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In situ observation of defect growth beyond the irradiated region 

in yttria-stabiiized zirconia 

induced by 400 keV xenon ion-beam at -90 and 30 "C 

Ning Yu *, Kurt E. Sickafbs, Padma Kodali, and Michael Nastasi 

Materials Science and Technology Division 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 

ABSTRACT 

Single crystals of yttria-stabilized zirconia (YSZ) were irradiated with 400 keV Xe ion- 

beam at room temperature and -90 "C. Defect growth was monitored in situ with Rutherford 
Backscattering and ion channeling (RJ3S/C) techniques using a 2 MeV He ion-beam. The 
irradiated YSZ was observed to consist of a 60 nm defect-denuded top layer, followed by a highly 
disordered layer. Ion channeling revealed that the degree of lattice disorder saturated at 70% of 
the random level in the bottom layer. At a dose of 3 ~ 1 0 ' ~  Xdcm', this layer extended to a depth 
of 160 nm, well beyond the irradiated depth (<I10 nm). Cross-sectional transmission electron 

microscopy observations along with RBS measurements are interpreted as indicating the presence 

of small Xe precipitates with an average diameter of 3 nm, uniformly distributed over the 20-110 

nm depth. The study demonstrated that point defects generated in the Xe-irradiated region 
diffused and grew into more stable structural defects in the greater depth beyond the irradiated 

region. 
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1. Introduction 
Many studies have focused on searching for radiation resistant ceramics and on 

understanding their radiation responses [ 1,2]. Magnesium aluminate spinel (MgA1204) h a  been 
demonstrated to be one of the most radiation resistant oxides under fast neutron irradiation [34] 

and ion irradiation [7] at elevated temperature up to 10-250 displacements per atom (dpa). 

However, it has been observed that spinel undergoes phase transformations fiom its equilibrium 
phase through an intermediate crystalline phase to an amorphous phase under ion irradiation at 

cryogenic temperatures [8,9]. This indicates that point-defect mobility that varies with irradiation 

temperature plays an important role during microstructural evolution in spinel. Therefore, we 

have extended our study on temperature dependence of radiation effects to other relevant oxides, 

including alpha-alumina (a-&o3) [lo], geikielite (MgTiO3) [lo], ilmenite (FeTiO3) [lo], 

magnesia (MgO), rutile (Ti02), and yttria-stabilized zirconia (YSZ). All these studies have taken 
great advantage of the in situ ion beam facility at Los Alamos National Laboratory (La) 

[ 1 1,121. 
Previous studies [13,14] have shown that YSZ cannot be amorphized by Xe ion irradiation 

at room temperature. Transmission electron microscopy (TEMJ studies revealed that high doses 
of Xe irradiation, 3-10~10'~ Xe/cm2, into a TEM thin foil of YSZ resulted in formation of solid or 

fluid Xe embedded in the film. In this study, we have examined in situ the kinetics of radiation 
damage accumulation in YSZ induced by 400 keV Xe ion irradiation at temperatures of 30 and - 
90 "C. The radiation damage behavior was found to be the same at these two temperatures. The 

irradiated YSZ was observed to consist of a defect-denuded top layer of 60 nm thickness, 
followed by a highly disordered layer. The lattice disorder reached a saturation level in the bottom 

layer while its thickness increased towards a depth (160 nm) deeper than the irradiated depth 
(-410 nm). The study demonstrated that point defects generated in the Xe-irradiated region 

diffused and grew into larger size extended defects in the depth beyond the irradiated region. 

2. Experiment 

YSZ single crystals (ZrOz), containing 9.4 mol.% Y203 and in a dimension of 10x10 mm2 
width and 0.5 mm thickness, were used in this study. The samples, oriented along the (001) axis 

and polished to an optical finish, were coated with a 20 nm carbon film to avoid surface charging 

for ion irradiation and ion-beam analysis. The ion irradiation experiments were performed at the 
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LANL in situ ion beam facility [l 1,121. The LANL facility consists of a 200 kV ion implanter 
beamline and a 3 Mv tandem ion beamline, respectively, for ion irradiation and ion-beam analysis, 

