macrotexture producing the 111 streaks associated with the asperity is represented schematically by the 
solid rectangle on the right-hand side of the pole figure. The centers of two diffraction patterns show 
the 111 streaks just outside (top right) and inside the asperity (lower right). The L-oriented stereo- 
graphic projection (lower left) is used to relate the experimentally observed 111 streaks to the macrotex- 
ture: the locus of expected diffracted beam directions (i.e. the streaks) from the orientations within the 

solid rectangle are indicated by the elongated triangles nearly parallel with the T axis. 

{111} faces of asperities is, therefore, not surprising. 
Near-single-crystal regions consisting of multiple 
grains will tend to act like single crystals, slip across 
grain boundaries within this region will be relatively 
easy and the resulting fracture surface will be crys- 
tallography with {111} faces. Thus, the spatial dis- 
tribution of these highly-oriented regions appears to 
govern whether or not asperities are present on fati- 
gue crack surfaces in this alloy/heat treatment and 
where on the surfaces these asperities form. 

The observation of mesotexture is consistent with 
the very low fatigue crack growth rates seen in Al- 
Li 2090 samples tested in the L-T orientation. 
Crystallographic crack propagation tends to be con- 
siderably slower that transgranular cracking [25]. 
Further, forcing the fatigue crack out of the nom- 
inal plane of the notch would also be expected to 
slow propagation rates since the area of the fatigue 
crack would be greatly increased, while the effective 
crack length would be unchanged. These factors, 
when coupled with decreased driving "force" from 

roughness induced crack closure, explain the unu- 
sually low fatigue crack growth rates in Al-Li 2090. 

5. CONCLUSIONS 

The characteristic microtexture of Al-Li 2090 
T8E41 that leads to the formation of asperities and 
crack closure in fatigue crack growth appears to be 
a specific type of mesotexture present in this ma- 
terial: sets of adjacent grains are so highly aligned 
that they may be regarded as nearly single crystal- 
line volumes. A relationship between macrotexture 
and a specific asperity on the fatigue crack surface 
was identified. Thus, the size, shape and location of 
these asperities was shown to depend on-microtex- 
ture, mesotexture, and macrotexture. When coupled 
with high resolution X-ray computed tomography 
observations of the crack face contact as a function 
of crack face geometry and stress intensity (in the 
interior of the samples) [14-17], the present obser- 
vations complete the link between the orientation of 
individual grains/groups of adjacent grains, macro- 
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texture, the formation of asperities, the positions 
where crack faces contact as a function of applied 
stress and macroscopic manifestations of the crack 
closure process in Al-Li 2090 T8E41. Further elab- 
oration of details such as amount and spatial distri- 
bution of near-single-crystalline regions is needed 
before numerically realistic models may be assayed. 
Fortunately gathering such information is quite 
straightforward with the X-ray microbeam tech- 
niques used in this work. The development of these 
X-ray microtexture mapping techniques is so 
encouraging that it is not imprudent to suggest that 
it should be possible to non-destructively explore 
the three-dimensional microtexture within intact 
macroscopic samples of complex materials such as 
Al-Li 2090. 
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1 
X-RAY MICROBEAM QUANTIFICATION OF GRAIN SUBDIVISION 

ACCOMPANYING LARGE DEFORMATIONS OF COPPER 

G.C. Butler1, A. Guvenilir2, D.L. McDowell1-2 and S.R. Stock2 

Mechanical Properties Research Laboratory and ■George W. Woodruff School of Mechanical 
Engineering or 2School of Materials Science and Engineering, Georgia Institute of 
Technology, Atlanta, Georgia 30332-0245 

ABSTRACT 

Polychromatic synchrotron x-ray microbeams offer a very efficient alternative to electron 
beam methods for quantifying the amount and character of grain subdivision accompanying 
large deformations. With a 0.01 mm diameter collimator, bending magnet radiation from a 
3.0 GeV source and image storage plates, samples of copper with thicknesses greater than 0.1 
mm have been studied. Results from an as-received sample and a sample deformed to 100% 
torsion are compared and illustrate how efficiently grain subdivision can be quantified with 
polychromatic microbeam diffraction. 

INTRODUCTION 

Metal forming operations are often designed to produce specific types of anisotropy in grain 
shape, size and orientation. The pattern of preferred orientation of the grains is termed texture 
and can be considered to consists of three size scales. Macrotexture refers to the average 
texture of a sample, microtexture describes the orientation of individual grains and 
mesotexture denotes the orientation of ensembles of adjacent grains [1], i.e., a local average 
texture.  Despite experimental estimates showing that grain subdivision contributes levels of 
anisotropy comparable to that of grain reorientation at low to moderate strains [2], texture 
modeling has largely ignored this complication. 

The Taylor model [3, 4] is widely used to average the response of individual grains and 
assumes each subunit (grain) experiences the same deformation as the aggregate. Texture 
prediction is often based on the Taylor model [5-7]; while this approach represents the 
qualitative aspects of texture distribution reasonably well, experiment shows a less sharp, more 
slowly developing texture than predicted [8, 9]. Treatment of grains as discrete entities 
largely ignores the development of substructure observed within the grains. Disorientations 
greater than 10° between adjacent ("1 jam) domains are common in fee materials after 
equivalent von Mises strains evM > 1 [10]. If the resulting spread of orientations within each 
grain does not retard its net rotation, it most certainly produces less sharply defined 
macrotexture than would be the case if grains were regarded as monolithic entities. Thus, 
macrotexture does not sharpen as rapidly as predicted by grain rotation models, and it is 
difficult to see how models could match experiment without incorporating this effect. 

Quantification of preferred orientation or macro-texture began with Wever's x-ray 
diffraction work [11] and still receives significant coverage in basic x-ray diffraction textbooks 
[12, 13]. Recently, electron diffraction in transmission electron microscopy (TEM) and 
electron channeling or backscattering (i.e., orientation imaging microscopy or OIM [14, 15]) 
in scanning electron microscopy (SEM) has been used in this application. Recent texture 
quantification emphasizes OIM for microtexture measurements used to construct macrotexture 
pole figures [16] or for quantification of disorientations between adjacent grains [17] or TEM 
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for quantification of subgrain domain disorientations [10, 18].  Microbeam x-ray diffraction 
was relatively neglected, insofar as it was applied to mapping strain, microtexture, etc in 
polycrystalline sample, until dedicated storage rings for production of synchrotron radiation 
became routinely available [1, 19-22]. Mapping with 1 urn diameter or smaller microbeams is 
being devedloped by several groups [23, 24]. 

