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Abstract--X-ray diffraction (XRD) analysis of small quantities of clay mounted on glass slides using 
conventional Bragg-Brentano geometry generally produces unsatisfactory low-intensity reflections masked 
by amorphous substrate scatter. Glancing-incidence asymmetric Bragg diffraction, an alternative uncoup- 
led geometry, uses a fixed low-incidence angle and parallel-beam optics to increase path length through 
the sample and decrease X-ray penetration into the substrate. To evaluate this technique on thin soil clay 
films, results from conventional Bragg-Brentano and glancing-incidence diffraction (GID) were compared 
for progressively diluted clay suspensions separated from 2 southeastern soils with typical mineral assem- 
blages. Patterns produced by GID showed overall higher reflection intensities and reduced substrate scatter, 
especially at higher 20 angles within the amorphous glass region, Using GID, positive identification of 
clay minerals was obtained from sample quantities as small as 0.005 mg cm 2 and suspensions as dilute 
as 29 mg L 1. 
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INTRODUCTION 

The easiest, quickest, and probably most commonly 
used method of preparing oriented clay mounts for 
XRD is drying dilute suspensions of clay on a glass 
slide. In some instances, this may be the only feasible 
method due to sample size, characteristics or sampling 
method limitations. Although clay films prepared by 
this technique are well-oriented, they are often too thin 
to provide diffraction patterns with accurate relative 
intensities using a conventional diffractometer with 
Bragg-Brentano parafocusing geometry (Reynolds 
1980). Problems associated with thin clay films on 
glass slides are especially accentuated at higher inci- 
dence angles, where deeper X-ray penetration results 
in a pattern dominated by amorphous glass slide scat- 
ter masking sample peaks. 

Glancing-incidence asymmetric Bragg diffraction 
provides an alternative diffraction geometry for thin 
films without X-ray penetration depth problems asso- 
ciated with conventional Bragg-Brentano parafocusing 
geometry. GID is a non-focusing, parallel-beam ge- 
ometry that allows a fixed low X-ray incidence angle 
(as low as 1 ~ or less) throughout an uncoupled detector 
scan. Maintaining a low-incidence angle throughout 
the scan increases path length through the sample and 
decreases X-ray penetration depth, resulting overall in 
diffraction patterns with higher relative sample peak 
intensities and lower substrate scatter. 

GID is an established procedure in both the elec- 
tronics and materials science industries. Most com- 
monly, GID is used for nondestructive characterization 
of the crystalline surface phase and physical structure 
of thin, epitaxially deposited films associated with 

magnetic tapes and superconductive and semiconduc- 
tive materials (Huang et al. 1989; Toney and Brennan 
1989; Pietsch et at. 1993; Rhan et al. 1993). GID has 
also been used to characterize surface textures and cor- 
rosion features of metals (Inyegar et al. 1987; Larsen 
et al. 1989; Szpunar et al. 1993). Although most GID 
thin-films studies have been conducted on specially 
designed diffractometers and/or with synchrotron ra- 
diation (Huang and Toney 1987; Lim et al. 1987; Cer- 
nik et at. 1990; Cui et al. 1991), some investigators 
have produced similar results employing a GID-mod- 
ifying attachment on a standard diffractometer capable 
of independent 0/20 measurement (Inyegar et al. 1987; 
Larsen et al. 1989; Huang 1990). For example, Larsen 
et al. (1989) measured a 50-,~ film of Cr on a Si wafer, 
and Huang (1990) measured a 90-~, film of Fe203 on 

Fe304. 
Previously studied thin-film materials like those 

mentioned above have crystallographic properties 
quite unlike clays, and one might expect significant 
differences from GID of thin clay films. In general, 
electronic-type thin films contain discrete layers of 
well-ordered, unmixed, single-phase compositions that 
produce sharp diffraction peaks. Many clays produce 
broad, diffuse, and poorly resolved diffraction peaks 
due to small particle size, a poorly ordered nature and/or 
interstratification. In addition, previously studied thin- 
fihn materials largely contain high-density metals with 
much higher linear absorption coefficients than clays. 
Because X-rays pass more readily through clays, larg- 
er sample quantities (that is, thicker films) might be 
required to produce a diffraction pattern. We are not 
aware of any study in which GID has been used on 
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Figure 1. X-ray diffraction geometry for glancing incidence 
asymmetric diffraction (la) and path of a diffracted X-ray 
beam in GID (lb). 

clays; consequently its applicability to these minerals 
is essentially unknown. 