Le., Rutherford backscattering and ion channeling ( R B S K )  measurement, on a bulk single crystal 
sample, as shown in Fig. 1. An YSZ sample for the in situ experiment was mounted onto a sample 

stage with silver paint. The orientation and translational motions of the sample were controlled by 

a multi-axis goniometer. Prior to ion irradiation, the 2 MeV He' ion-beam fiom the tandem 

accelerator was aligned along the (011) axis of the unirradiated YSZ sample using RBS/C 
measurements. This orientation was kept throughout the entire in situ experiment to ensure the 

same channeling measurement conditions. 
Radiation damage was introduced by 400 keV Xe2' ion-beam incident at a 15" angle to the 

sample normal at temperatures of 30 and -90 "C. Radiation-induced lattice disorder was 

monitored through a sequential RBS/C measurement up to a charge of 4 pC following each 

incremental dose of Xe irradiation. The irradiation and analysis beam spots were co-centered on 
the sample surface with beam sizes of about 7 and 2 mm in diameter. The irradiation doses varied 
fiom 2 ~ 1 0 ' ~  to 3 ~ 1 0 ' ~  Xdcm2 with the irradiation beam flux maintained at -lx1013 Xe/cm2-s. 

The irradiation experiment at room temperature was first performed and proceeded until the. 
lattice disorder in the irradiated Y S Z  reached a certain saturation level. Then the sample was 
translated to set an unirradiated area and cooled to -90 "C for a second irradiation experiment. 
The projected range and the damage peak of 400 keV Xe ions at a 15" incident angle were 

estimated to be 75 and 50 nm, respectively, by the TRIM code [15] using a mass density of 5.6 

g/cm3 for YSZ. The damage level in the peak damage region was estimated to be 27 dpa for a 
dose of 1 ~ 1 0 ' ~  Xe/cm2 assuming a displacement energy of 40 eV for all elements. The peak 
concentration of implanted Xe was about 2 at.% for 1 ~ 1 0 ' ~  Xe/cm2 in YSZ. 

Following the in situ experiments, the irradiated YSZ samples were fbrther examined with 
R B S K  at room temperature. The samples were then prepared into electron transparent specimens 
for cross-sectional transmission electron microscopy (XTEMJ examination. The radiation-induced 
microstructures were examined in a Philips CM 30 microscope operated at 300 kV usiig bright- 

field and dark-field XTEM techniques. 
The LANL facility plays a complementary role to the high-voltage electron microscopy 

and tandem (HVEM-tandem) facility at Argonne National Laboratory (ANL). Fig. 1 shows 
comparison of the LANL in situ experiment with the ANL in situ experiment. The ANL facility 
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combines a 2 MV tandem ion beamline with an 1 M Y  electron microscope to perfom ion 
irradiation and electron diffraction on an electron-transparent TEM thin foil, 50 nm thick and 
mounted on a TEM grid. The LANL experiment effectively determines the depth profile of 
radiation damage and the evolution of lattice disorder, while the ANL experiment directly 

monitors the radiation-induced phase transformations. In the ANL experiment, the TEM thin foil 
may limit the irradiation beam current in order to avoid the beam heating effect, and it may 

have a surface effect where point defects annihilate at the surfaces to delay phase transformations. 

In the LAM, experiment, the much larger area of a bulk sample allows a higher irradiation-beam 
current and causes less surface effect. For a large bulk sample, a set of irradiation experiments can 
be conducted in series at different temperatures by translating the sample without breaking the 

vacuum (Fig. 1). 
The LANL in situ capability enhances the experimental efficiency typically by one order of 

magnitude and improves the experimental reliability as compared to conventional ex situ 

experiments. The conditions of the sample surface, the ion irradiation, the channeling alignment, 
and the characterization contribute to the uncertainty of the ex situ experiments. However, these 
variations are significantly minimized in the in situ experiments. Furthermore, during an in situ 

experiment, we can dynamically monitor the changes in the damage profile and control the 
incremental irradiation dose correspondingly. Therefore, radiation-induced phenomena can be 

carehlly evaluated and resolved, and the corresponding microstructures can be determined by 
fUrther ex situ "EM examination. The in situ experiment also maintains the same experimental 

environment for both irradiation and characterization of the sample. This eliminates the possibility 

of altering the sample conditions for the characterization purposes. Experimental results are thus 

more reliable for in situ measurements as compared to ex situ measurements. 