EXPERIMENTS 

The samples were OFHC (oxygen-free high conductivity) Cu with an initial grain size of 
approximately 60 urn [25]. One sample was cut from the as-received material, a second 
sample was from material subjected to 50% compression, the third was from a sample 
subjected to 50% compression followed by 50% torsion and the fourth was from specimens 
strain in torsion to 100%. The thin-walled torsion specimen design, adapted from that of 
Lindholm et al [26], limits deformation to the gage section, even at large strains, and 
maintains a high degree of shear strain uniformity in this volume. The free-end torsion tests 
were conducted at room temperature at an effective strain rate of 4 x W4 s'\ and 111, 200, 
and 220 pole figures from the samples are reported elsewhere [27] and are consistent with 
those reported in the literature. Planar sections of the samples were cut with a slow speed 
diamond wheel, were hand ground from 1 mm thick sections into wedges, were polished on 
SiC paper and were etched to remove polishing damage. The portion of the samples examined 
with the x-ray microbeam was about 100 urn and no more than 200 um thick. 

Diffraction data were collected with polychromatic bending magnet radiation at the SSRL 
beamline 2-2 (3.0 GeV, beam currents between 100 and 50 mA). Microbeam diffraction was 
performed initially with a 10 urn diameter pinhole collimator placed 55 cm from the sample; 
subsequently the separation was reduced to approximately 8 cm.  In the former case the "20 
arcseconds of vertical divergence of the beam was enough to broaden the beam from the 10 
^im diameter collimator to 80 urn vertically at the sample position [28]. Image storage plates 
[29,30] record the transmission Laue patterns, and both the image storage plates and the 
wedge-shaped samples were normal to the incident beam.  Initially, 20 x 25 cm plates were 
read with 100 um pixel size and 1024 levels of contrast in a Fuji BAS-2000 Imaging Plate 
Scanner. Once a Fuji BAS-2500 Imaging Plate Scanner became available, all data were 
collected on 20 x 40 cm plates and read with 50 urn pixel resolution and 256 levels of 
contrast. Additional levels of contrast could be obtained in the BAS-2500 system at the cost of 
much larger data file sizes, but 256 levels of contrast provided adequate range for these 
experiments. Exposures were on the order of 4 x 10" mA-sec. 

Beams diffracted from the specimen passed through 3 mm of Al on the front of the holder 
for the image plates. A diamond-shaped, Pb beam stop was attached to the front of the plate 
holder, and its shadow is a prominent feature in all of the diffraction patterns. For some of 
the diffraction patterns, a filter with and absorption edge in the wavelength range of interest 
(i.e., Pd, Zr, or Mo) was placed in the incident beam to produce a sharp change in contrast in 
the polycrystalline diffraction pattern and to simplify indexing the diffraction pattern [31]. 
Wavelengths below the absorption edge were heavily attenuated while those above the 
absorption edge are lightly attenuated. The image plate to sample distance and the separation 
between the edge position and the incident beam position (i.e., where it was recorded on the 
image plate) were used to compute the diffraction angle for that absorption edge, and, with the 
wavelength and diffraction angle defined, Bragg's law was used to determine the 
corresponding d-spacing and hkl indices. Microtexture was mapped in the specimens by 
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translating the sample along the two orthogonal axes perpendicular to the beam by fixed 
increments (generally 10 u.m) and recording the resulting transmission Laue pattern. 

RESULTS AND DISCUSSION 

Figure 1 compares transmission Laue patterns from the as-received copper (top left), the 
50% compression sample (top right), the 50% compression-50% torsion sample (bottom left) 
and the 100% torsion sample (bottom right); this data was recorded with the smaller sample- 
collimator separation. The black circle marks the position where the azimuthal variation of 
diffracted intensity was measured, and wider streaks indicate greater spread of orientations 
associated with the irradiated volume. The background is white, with increasing diffraction 
intensity shown by darker pixels, Little broadening of the diffraction streaks is seen in the as- 
received material, more broadening is evident after 50% compression, and the two samples 
with 100% effective strain show the greatest azimuthal widths. Figure 2 shows the azimuthal 
variation of diffracted intensity, but numerical values of peak widths, etc. are not yet 
available.  Data with the larger collimator-sample separation shows azimuthal full-widths at 
half maximum intensity between 2° and 5° while this quantity was between 25° and 30° after 
100% torsion.  Furthermore, three or more sharply-defined substreaks were within the 
envelope of a single streak after 100% torsion. 

Figure 3 is of the 50% compression, 50% torsion sample and shows diffraction patterns 
recorded from four positions separated by 10 urn translations. The horizontal diffraction 
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Figure 1. Transmission Laue patterns recorded with a 10 urn diameter pinhole collimator for 
as-received OFHC copper, after 50% compression, after 100% torsion, and after 50% 
compression followed by 50% torsion (clockwise from upper left). Lowest intensities are 
white with increasing diffraction intensity shown by darker pixels. The dark square in each is 
the beam stop. 
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Figure 2. Azimuthal variation of diffracted intensity along the black circles shown in Fig. 1 

Figure 3. Laue patterns of the 50% compression, 50% torsion sample at four positions 
separated by 10 urn translations. The gray scale is the same as Fig. 1. 
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streaks just to the left of the beam stop persist between 10-30 urn; since the maximum beam 
dimension is between 15 and 20 urn, this demonstrates that the structure observed occurs on a 
length scale substantially smaller than the original "60 urn grain size.  Further analysis is 
underway and should provide quantitative and statistically representative data on grain 
subdivision processes in copper. 

CONCLUSIONS 

Microbeam diffraction using polychromatic synchrotron x-ray radiation was demonstrated 
for mapping the amount and spatial distribution of deformation at length scales substantially 
below that of the grains in the as-received OFHC copper material. The preliminary results for 
samples deformed 50% in compression, 50% in compression followed by 50% torsion and 
100% torsion illustrate how grain subdivision can be quantified in relative thick samples 
requiring little in the way of sample preparation. Even at this early stage of analysis, the 
results show that the spread in macrotexture observed in pole figures is due to grain 
subdivision processes. It is not surprising that model based on grains as the fundamental unit 
of crystallographic orientation predict too rapid and too sharp texture for heavily deformed 
samples. 
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ABSTRACT: Roughness-induced closure is held to be responsible for very low fatigue crack 
growth rates observed in certain plate orientations of Al-Li 2090 T8E41, and the geometry of 
asperities producing this closure correlates with macrotexture. Little work, however, has fo- 
cused on the role of individual grain orientations (microtexture) or of average orientation within 
small groups of adjacent grains (mesotexture) on the crack's path through a sample, i.e., on 
whether the variation in grains' orientations determines where the crack will deflect. This paper 
reports synchrotron x-ray microbeam diffraction mapping of the three-dimensional microtexture 
in samples of Al-Li 2090. Groups of adjacent pancake-shaped grains are found to have very 
similar orientations, producing nearly single-crystal regions approaching thicknesses of 03 mm 
along the sample's S (short-transverse) direction. These near-single-crystal volumes produce 
large asperities with surfaces having substantial Mode III character, asperities which appear 
over the range of stress intensity ranges observed (~5 to ~25 MPavm). Results of these 
experiments suggest not only that this type of mesotexture plays an important role in deter- 
mining fatigue crack path in compact tension samples of Al-Li 2090 but also that specific 
orientations of the groups of grains lead to large crack deflections. 