This study was conducted to test the use of GID as 
a routine reconnaissance mineral-analysis technique 
for small sample quantities of  clay (that is, thin clay 
films from dilute suspensions) and to compare GID 
results with conventional Bragg-Brentano XRD. In 
keeping with the goal of a routine reconnaissance tech- 
nique, glass-slide suspension mounts were chosen for 
their widespread use and easy preparation. In addition, 
GID geometry was achieved through an easily remov- 
able attachment to a standard Siemens D5000 diffrac- 
tometer, and conventional Bragg-Brentano XRD was 
conducted with the same instrument. 

METHODS 

Glancing-Incidence Asymmetric Bragg 
Diffraction and Parallel Beam Optics 

In glancing-incidence asymmetric Bragg diffraction, 
the sample surface and X-ray source are set at a low- 
incidence angle and they remain stationary throughout 
the detector scan (Figure la). As first prescribed by 
Marra et al. (1979), GID makes use of total external 

reflection of X-rays incident at or below a critical an- 
gle, ~b~. At these low angles [typical ~br values for dif- 
fracting materials are 0.2 ~ to 0.6 ~ for h = 1.54 ,~ 
(Huang 1990)], X-rays are evanescent within the sam- 
ple and penetrate only 100 A or less. This technique 
is ideal for ultrathin films and surface phenomena 
studies, but, due to a severe loss of intensity and in- 
creased air scatter, synchrotron radiation is now often 
used for very low-angle scans. Later GID studies in- 
cluded incidence angles above the critical angle, yet 
still relatively low (d~ = 1 ~ to 2~ In this range, X-rays 
rapidly approach normal absorption behavior (D = sin 
+/tx), where Ix = the linear absorption coefficient and 
D -- the depth of penetration of X-rays. With these 
angles, X-ray penetration depth is effectively reduced 
to hundreds of thousands of  ]k by increasing the path 
length through the sample. 

Because the glancing-incidence angle is fixed, the 
sample is scanned by moving the detector only and, 
unlike Bragg-Brentano geometry, a focusing circle is 
not maintained (Figure la). GID is a non-focusing 
geometric arrangement which makes use of parallel, 
rather than divergent, X-rays diffracted from suitably 
oriented crystallographic planes. An attachment placed 
between the diffracting planes and detector slit absorbs 
converging and diverging diffracted X-rays and allows 
only parallel X-rays to pass (Figure la) (Larsen et al. 
1989). For the Siemens D5000, this attachment con- 
sists of  a set of long, thin, parallel, horizontal, closely- 
spaced Soller slits made of a highly absorbing metal, 
Mo. 

Sample Thickness Requirements 

In order for XRD to provide a good analysis of clay 
films, samples must be thick enough to ensure that a 
significant proportion of the diffracted X-ray intensity 
is contributed by the sample, rather than by the un- 
derlying mount, at all 0/20 angles�9 This is not only 
necessary for achieving representative sample peak in- 
tensities for quantitative analysis, but is also qualita- 
tively important for insuring that critical sample re- 
flections are not missed. 

In Bragg-Brentano geometry, the fraction of total 
diffracted intensity, G,, contributed by a sample layer 
of  thickness x is: 

Gx = 1 - e ~2x/sin 0 [ 1 ] 

where the X-ray path length for an incident angle 0 is 
2x/sin 0 (Cullity 1967). If a sample has a sufficient 
thickness, x, then the X-ray path length through the 
sample is sufficient for essentially all X-rays to be ab- 
sorbed or diffracted before they reach the mounting 
medium (Gx approaches 1). This thickness is known 
as "infinite thickness" and varies for a given diffract- 
ing material, depending upon its linear absorption co- 
efficient and according to a particular 0/20 angle. In- 
finite thickness for most clays at 30 ~ using Bragg- 
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Table 1. Soil classification and % mineral composition of clay fraction (Angui 1991). 