KEYWORDS: crack closure (roughness-induced), fatigue, synchrotron radiation, aluminum, 
texture (micro-), (meso-), (macro-), x-ray diffraction (microbeam), Laue patterns, mixed-mode 
crack surfaces 
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Different scales of texture, such as macrotexture (average texture within the entire sample), 
microtexture (the crystallographic orientation of individual grains), and mesotexture (texture 
within groups of adjacent grains) can contribute to a polycrystalline material's response to 
deformation. In Al-Li 2090 T8E41, fatigue crack growth rates for certain plate orientations 
are unusually low compared to those of other Al alloys [7-3], and this results from sharply- 
defined macrotexture in the center of the plates that produces a rough, asperity-dominated 
crack face and significant crack deflection [2]; the role of micro- and meso-texture, however, 
appears to have received little attention. Understanding how micro- and meso-texture (par- 
ticularly the size, spatial distribution, and orientation of near-single-crystal regions) affects 
fatigue crack paths in Al-Li 2090 T8E41 is the goal of the work described below. 
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Previously developed SEM (scanning electron microscopy) methods for measuring micro- 
texture such as Orientation Imaging Microscopy (OIM) [4j] are limited by their relatively 
shallow interaction volume that requires destructive serial sectioning for three-dimensional 
measurements and careful removal of polishing damage. In contrast, x-ray microbeam meth- 
ods allow millimeter thicknesses to be probed quickly and nondestructively, an important 
advantage if the different texture scales are to be measured before crack propagation has 
occurred. 

To this end, transmission Laue patterns using synchrotron x-ray microbeams were used to 
characterize the micro- and meso-texture present in the sample and how the characteristics 
of these different texture scales affect the crack path geometry: the approach is to determine 
where and how microtexture and mesotexture change relative to crack face features. 

Background 

One result of the crack roughness in Al-Li 2090 is crack closure, the phenomenon where 
the crack faces come into contact prematurely during unloading of the sample (meaning 
before the minimum stress of a fatigue cycle is reached) or where the crack faces remain in 
contact much longer than expected during loading [6]. Crack closure leads to a reduced 
driving "force" for crack propagation and lower fatigue crack growth rates [7], and mac- 
roscopic measurements [1-3] and high resolution x-ray computed tomography [8-13] have 
detailed the effect of closure in producing the very low crack growth rates in the L-T ori- 
entation of Al-Li 2090 T8E41. 

In 12.7-mm-thick plates of Al-Li 2090 T8E41, the macrotexture in the center is very 
different from that in the outer sections [3,14], and the surfaces of fatigue cracks are much 
rougher, with larger, steeper asperities in the center. Side grooves can minimize crack de- 
flection, but asperities with surfaces having very prominent Mode HI components form none- 
theless. Otherwise very large macroscopic crack deflections are the rule; these surfaces can 
have mixed I-1H and I-II character. The center region texture consists of two strong preferred 
orientations {123}<634> and {110}(112) and one weak preferred orientation {112}<lll);and 
Yoder et al. [14] have determined that the angle between the two faces of large asperities 
corresponds to that between high density {111} orientations in the pole figure. 

Given that the morphology of the crack surface relates to the macrotexture present, the 
question remains whether asperities in the center of plates of Al-Li 2090 form at random 
within the volume of material through which the crack is constrained to grow (by the notch) 
or whether variations in micro- and meso-texture within this volume dictate where large and 
small asperities develop. If the latter is the case, does the crack choose its path to avoid 
grains or groups of grains with certain orientations or to grow through individual grains, 
groups of grains or grain boundaries with specific orientations. Because it is unlikely that a 
propagating crack will always find grains oriented to provide its preferred path, the actual 
path will undoubtedly include grains less ideally oriented. Thus, by comparing the actual 
crack path with the crystallographic orientations of grains in the volume of material through 
which the crack might have chosen to propagate, there is an opportunity to study the interplay 
between what some workers call the "forcing function" and the grain orientations. 

Experiments 

The samples were 2.7-mm thick and were machined from the center of 12.5-mm-thick 
plates of Al-Li 2090 T8E41; across the sample thickness there were on the order of 50 

S_ pancake-shaped grains with dimensions -0.05 by -0.5 by ~1 mm along the plate's short- 
N_ transverse (S), transverse (T) and rolling (L) directions, respectively. The composition (wt 
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%) of the material has been reported as: 1.9-2.6 Li, 2.4-3.0 Cu, 0.08-0.15 Zr, 0.25 max Mg, 
0.05 max Mn, 0.15 max Ti, 0.12 max Fe, 0.01 max Si, bal. Al f/51. The material was heat 
treated to peak-aged condition, anfT8E41 describes the following processing steps: 549 C 
solution treatment, water quench, 6% stretch and 163 C age for 24 h. Mechanical properties 
for Al-Li 2090 T8E41 are reproduced in Table 1 [15,16]; with the large difference in K,c 

values for the various orientations^ it is not surprising that the fractuj^urfacejnorrjIiQlogy- 
is so anisotropic. The threshold stress intensity range for fatigue crackj^rowüwnjhg L-T 
orientation is Atfrt = 3.86 MPaVm, and KJjf^ = O.SoTwn^^TiTtnTlu^sTlmens^ 
factor where crack closure is observed macroscopically and Kmax is the maximum K of the 
cycle in which Kc, is reported. 

Compact tension samples were examined so that the results could be related to those of 
other investigators. The specific specimen dimensions are discussed elsewhere [11], but the 
scaling was in accordance with the ASTM Standard Test Method for Plane-Strain Fracture 
Toughness of Metallic Materials E-399-83 (31.8-mm length and 30.5-mm width). Fatigue 
cracks were grown in L-T oriented compact tension samples (meaning loading along the L 
direction and crack propagation along the T direction) with R = 0.1 (meaning tr,„,„/aimlt), 5 
Hz frequency and haversine wave form. The samples had side grooves that minimized crack 
deflection and allowed valid comparisons to be made with others' observations of stress 
intensity range, etc. 

All diffraction data were collected with polychromatic bending magnet radiation at Stan- 
ford Synchrotron Radiation Laboratory (SSRL) beamline 2-2 (3.0 GeV, beam currents be- 
tween 20 and 100 mA). A pinhole collimator with 10 u.m diameter was used to form the 
microbeam, and the collimator was placed 55 cm from the sample. The ~20 arcseconds of i 
vertical divergence broadened the beam to ~80 jtm at the sample position. Image storage! 
plates [17,18] were used to record the Laue patterns, and the 20 by 40-cm plates were read' 
with 50 u.m pixel resolution and 256 levels of contrast on a Fuji BAS-2500 scanner. In some 
of the patterns, a filter with an absorption edge in the wavelength range of interest was 
placed in the beam before the collimator in order to introduce a sharp change in contrast in 
the polycrystalline diffraction pattern [79]. The known wavelength of the absorption edg< 
allows the d-spacing (and hkl) of each spot to be determined^ via Bragg^s law. Exposun 

without the filter wereJ2-10 by lOVtnAsec and'depended on the beam current (total 
exposure equals the product of the exposure time and the x-ray beam intensity which is 
linearly proportional to the beam current that decays with time during a single fill of the 
ring). With the filter in place exposure times were approximately three times longer. 

A 

U 

I I ,   3        A « 

a- o! -JO, it) Milieu 

^fk^ J'1?H 
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TABLE I—Mechanical and fatigue properties of Al-Li 2090 T8E41, where a, is the yield stress and 
UTS is the ultimate tensile stress along the L direction and K,c is the Mode I fracture toughness. The 
values are from [16] unless two values are listed; in that case the first is from [16] and the second 

from [15]. 

Orientation MPaVm 

KX> C£L 
£L-T 

% elongation°i'Sf.3, 8 

36 
24 
65 
17 
16 

• In 25-mm gage.  
* Not meeting ASTM E399 plane strain thickness requirement. 
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Two diffraction geometries were used (Fig. 1). The "parallel" geometry positioned the 
incident x-ray beam parallel to the rolling direction L (Fig. lä). This geometry was suitable 
only for ~3-mm thick sections cut from the compact tensions samples, and the samples 
described below included the fracture surface as one of the faces. The "perpendicular" 
geometry, where the short rolling direction S and incident beam are parallel, was used both 
on unfractured and fractured compact tension samples (Fig. lb and c). 

Microtexture in various compact specimens was mapped by translating the sample along 
the two orthogonal axes perpendicular to the beam by fixed increments and recording the 
resulting transmission Laue patterns. Prior to microbeam data collection, the fracture surfaces 
were mapped with optical microscopy so that microtexture mapping could concentrate on 
asperities and other features of interest For the fractured compact tension specimens, most 
of the Laue patterns were recorded in the parallel geometry: the beam was translated in short 
steps along the S direction for various positions along the T axis. The separation between 
sampling positions along the S axis was chosen so that diffraction features from each grain 
would be present in more than one diffraction pattern (to reveal gradual changes in micro- 
texture or mesotexture) and ranged from 20 to 100 jim. The fractured compact tension 
specimens were also examined in the perpendicular geometry in order to assess whether 
asperities could be located in unfractured, unsectioned compact tension specimens. 

A topographic map of one of the surfaces was made from a through focus series of 
micrographs (meaning micrographs were taken as the focal plane was moved in discrete 
increments and the regions in the micrograph that were in focus at each level were recorded) 
in order to identify important features on the fracture surface. Matching locations on each 
face of the fracture surface were studied, and the resulting diffraction patterns were 
compared. 

S_ 
N_ 

a) 
Incident beam 

Incident beam 

Incident beam 

FIG. 1—Diagram a shows the parallel diffraction geometry for the fractured compact tension samples: 
the incident beam is parallel to the rolling direction (L). In b, the perpendicular geometry, the beam is 
parallel to the short direction (5), perpendicular to the faces of the plate. Diagram c shows the perpen- 
dicular diffraction geometry for the unfractured compact tension samples. 
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Results and Discussion 

The anisotropic morphology of the rolled grans causes a distinct change in what is ob- 
served in Laue patterns between parallel and perpendicular geometries. Since the grain size 
in AI-Li 2090 along the L direction is on the order of 1 mm and along the S direction is on 
the order of 50 jim, diffraction patterns recorded in the parallel geometry would be expected 
to consist of ellipses and streaks from up to about ten grains, but not several tens of grains. 
In the perpendicular geometry, approximately 50 grains were traversed in the complete com- 
pact tension sample, and large numbers of steaks complicate analysis because of the grouping 
and overlapping nature of the streaks produced by adjacent, similarly oriented grains. As- 
perities appear, in one sample or another, over the range 5 < AK < 25 MPaVm, and their 
formation does not appear to be tied to any particular values of AK. 

The first sample under investigation, CT21, was one side of a fractured compact tension 
sample. The sample, containing one fracture surface was cut in half, along a plane perpen- 
dicular to the crack propagation direction, through a prominent fracture surface asperity 
located next to side groove. The end including the notch was designated CT21A and the 
other halfCnflB. Figure 2 shows a large asperity (approximately 6.5 mm from the notch 

^J\tip) on sample CT21A viewed at a large angle of tilt and the center portion of diffraction 
'patterns recorded at four positions. The white dashed line indicates the position of a scan of 
the beam along the sample's S direction, the large asperity is at the top of the SEM micro- 
graph, and the arrows indicate the position where each of the four diffraction patterns were 
recorded. The abrupt change of texture at the edge of the asperity is seen by the quite 
pronounced change in streak orientations to the right of the beam stop. The patterns from 
the asperity (top and middle right) show steaks oriented from 3 to 4 o'clock, with the longest 
and most intense streak being at 4 o'clock, while the patterns outside the asperity show 
differently oriented streaks, such as the streaks between 2 and 3 o'clock orientation in the 
bottom right pattern of Fig. 2. Patterns recorded with the absorption edge filter in the beam 
revealed that the streaks were from 111 diffraction planes. 

Figure 3 shows the same streak orientations for an interior asperity (approximately 13/ 
mm from the notch tip) located in sample CT21B. Within the volume of the asperities, the 
orientation of the 111 streaks varied little from the upper pattern of Figs. 2 and 3. Outside 
the apserities, the 111 streaks had either different orientations or were not present Obser- 
vation of this kind of microtextural variation in multiple asperities at different positions 
relative to the sample's faces confirms that these features are not accidental, but rather are 
intrinsic to the material. 

Diffraction patterns covering the asperity (located —6.5 mm from the notch tip) in sample 
CT21A were also recorded in the perpendicular geometry and revealed 111 streaks that were 
nearly horizontal on both sides of the beam stop (at 3 and 9 o'clock positions). The results 
confirmed that the grains comprising the asperity were nearly identically oriented and dem- 
onstrated that the microtexture producing the 111 streaks parallel to or nearly parallel to the 
plate's T direction in the parallel diffraction orientation also can be unambiguously seen in 
the perpendicular geometry as horizontal HI streaks. It is likely, therefore, that volumes of 
material with the proper microtexture to form asperities can be located nondestructively in 
samples prior to crack growth. Whether or not such volumes of material actually form 
asperities or significant crack deflection, however, depends on many other factors, including 
whether the advancing crack will intersect the volume. 