813 

% Mineral  composi t ion 

Verm./ 
Soil Classification Gibbsite Kaolinite smectite Mica  Quartz 

Benndale Coarse-loamy, siliceous, 8 35 39 7 0 
thermic Typic Paleudults 

Decatur Clayey, kaolinitic, 0 46 34 12 4 
thermic Typic Hapludults 

Brentano geometry is reached at 13-20 mg cm 2 of 
clay, depending on the specific clay minerals present 
(Bradley 1964; Rich 1975). If a clay film is less than 
infinite thickness, a proportion of X-ray beam intensity 
reaches the substrate, and sample reflections, especial- 
ly those at higher 0/20 angles where a greater thickness 
is required, may be undetected due to small sample 
quantity or masking by substrate scatter. 

X-ray path length and the fraction of diffracted in- 
tensity for a given sample thickness with GID can be 
calculated with the same geometric relationships as 
Bragg-Brentano diffraction. In GID, X-rays are dif- 
fracted from planes lying at an angle, 0-(b, to the sam- 
ple surface (Figure lb), rather than parallel to the sur- 
face as in Bragg-Brentano geometry. The path length, 
/, for an incident angle + and a Bragg angle 20 and a 
sample thickness x is: 

l --- x{(1/sin ~b) + (1/sin 20-~b)} [2] 

The fraction of total diffracted intensity, Gx, diffracted 
by that thickness for GID geometry is: 

G, = 1 - e -p'x{(l/sin (b) + (l/sin 20-(b)} [3] 

Equipment Setup 

A Siemens D5000 diffractometer with a Cu target 
and a removable GID attachment was used for this 
study. Slit sizes and other diffractometer options (such 
as count times/step) for both geometries were chosen 
initially to resemble diffractometer setup for routine 
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Figure 2. GID (A) and Bragg-Brentano XRD (B) analysis 
of a 12.5 mg cm z Benndale soil clay prepared on a glass 
slide. 

clay mineral analysis, although a diffracted beam crys- 
tal monochromator was used for all samples in Bragg- 
Brentano geometry only. The monochromator reduces 
the high, potentially peak-masking background asso- 
ciated with fluorescent X-rays from Fe (Moore and 
Reynolds 1989). A Siemens LiF monochromator de- 
signed for GID would likely produce more favorable 
results for this geometry; however, this hardware op- 
tion was unavailable to us. In Bragg-Brentano geom- 
etry, a 1.0-mm divergent slit, a 1.0-ram detector slit 
and a 6.0-mm antiscatter slit were used. In GID, a Ni 
filter was used, and a divergent slit of 0.1 mm was 
used to reduce beam irradiation length due to very low 
incidence angles. All samples were initially run with 
a step size of  0.05 ~ and a count time per step of 3 s 
on both geometries. Where weak reflections were ob- 
served using the standard setup (thinnest films), count 
time per step was increased to 20 s to enhance weak 
signals. 

Soil Samples 

The soils chosen for study (Benndale and Decatur, 
both classified in the Ultisols order) represent typical 
clay mineral assemblages found in southeastern soils 
(Table 1). Standard procedures were used to remove 
organic matter and to separate and Mg-saturate clays 
prior to XRD analysis (Jackson 1956). A standard 
sample near infinite thickness (12.5 mg cm 2 of clay) 
for each soil clay was prepared by the patch transfer 
method (Drever 1973). Dilute suspensions of  each soil 
clay containing 7.5 mg m1-1 were then made. For a 
sequence of more dilute suspensions (thinner films) of 
each soil clay, suspensions were successively diluted 
in half. Two ml of each suspension were dried on a 
12-cm 2 glass slide at room temperature. 

RESULTS 

Major clay minerals observed in routine Bragg- 
Brentano XRD analysis of  a Benndale and a Decatur 
sample are presented in Figures 2 and 3, respectively. 
Both samples contain a near infinite thickness at 30 
~ corresponding to 12.5 mg cm -2 of clay on a glass 
slide. Results from a (b = 1 ~ GID analysis on these 
samples (Figures 2 and 3) show the same clay mineral 
assemblages with slightly different relative peak inten- 
sifies. Overall, GID with a Ni filter produces higher 
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Figure 3. GID (A) and Bragg-Brentano XRD (B) analysis 
of a 12.5 nag cna -2 Decatur soil clay prepared on a glass slide. 

peak intensities (nearly twice as intense for Benndale) 
and higher background. 

GID and Bragg-Brentano XRD analysis of varying 
thicknesses of Benndale and Decatur films are shown 
in Figures 4 and 5, respectively. Peak intensities in 
GID are higher than Bragg-Brentano geometry for all 
thicknesses of  both samples. Peak detection (signal-to- 
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Figure 4. Benndale soil clay XRD patterns comparing sam- 
ple quantities of 0.16 nag cm -2 (4a), 0.078 mg cm -2 (4a), 
0.039 nag cna 2 (4b) and 0.020 nag cna -2 (4b) using GID 
(above in 4a and 4b) and Bragg-Brentano geometry (below 
in 4a and 4b). 
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Figure 5. Decatur soil clay XRD patterns comparing sample 
quantities of 0.16 nag cm -2 (5a), 0.078 nag cm 2 (5a), 0.039 
nag cna-2 (5b) and 0.020 nag cna -~ (5b) using GID (above in 
5a and 5b) and Bragg-Brentano geometry (below in 5a and 
5b). 

noise ratio) is also higher for most samples with GID, 
although the 10-A peak is more readily detected in 
Bragg-Brentano geometry for several Decatur sam- 
pies. Decatur clay films have more poorly detected 
sample ref lect ions overall than Benndale films of  the 
same quantities. 

As clay quantity (film thickness) decreases, a de- 
crease in relative intensities of sample peaks is ob- 
served for both geometries. Initial loss of  peaks in the 
high-angle range is observed in film with 0.078 mg 
cm -2 Bragg-Brentano geometry and the 0.020 mg 
cm -2 with GID for both soil clay compositions (Fig- 
ures 4 and 5). Simultaneously, a significant intensity 
increase is observed in both geometries in the broad 
20 to 30 ~ peak due to amorphous scatter from the 
underlying glass slide. As the amount of clay decreas- 
es to 0.005 mg cm -2, only a few weakly developed 
low-angle peaks are observed in either geometry (Fig- 
ure 6). 

The fraction of total diffracted intensity, Gx, for 
Benndale and Decatur clay quantities/cm 2 discussed 
above were calculated for both Bragg-Brentano, Equa- 
tion [1], and GID, Equation [3], geometries (Figure 7). 
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Figure 6. GID (A) and Bragg-Brentano XRD (B) of 0.005 
mg cm 2 Benndale soil clay prepared on a glass slide. 

Both clay compositions were approximated to have a 
mass absorption coefficient: 

IX* = IX/p [4] 

where IX = the linear absorption coefficient and p = 
density (Brindley 1961), of 40 mg cm -1 based on Ix* 
values of various clays reported in Carroll (1970). As 
expected, higher G~ were calculated for GID for a giv- 
en clay quantity/area (film thickness), especially at 
higher 20 values. For Bragg-Brentano geometry, 
curves for a given clay quantity (film thickness) show 
a rapid decline in Gx with higher 20 angles. In contrast, 
curves are fiat-lying for GID, reflecting diffracted in- 
tensity fractions controlled dominantly by clay film 
thickness. For these soil clays, sample peaks at higher 
20 angles (20 > 15 ~ are detected for clay quantities 
(film thicknesses) with calculated G x > 0.08. This re- 
lationship seems to be true for both GID (Figure 7a) 
and Bragg-Brentano (Figure 7b) geometries. Lower 20 
peaks, which have higher relative peak intensifies 
overall at infinite thickness, are detected at even lower 
Q values. 