It is also important to ascertain whether the microtexture inside and outside of the asperity 
described above is consistent with the expected average texture (meaning macrotexture). 
Figure 4 shows an experimental 111 pole figure (after Ref. 14) from the central portion of 
plates of Al-Li 2090 T8E41, and the solid rectangle in the right portion of the pole figure 

"       [no Uvl* W 
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FIG. 2—SEM fractograph of compact tension sample CT21A. The large asperity appears at the top, 
and the dashed line marks where the x-ray microbeam was scanned. The central portion of the diffraction 
patterns just within (top and middle right) and just outside (top left and bottom right) the asperity are 
also shown; arrows to positions on the fractograph identify where the patterns originated The darker 
the pixel in the diffraction patterns, the greater the diffracted intensity. The change in streak position is 
characteristic of the change in microtexture seen in asperities. The image plate to detector separation 
was 245 mm, and the scale marker on one of the diffraction patterns shows lOOfmm on the image plate. 

is an idealized representation of orientations comprising one portion of the macrotexture. 
Comparing the orientation of the streaks observed in the parallel geometry Laue patterns 
with the expected exit beam directions 5,,, for the sample's macrotexture, requires that the 
orientation of the pole figure to be changed so that L and 50 lies at the center of the stere- 
ographic projection (bottom pole figure). (Those without experience manipulating stereo- 
graphic projections are referred to Ref. 20.) Bragg's law requires that the entrance and 
diffracted beams (50 and 5,,„ respectively) are coplanar with and at an angle tt/2 - 9B from 
the plane normal. The'end points of the two dashed lines represent the limits of the exit 
beam directions that would be seen from the idealized component of macrotexture; and these 
are represented by the narrow triangles pointing to the right from 50. Orientations between 
these two would also be expected. From this representation of the macrotexture, one expects 
111 streaks to be at an angle no greater man ±25° from T; experimentally the angles are 
~-20° up in the lower right pattern and ~25° down in the middle left pattern of Fig. 2. 

In the course of developing a method to measure microtexture nondestructively in Al-Li 
2090 T8E41, large groups of adjacent grains were discovered with similar orientations. Fig- 
ure 5 shows the two kinds of diffraction patterns typically produced by these regions in the 
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FIG. 3—SEM fractograph of an interior asperity on sample CT21B. This figure is analogous to Fig. 
2 but was recorded on an asperity far removed from the side grooves. One face of the asperity is quite 
shelrface and may be a delamination along a grain boundary. 

S_ 
N_ 

parallel beam geometry. The right-hand pattern shows an elliptical arrangement of streaks 
(or groups of streaks), characteristic of transmission Laue patterns of single crystals, while 
the left-hand pattern shows arc-shaped groups of diffraction streaks. Above each of the 
patterns is a magnified image of one group of streaks. In the left-hand magnified image, the 
spots are from six distinct but nearly identically oriented grains within the column of material 
irradiated by the microbeam. The slight disorientations between each grain are produced by 
rotation about the plate's L direction, that is, the incident beam direction. 

A second fractured compact tension sample, CT11, was also examined; both sides of the 
fracture surface were available. Two series of diffraction patterns taken along the S direction 
of this sample are shown in Fig. 6; the spacing between exposures was 50 p.m. The top row 
of patterns (a-d) is clearly from a near-single-crystal region oriented to produce ellipses, 
and the bottom row of patterns (e-h) shows characteristic 111 streaks (in the middle of the 
pattern, to either side of the beam stop) from near-single-crystal material within an asperity. 
Several other locations on the fracture surface produced similar diffraction patterns: ellipse- 
type patterns from one side and characteristic 111 streaks along the T direction from the 
opposite side. 

Understanding the specifics (such as misorientation angle, size, spatial distribution, etc.) 
of these regions of similarly aligned crystals should shed light on the effect they have on 
crack propagation. First, about 45% of the nonoverlapping diffraction patterns revealed near-. 
single-crystal volumes. Consequently, the center of plates of Al-Li 2090 T8E41 can be 
thought of as a composite of near-single-crystal-volumes. Second, a large number of elliptical 
streak patterns were observed whose orientations differed little from that seen in Fig. 6a-d. 
In Fig. 7, elliptical patterns of streaks are shown schematically: the centroids of each group 
of streaks comprising a given pattern are represented by the same symbol. Within this near- 
single-crystal volume, the orientations varied by a rotation of about 12° about the incident 
beam across the total 400 (im of beam translation. 

The orientation of near-single-crystal volumes should correspond to important components 
of the macrotexture, and this was checked using a Stereographic projection to find the zone 
axis for the diffraction planes producing the individual spots of each ellipse. The zone axes 
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FIG. 4—Orientation of HI diffraction streaks related to the macrotexture of the center of plates of 
Al-li 2090 T8E41. The 111 pole figure (after Ref. 14) b shown at the top, and the portion of macrotexture 
producing the 111 streaks associated with the asperities shown in Fig. 2 and 3 is represented schemat- 
ically by the solid rectangle in the right half of the pole figure. The L-oriented Stereographic projection 
{lower) is used to relate experimentally observed 111 streaks to the macrotexture: the locus of expected 
diffracted beam directions (i.e., the streaks) from the orientations within the solid rectangle are indicated 
by the elongated triangles extending from the L direction nearly parallel to the T axis. 
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N_ 



y lame /8105/10    04/26/2004 10:53AM    Plate # 0 STP (ASTM) pg168  #9 

168 MIXED-MODE CRACK BEHAVIOR 

;,.~S,J> '.'•-.'• /•»"'•> S-,-* 

FIG. 5—Typical transmission Laue patterns from near-single-crystal volumes exhibit patterns with 
either ellipses (left) or arc-shaped spots (right). Magnified views of each type of groups of spots appear 
above each pattern. The arrangement of these groups of spots yields information about both the orien- 
tation and arrangement of individual grains within a near-single-crystal volume. Darker pixels represent 
greater diffracted intensity. 

S_ 
N_ 

of ellipses, such as those shown in Fig. 7, were determined to be (110), the exact location 
of each <110> zone axis was plotted for each ellipse, and the range of locations for these 
normals fell within regions of high pole density in the 220 pole figure for this alloy. Figure 
8 shows the orientation of <110) zone axis related to the macrotexture of the center of plates 
of Al-Li 2090. The 220 pole figure [14] is shown at upper left of this figure, the angular 
limits of the macrotexture producing the <110) ellipses are represented by the A and B arrows 
in the lower pole figure and diffraction patterns representing the limits of orientation, mean- 
ing A and B, appear to the right of the pole figure. The angular range of the <110> poles 
producing the ellipses is ~25° in the 220 pole figure. Although the range of ellipse orien- 
tations was 12° across a single near-single-crystal region, the overall range across the entire 
sample was ~25°, in good agreement with the 220 pole figure. Measurements of the distri- 
bution of grain boundary disorientation angles in Al-Li 2090 T8E41 [21] are also consistent 
with existence of the near-single-crystal volumes and the range of ellipse orientations ob- 
served in the diffraction patterns described above. 
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FIG. 6—Two series of diffraction patterns that show the extent of two near-single-crystal volumes 
within CT11. The images were from positions 50 ym apart along the short rolling direction (5) and 
were recorded in the parallel geometry. Thel6p row of patterns show the HI streaks from an asperity, 
and the bottom row shows ellipse patterns from the crack face opposite the asperity. 