With smaller clay quantities (thinner films), im- 
proved detection and/or peak-to-noise ratio of clay re- 
flections was achieved using GID by lowering the 
glancing angle and/or increasing count time per step. 
Decreasing the incidence angle from ~b = 1 ~ on 0.010 
mg cm 2 Benndale sample, where only the broad 
amorphous peak is observed at higher 20 values, to 
progressively lower incidence angles allowed detec- 
tion of additional sample peaks. It also decreased glass 
scatter in the 20 to 30 ~ range (Figure 8). An overall 
increase in relative intensities of lower 20 angle peaks 
was also observed with a lower glancing angle (Figure 
8). Increasing count time per step on the 0.005 mg 
cm -2 Benndale, qb = 0.6 ~ from 3 s/step to 20 s/step 
further improved the signal-to-noise ratio of sample 
reflections using GID (Figure 9A). 

Using Bragg-Brentano XRD on these same small- 
quantity clay samples (thin films), it was not possible 
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Figure 7. Calculated diffracted intensity fractions from soil 
clay films of approximate Benndale/Decatur composition and 
varying thicknesses with Bragg-Brentano (7a) and GID (7b) 
analysis. 

to achieve comparable results to GID in peak detection 
and/or signal-to-noise ratio. Due to the focusing ge- 
ometry of  Bragg-Brentano XRD, a coupled scan is 
necessary, and the incidence angle cannot be indepen- 
dently set at a low angle to increase path length, as in 
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Figure 8. Increasing detection of clay peaks with decreasing 
glancing angle from 1.0 ~ (A) to 0,6 ~ (B) in GID analysis of 
a 0.010 mg cm 2 Benndale sample. 
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Figure 9. Increased signal-to-noise ratio of clay reflections 
of a 0.005 nag cm z Benndale sample with an increased count 
time/step from of 20 s (A) in GID compared with the same 
sample and count time/step in Bragg-Brentano geometry (B). 
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Figure 10. Comparison of GID of a 0.005 mg cm 2 Benn- 
dale soil clay (A) with Bragg-Brentano XRD of a near-infinite 
thickness, 12.5 mg cm 2, of Benndale soil clay (B). Back- 
ground has been subtracted in both geometries. 

GID. Count time per step was increased for Bragg- 
Brentano XRD on the 0.005 mg cm 2 Benndale sam- 
ple from 3 s/step to 20 s/step, as it was for GID, but 
the peak-to-noise ratio was not greatly improved as for 
GID (Figure 9B). Low-background single-crystal 
quartz sample substrates are widely used in mineral 
XRD analysis for small-quantity samples, and a 0.005 
mg cm -2 Benndale clay film was dried onto a zero- 
background quartz slide and run in Bragg-Brentano 
geometry. For this thin clay film, the quartz substrate 
eliminated glass scatter but did not improve peak de- 
tection. 

DISCUSSION A N D  CONCLUSIONS 

Results from this study suggest that GID is a prom- 
ising alternative to conventional Bragg-Brentano XRD 
for routine qualitative mineral analysis of thin clay 
films and/or small quantities of clay. For Benndale and 
Decatur soil clay compositions, GID provides better 
sample peak detection than conventional Bragg-Bren- 
tano XRD for clay films with 0.078 mg cm 2 clay or 
less. Using GID, the same clay mineral peaks, in sim- 
ilar relative intensities, were detected for a Benndale 
soil clay 0.005 mg cm 2 as were detected using con- 
ventional Bragg-Brentano XRD on a Benndale soil 
clay near infinite thickness 12.5 mg cm -2 (Figure 10). 
For the Decatur soil clays, detection of most clay min- 
eral peaks was achieved in GID for slightly thicker 
films. 

Differences in sample peak detection between Ben- 
ndale and Decatur soil clays are more likely attributed 
to differences in sample compositions than to GID ge- 
ometry. With GID, clay mineral peaks can be detected 
in thinner films (from more dilute suspensions) of 
Benndale clay separates than Decatur clay separates. 
Because Benndale clay mineral peaks are also better 
detected in samples near infinite thickness using con- 
ventional Bragg-Brentano XRD, compositional factors 
(such as mineral characteristics and proportions and 

particle size) are most likely affecting the detection of 
sample peaks for clay minerals in both geometries. 
This suggests that thickness limitations for the detec- 
tion of specific mineral reflections in GID is somewhat 
dependent upon the composition of a given clay film. 
This would include not only the mineral characteris- 
tics, but also the phase abundance. 