~£7 

The results point to the importance of an intermediate scale between micro- and macro- 
texture in the "choice" of crack path of the central portion of plates of Al-Li 2090. Groups 
of ~5-20 adjacent, highly-oriented, plate-like grains form near-single-crystal regions within 
the plate, and this specific type of mesotexture defines favored crack paths. Numerous studies 
have demonstrated that deformation is highly planar in Al-Li alloys and that such defor- 
mation morphology leads to considerable crystallographic faceting of fracture surfaces [22]. 
With little change in orientation across grain boundaries within a near-single-crystal volume, 
it would not be surprising for a crack to propagate across the entire volume crystallograph- 
ically and for large asperities to form with a geometry consistent with the sample's macro- 
texture. The data presented above demonstrate that the orientation of these near-single-crystal 
regions correlates with the macrotexture of the material and that the location of these regions 
is associated with specific features of fatigue crack surface. Thus, the spatial distribution of 
these highly-oriented regions appears to govern whether or not asperities are present on 
fatigue crack surfaces in this alloy/heat treatment and where on the surfaces these asperities 
form. 

The asperities, shown above to be meso-texture-related, add a strong Mode HI character 
to the fracture surface, and contact on the strongly mixed I-m Mode surfaces has been 
implicated in numerous studies as producing the extraordinarily low crack growth rates of 
Al-Li 2090 T8E41 samples. Mixed Mode HI regions of the sample are also present, but 
these lead to large deflections of the crack that are generally visible on the sample surface; 
these cracks provide invalid data from an ASTM standards perspective and such data is 
generally discarded by investigators. The data from these inconvenient samples should not 

ly&p^^ 
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FIG. 7—A schematic showing the orientations of adjacent near-single-crystal volumes producing 
ellipse patterns. The centroids of the spots of an ellipse are represented by a single symbol. Patterns 
from five positions spaced 100 pin apart are superimposed, and the tight grouping of symbols from 
different ellipses illustrates the extent of near-single-crystal volumes. 

be discarded; instead the samples should be examined closely because the large crack de- 
flections (mixed mode surfaces) must reflect domination of metallurgical factors (mesotexture 
seems likely) over "forcing function" considerations. Work of this type is currently underway 
using the microbeam techniques employed here. 

The very low fatigue crack growth rate of Al-Li 2090 in the L-T orientation is affected 
by the nature of the deformation in this alloy and the magnitude of crack path deviations. 
In samples that crack crystallographically and that have randomly-oriented grains or with 
poorly defined mesotexture, the magnitude of crack path deviation from the nominal crack 
plane would be expected to be near that of the grain size. However, in the center of plates 
of Al-Li 2090, the near-single-crystal mesotexture allows the crack to extend crystallograph- 
ically across multiple grains and thereby to form large asperities. Given that crystallographic 
fatigue crack propagation is quite slow compared to other modes [23], large crystallographic 
faces in a sample would be expected to correlate with slow crack growth rates. 

A second factor identified by others as slowing the crack comes from roughness-induced 
closure, itself a product of the mesotexture. in this alloy. In situ, high resolution x-ray com- 

S_ puted tomography of notched tensile and compact tension samples of Al-Li 2090 T8E41 [8- 
N_ 
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FIG. 8—Orientation of (110) diffraction ellipses related to the macrotextwe of the center of plates of 
; - Al-Li 2090 T8E41. The 220 pole figure (after Ref. 14) is shown at the upper left, and the portion of the 
_| macrotextwe producing the (110) ellipses is represented by the arrows A and B. The range of ellipse 

FrientaltohFis shown in the two diffraction patterns shown to the right. The L-oriented Stereographic 
projection (lower left) relates the experimentally observed (110) zones to the macrotexture: the locus of 
expected diffracted beam directions are shown for orientations withinjrectangle in the pole figure. 

13] revealed that the crack faces contacted over a large fraction of their areas at stress 
intensities substantially higher than K^ The pattern of contact is very complex, but actual 
contact on mixed mode surfaces appears to be necessary but not sufficient to produce slowing 
of crack propagation by the roughness-induced crack closure mechanism. The authors won- 
der, therefore, whether it might not be more physically reasonable to ascribe the slower crack 
growth 
ergy 

th primarily to increased resistance to crack propagation («ithlftnrough increased en 
per unitfcOt crack e*feB6ien, th€*^reater crack area due to the a»4/er per unit äüä 

Q       opened) due to forcing the crack through the highly crystallographic path. 
"^ ftootfkii«s?  or bcift 
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Conclusions 

A characteristic mesotexture that leads to the formation of asperities and crack closure in 
fatigue has been shown to be present in Al-Li 2090 T8E41: sets of adjacent grains are so 
highly aligned that they may be regarded as near-single-crystal volumes. The microbeam 
Laue patterns show that approximately 45% of the volume of the central portions of plates 
consist of tiiesS~nga?)single-crystal regions. While several orientations of the near-single- 
crystal volumes occur, all are consistent with the macrotexture revealed in pole figures. The 
large asperities investigated contain grains of only one orientation type; and these produce 
111 diffraction streaks along the platej^T direction in both the perpendicular and parallel 
diffraction geometries. The results demonstrate that large crack deflections occur when the 
crack encounters adjacent volumes of near-single-crystal material with different orientations. 

The results demonstrate, perhaps for the first time, the importance of mesotexture, the 
scale of preferred orientation between micro- and macro-texture, in determining materials' 
response to service conditions such as fatigue. Large levels of fatigue crack closure accom- 
pany the extremely low crack propagation rates in L-T orientations of Al-Li 2090 T8E41, 
and results of a variety of techniques, including high-resolution x-ray computed tomography, 
demonstrated that the large asperities formed on the fatigue crack surface are key in pro- 
ducing this roughness-induced crack closure. Two factors combine to produce large asperities 
and extraordinarily crack closure effects: slip and crack propagation is highly planar in Al- 
Li alloys and the volumes over which planar slip/crack propagation can operate undisturbed 
are quite large due to the type of mesotexture present. Not only are grain orientations highly 
correlated, meaning there is strong macrotexture present, but the orientations are also fre- 
quently spatially correlated in groups of ~5-20 adjacent grains. It is this feature that, the 
authors believe, makes Al-Li 2090 T8E41 unique and suggests an avenue for designing 
improved fatigue crack resistance in future alloys. Finding or producing a similar type of 
mesotexture in another alloy would be interesting indeed; one hopes the interplay between 
"forcing" function, mesotexture and crack growth rate would come into clearer focus. 
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Abstract-This work reports the application of X-ray microbeam diffraction to quantifying graini subdivi- 
sion processes in copper. Polychromatic synchrotron X-radiation was used to study samples in the as- 
ec^WedJow deformation) and 100% torsion strained material. The large range of domain **>nent«,ons 

(within individual grains) observed in the highly strained material agrees with results on other f^cjna- 
erial obtained by electron beam methods; it is not surprising, therefore, that models of texture develop- 

men which do not include this effect predict too rapid sharpening of preferred orientation compared to 
Experimental pole figures. © 1998 Ada Metallurgy Inc. Published by Elsevier Saence Ltd. All rtghts 
reserved. 