Our current GID setup is most useful in the analysis 
of higher 20 reflections, where a greater thickness is 
needed in Bragg-Brentano XRD to achieve a higher 
G~, and from 20 to 30 ~ for glass slide suspension 
mounts, due to underlying glass scatter. For some clay 
compositions and moderate film thicknesses, Bragg- 
Brentano XRD may provide better detection of very 
low angle peaks (2.5 to 12 ~ than GID (for example, 
the 10-A peak in the 0.63 mg cm 2 Decatur film). 
Low-angle peaks could be masked by a high back- 
ground at low 20 angles in GID. The position and 
shape of this background suggest that it is an effect of 
scatter from the sample holder caused by incident-an- 
gle length exceeding sample length (Jenkins and 
Squires 1982; Jenkins 1989), although this does not 
agree with calculations of incident-beam length from 
common equations (Moore and Reynolds 1989). A 
number of other diffractometer parameters can cause 
spurious broad peaks in the low-angle range (Brown 
and Brindley 1980); this problem will need to be fur- 
ther addressed in later studies. 

GID offers many of the same benefits as conven- 
tional Bragg-Brentano XRD for clay mineral analysis 
(such as ease of sample preparation and low cost), 
without the sample thickness and quantity limitations. 
GID of clay films from quantities greater than 0.05 mg 
cm -2 can also produce results as quickly as Bragg- 
Brentano XRD, although longer count times may be 
required for thinner clay films. In addition, the paral- 
lel-beam, non-focusing optics used in GID may offer 
simpler and more straightforward calculations for 
quantitative analysis due to the elimination/reduction 
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of  focus ing  aberra t ions  f rom flat spec imen  and sample  
d i sp lacement  errors  (Larsen  et al. 1989; Parr i sh  and  
Har t  1990). Mos t  important ly ,  G I D  offers  an uncoup-  
led scan which  a l lows an inc idence  angle  to be  spec- 
ified for  any Bragg  angle.  Inc idence  angles  near  the 
cri t ical  angle  may  be  required for  ve ry  thin clay films 
f rom more  di lute  suspens ions  (less than 0.20 m g  cm -2 
for  the clay compos i t ions  studied).  A t  inc idence  angles 
< 1.0 ~ overal l  in tensi ty  is r educed  and  air  scat ter  is 
increased;  however ,  s ignal- to-noise  rat ios can  be  im- 
p roved  by  increas ing  count  t ime/s tep  to 20 s/0.05 ~ or 
more.  

A compar i son  of  G I D  and  Bragg -Bren t ano  X R D  for 
rout ine  r econna i s sance  c lay-minera l  analysis  suggests  
that  GID m a y  be  mos t  useful  in  s tudies that  require  
m i n i m u m  prepara t ion  of  smal l  clay quanti t ies.  Some  
examples  inc lude  studies of  natura l ly  occurr ing dilute 
clay suspens ions  l ike those  f rom soil surface runoff ,  
s t reams or pond  water. These  suspens ions  can  be  
p laced  direct ly on  glass sl ides and  dried, and  clays can  
be  ana lyzed  wi thou t  addi t ional  preparat ion.  

GID may  also aid in rout ine  r econna i s sance  minera l  
analysis  for clays whose  phys ica l  proper t ies  p reven t  
prepara t ion  of  infini te  th ickness  samples.  Samples  re- 
ferred to as " c u r l e r s "  or " p e e l e r s "  shr ink on  d ry ing  
and  separate  f rom the moun t ing  med ium.  It  is difficult  
to p roduce  good  00l  d i f f ract ion pat terns  f rom these 
samples  (Moore  and  Reynolds  1989). Wi th  GID,  a 
ve ry  smal l  quant i ty  of  sample  can be  used per  m o u n t  
surface area, p romot ing  greater  cohes ion  to the mount -  
ing surface. 
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