1. INTRODUCTION 

On the scale of the individual grain, the crystalline 
lattice dictates that material properties are highly 
directional while the anisotropy of macroscopic 
average properties depends on the randomness of 
grain orientations. The pattern of preferred orien- 
tation is termed texture, and several scales of tex- 
ture have been identified: macro-, meso- and micro- 
texture and subgrain domains. Macrotexture refers 
to the average texture of a sample, microtexture the 
orientation of individual grains, and mesotexture 
the orientation of ensembles of adjacent grains [1], 
i.e. a local average as opposed to a sample average 
texture. Despite experimental estimates that sub- 
grain structures contribute levels of anisotropy com- 
parable to grain reorientation up to moderate 
strains [2], relatively little attention has focused on 
this source of orientation anisotropy accompanying 
large deformations. 

The Taylor model [3,4] applied to texture 
development [5^-7] represents the qualitative aspects 
of texture distribution reasonably well, but exper- 
iment shows a less sharp, more slowly developing 
texture than predicted [8,9]. Treatment of grains as 
discrete entities largely ignores the development of 
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substructure and the accompanying rotations 
between domains observed within grains. For 
example, disorientations > 10° between adjacent 
(~1 /mi) domains are common in f.c.c. materials 
after equivalent von Mises strains eVM > 1 [10]- II 1S 

difficult to see how models could match experiment 
without incorporating this effect. 

Quantification of preferred orientation or macro- 
texture began with Wever [11] and is a standard 
component of undergraduate materials curricula, 
e.g. textbooks on X-ray diffraction [12,13]. Recent 
work emphasizes orientation imaging microscopy or 
OIM [14,15] for microtexture measurements used 
to construct macrotexture pole figures [16] or for 
quantification of disorientations between adjacent 
grains [17] or transmission electron microscopy 
(TEM) for quantification of subgrain domain 
disorientations [10,18]. Electron beam techniques 
require significant sample preparation: OIM 
requires largely strain-free surfaces or the channel- 
ing patterns degrade to the point where they cannot 
be analyzed, and TEM samples must be extremely 
thin foils. X-ray microbeam diffraction is very 
attractive, however, for three-dimensional microtex- 
ture quantification and for microtexture evolution 
studies. 

The availability of dedicated synchrotron radi- 
ation facilities renewed interest in X-ray microbeam 
diffraction [19-21]. Recently transmission Laue pat- 
terns of 2-3 mm thick samples of Al-Li 2090 
T8E41 revealed mesotexture consisting of groups of 
adjacent grains which are so closely aligned that 

6599 
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this volume of material can be termed near-single- 
crystalline [1]. Mapping with 1 /xm diameter or 
smaller X-ray microbeams will soon be 
routine [22,23]. 

This paper reports the first application of 
microbeam X-ray diffraction to quantification of 
grain subdivision, i.e. measuring disorientations 
between adjacent domains. Comparison of Laue 
patterns from as-received and 100% torsion 
deformed Cu samples forms the basis of the work. 

2. EXPERIMENTS 

The samples were OFHC (oxygen-free high con- 
ductivity) Cu with an initial grain size of approxi- 
mately 60 //m [24]. One sample was cut from the as- 
received material, and the second was cut from a 
thin-walled tubular specimen strained in free-end 
torsion to 100%. The thin-walled torsion specimen 
design, adapted from that of Lindholm et al. [25], 
limits deformation to the gage section, even at large 
strains, and maintains a high degree of shear strain 
uniformity in this volume. The free-end torsion test 
was conducted at room temperature at an effective 
strain rate of 4 x 10"^* s_1 using a closed-loop servo- 
hydraulic, axial-torsional test machine. Pole figures 
from 111, 200 and 220 reflections were measured 
from these two samples as well as others with differ- 
ent loading path complexities, and these results are 
reported elsewhere [26]. The observed macrotextures 
of the samples, in particular the 100% torsion 
sample, were consistent with those reported in the 
literature. 

Planar sections of both samples were cut with a 
slow speed diamond wheel. The sample from the 
walls of the 100% torsion sample was cut parallel 
to the shear plane (i.e. normal to the specimen 
axis). Both samples were ground by hand from 
1 mm thick sections into wedges, and both sides 
were metallographically polished on SiC paper and 
were etched to remove polishing damage. The por- 
tion of the samples examined with the X-ray 
microbeam was about 100 /mi and no more than 
200 ßm thick. 

All diffraction data were collected with polychro- 
matic bending magnet radiation at the SSRL beam- 
line 2-2 (3.0 GeV, beam currents between 100 and 
50 mA). Transmission Laue patterns were recorded 
using a 10 /*m diameter pinhole collimator and Fuji 
image storage plates, and exposures were on the 
order of 4x 104mA.s. The collimator was placed 
55 cm from the sample in order to minimize the 
effect of scatter from the edges of the pinhole, and 
the ~20 arcseconds of vertical divergence of the 
beam was enough to broaden the beam from the 
10 fim diameter collimator to 80 //m vertically at the 
sample position [27]. Both the image storage plate 
and the wedge-shaped samples were normal to the 
incident beam, and a Fuji BAS-2500 Imaging Plate 
Scanner was used to read the 20x40 cm2 plates 

with 50 /im pixel resolution and 256 levels of con- 
trast. 

Beams diffracted from the specimen passed 
through 3 mm of Al on the front of the holder for 
the image plates. A diamond-shaped, Pb beam stop 
was attached to the front of the plate holder, its 
shadow is prominent in the diffraction patterns and 
its thickness allowed the incident beam to produce 
a weak image on the plate. For some of the diffrac- 
tion patterns, Pd, Zr or Mo absorption edge filters 
were used to identify hkl for the different diffraction 
streaks [28] and to insure that 111 streaks were 
compared for the two samples. 

Microtexture was mapped by translating each 
sample perpendicular to the beam by 10/im steps 
and recording the resulting transmission Laue pat- 
tern. While the column of irradiated material was 
wider than the starting grain size, comparison of 
diffraction patterns after 10 um translations allowed 
the grain subdivisions to be distinguished. 

3. RESULTS AND DISCUSSION 

Figure 1 compares typical diffraction patterns 
from the as-received (nominally undeformed) 
sample (a) and the sample tested to 100% torsion 
(b). The numbers label streaks or groups of streaks 
while the white squares to either side of the streaks 
or groups of streaks mark the position where the 
change of contrast from the Pd K absorption edge 
(0.509 A) would have been observed were the filter 
in the beam. The difference is striking between the 
patterns of the as-received material and the 100% 
torsion sample. Narrow, discrete radial streaks com- 
prise the pattern of the as-received sample while the 
torsion sample's pattern consists of many radial 
streaks grouped in envelopes of differing azimuthal 
orientations. The presence of the expected small 
amount of deformation in the as-received samples 
alters the spots of the Laue pattern into streaks 
with lengths similar to those of the 100% torsion 
sample. The azimuthal widths of the streaks or 
groups of streaks, however, does reflect the differ- 
ence in deformation over the scale of the particular 
image. 

Figure 2(a) shows diffracted intensity as a func- 
tion of azimuthal angle for the diffraction pattern 
of the as-received sample [shown in Fig. 1(a)], and 
Fig. 2(b) shows that for the 100% torsion sample 
[shown in Fig. 1(b)]. The intensity was measured 
along the locus of points where 111 diffracts the 
wavelength of the Pd K-edge. The results shown in 
Fig. 2 change very little if the radius of the measur- 
ing circle is altered. The azimuthal angle is zero at 
the twelve o'clock position and increases clockwise. 
The four largest peaks in the plot of Fig. 2(a), from 
left to right, are streaks 4, 5, 1 and 2 in Fig. 1(a). 
In Fig. 2(b) streak 8 lies between ~90° and ~120°, 
streak 1 lies between ~135° and 170° and streak 6 
lies between ~190° and ~230°. Within  streak  8 
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Fie. 1. Comparison of Laue patterns from (a) undeformed and (b) 100% torsion samples. The numbers 
label streaks or groups of streaks while the while squares appear at either side of streaks and indicate 
the positions where the change of contrast from the Pd K-absorption edge were observed for 111 dif- 
fraction. The circular loci of the edge wavelength have different radii because different film-to-sample 

separations were used. 

there are three substreaks a-c [from left to right in 
Fig. 2(b) or in a clockwise sense in Fig. 1(b)], within 
streak 1 there are four substreaks and within streak 
6 there are also four substreaks. 

Table 1 summarizes the azimuthal angular widths 
of the streaks in Figs 1 and 2. In the as-received 
state, the full width (FW) of the streaks (measured 
at background intensity) ranged between ~4.5r and 
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Fig. 2. Plot of diffracted intensity as a function of azimuthal angle for the Laue patterns in Fig. 1; the 
measurement was made at the position for 111 diffraction of the wavelength of the Pd K edge. Plots (a) 
and (b) are from the undeformed and  100% torsion samples, respectively. The azimuthal angular 

measurement begins at the twelve o'clock position in Fig. 1 and proceeds clockwise. 
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Table 1. Azimuthal peak widths for the as-received and 100% torsion samples, where FW is the full width, FWHM is the full width at 
half-maximum diffracted intensity and the letters denote the substreaks (as encountered during clockwise rotation from vertical in Fig. 2) 

between the boundaries of which the angular separation is measured in the 100% torsion sample 

Sample Streak FW(') FWHM O 

As-received 4 
5 
I 

9.1 
7.3 
4.6 

4.6 
3.5 
2.1 

2 7.6 2.4 Substreak separations (°) 

a-b b-c c-d d-e 
100% Torsion 8 43.7 29.9 7.6 6.8 4.0 

1 31.2 27.2 9.5 3.5 2.7 4.3 
6 31.7 28.5 1.8 2.5 10.7 11.8 

~9°, and the full-width at half-maximum diffracted 
intensity (FWHM) ranged between 2.0° and 4.5°. 
After 100% torsion, the streaks' FW ranged 
between ~31° and ~44° while FWHM values were 
between 27° and 29°; no features of comparable azi- 
muthal width were ever observed in the as-received 
sample. Substreak separations in the 100% torsion 
sample ranged between 2° and 12° and indicated in- 
homogeneous deformation broke the grain into dis- 
crete, significantly-disoriented domains. 

Figure 3, of the 100% torsion sample, shows a 
line of six Laue patterns recorded 10/im apart. 
In Fig. 3(c), the pattern is the same as that 
shown in Fig. 1(b), and the white circle indicates 
where 111 diffracts the Pd K-edge wavelength. 
Streak 6 is not present in Fig. 3(a), becomes promi- 
nent in Figs 3(b)-(e) and disappears rather abruptly 
between Figs 3(e) and (f). Streak 8 follows a similar 
pattern. Portions of streak 1 are already present in 
Fig. 3(a) and disappear over the next 50/im while 

Fig. 3. Six Laue patterns recorded at adjacent positions separated by 10 /an translation steps. 
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new substreaks appear in Fig. 3(c) and disappear 
by the position where Fig. 3(0 was recorded. With 
a beam diameter slightly less than 80 /im, the pat- 
terns in Fig. 3 overlapped significantly, and the 
results are consistent with a 10 /im or smaller 
domain size. 

The small number of 111 streaks or groups of 
streaks observed in any one Laue pattern is 
expected from the initial grain size, the beam diam- 
eter and the small sample thickness. The change 
from sharp, individual streaks to envelopes of sub- 
streaks after 100% torsion corresponds to for- 
mation of individual domains within each original 
60/im diameter grain: otherwise, even if sharp 
macrotexture were present, the streaks would 
appear and disappear more randomly than in Fig. 3. 
The fact that the groups of streaks persist over 
translations on the order of 50-100 fim, i.e. the 
original grain size, also indicates that the domains 
producing each streak of the group originated from 
a single grain. While the microbeam diameter used 
here does not allow detailed comment on the disor- 
ientation between adjacent domains after 100% tor- 
sion, the substreak separations are often >5°, 
indicating that adjacent domains must be disor- 
iented more than this, in agreement with recent 
TEM results on other heavily deformed f.c.c. 
materials [10,18]. 

The present results have important implications 
for modeling macrotexture accompanying large de- 
formations (and complex loading histories, e.g. 
compression followed by torsion) in Cu and other 
f.c.c. materials. It appears that grain subdivision 
processes must be incorporated if macrotexture 
sharpening rates are to be correctly predicted. One 
expects that the significant interest engendered by 
the new generation of storage rings will soon lead 
to microtexture studies with microbeam X-ray dif- 
fraction of 10/im or smaller diameter columns of 
irradiated material. In fact recent improvements in 
shielding have allowed the collimator to be moved 
within 2-3 cm of the Cu sample before scatter 
seriously affects the quality of the Laue patterns; 
the column of material irradiated was between 15 
and 20 p.m. wide. Data for various heavily deformed 
Cu samples has been collected and is currently 
being analyzed. The speed with which large volumes 
of material may be interrogated make X-ray 
microbeam orientation mapping with polychromatic 
synchrotron radiation very attractive indeed. 

4. CONCLUSIONS 

The results presented demonstrate that 
microbeam diffraction using polychromatic synchro- 
tron X-radiation can be used to quantify grain sub- 
division accompanying high levels of deformation 
in copper, even when the beam diameter is some- 
what larger than the grain size in the undeformed 

material. The measured disorientations between 
domains from single grains are consistent with 
those measured by others for other f.c.c. materials, 
and the results suggest that the reason that Taylor 
models predict macrotextures much sharper than 
experiment is they do not yet account for the 
spread of orientations produced by the grain subdi- 
vision processes. 
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