3. Results 
Fig. 2 shows some representatives of 18 sequential in situ (01 1) RBSIC spectra fiom the YSZ 

crystal following the 400 keV Xe irradiations at room temperature. Minimum backscattering 
yield, defined as the RBS yield ratio of an aligned spectrum to a random spectrum, is a measure of 
the degree of crystal quality or lattice disorder. A minimum yield of 10% for the Zr signal near the 

sample surface indicates good single crystallinity of the unirradiated sample. Following the 

irradiation of 1 .5~10'~ Xe/cm2, a damaged layer appears around the damage peak in the depth of 
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60 nm, as indicated by the higher dechanneling yield in the channeling spectrum. However, the 60 

nm top layer remains defect-denuded. M e r  the irradiation to 5 ~ 1 0 ' ~  Xe/cm2, no significant 

increase in the dechanneling is observed within the top layer. However, it is intriguing to note that 
the damaged layer grows deeper. The sharp interface between the bottom damaged zone and the 

top denuded zone is retained. At this stage, the damage-growing front in the 120 nm depth is 

defhitely beyond the Xe-irradiated layer (<110 nm). As the irradiation dose increases to 1 . 5 ~  - 
3 ~ 1 0 ' ~  Xe/cm2, a significant increase in the channeling yield in the top layer is observed. However, 

this increase is in part due to the overlap of the implanted Xe signal with the Zr signal. Excluding 

the contribution of the Xe signal, the minimum yield in the top layer is estimated to be less than 
50%. The sharp interface between the surface denuded zone and the underlying damaged zone is 
maintained. The damaged zone is extended to a depth of 160 nm at a dose 3 ~ 1 0 ' ~  Xe/cm* with the 
minimum yield saturated at 70% of the random level. This indicates saturation of lattice disorder 

in the bottom zone. 
Similar behavior of radiation damage is observed in YSZ irradiated with Xe ions at -90 "Cy as 

shown by in siiu RBSK spectra taken at the same temperature in Fig. 3. Minimum yield appears 

to be 7% for the Zr in the unirradiated YSZ. The lower minimum yield value, as compared to that 

obtained at room temperature (10% in Fig. 2), is due to the reduction in lattice vibration at a 
lower temperature. A defect-denuded top layer is retained in the YSZ irradiated to doses of 1.5- 

5 ~ 1 0 ' ~  Xe/cm2, followed by a heavily damaged layer starting in the 60 nm depth. Following 

sequential irradiations, the interface between the top and bottom layer remains unchanged while 

the bottom layer grows to a depth of 160 nm. The minimum yield of the bottom layer saturates at 
70% of the random level to a dose of 3 ~ 1 0 ' ~  Xe/cm2. A big hump that appears at the shoulder of 

the surface Zr in the random spectrum, taken fiom the 3 ~ 1 0 ' ~  Xe/cm2 irradiated YSZ, is caused 

by the implanted Xe signal. 
The kinetics of radiation damage accumulation in YSZ are determined from the sequence of in 

siiu RBSK spectra following the Xe irradiations. Fig. 4 shows the values of minimum yield from 
the heavily damaged zone for the Zr sublattice as a fbnction of irradiation dose and temperature. 
The kinetic curve of room temperature shows a rapid rise in the minimum yield from 10% to 60% 

as the irradiation dose increases from 0 to 2.5~10'~ Xe/cm2. The degree of lattice disorder in this 

zone then levels off at a dose of 2 . 5 ~ 1 0 ' ~  Xe/cm2 and the minimum yield only increases slightly 

fiom 60% to 70% as the dose increases to 3 ~ 1 0 ' ~  Xe/cm2. This indicates that the lattice disorder 
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saturates for a dose of 2 .5~10'~ Xe/cm2. The kinetic curve of -90 "C behaves similarly as that of 
30 "C. Overall, there is a reduction of about 0.03 in the minimum yield for the -90 "C curve 

compared to that of 30 "C. This can be solely attributed to the temperature dependence ofthe 
lattice vibration. In a defective crystal, both the lattice disorder and the lattice vibration add to the 
minimum yield. A decrease in the temperature results in a decrease in the lattice vibration that 

reduces the minimum yield. Taking the lattice vibration into account, the room temperature curve 
falls onto the low temperature curve. The results in Fig. 4 indicate that the damage accumulation 
induced by Xe irradiation is independent of the irradiation temperature, at least in the range from - 
90 to 30 "C. 

The independence of damage accumulation on the irradiation temperature is fUrther confirmed 
by ex situ RBSK measurement. Fig. 5 shows (001) RBS/C spectra acquired at room temperature 
fiom the Y S Z  crystals irradiated to 3 ~ 1 0 ' ~  Xe/cm2 at 30 and -90 "Cy respectively. The profiles of 

lattice disorder for the Zr are identical following the Xe irradiations at two different temperatures. 
A small step near the edge of the surface Zr represents the implanted Xe. Simulation [16] of the 
random spectrum fiom the 3 ~ 1 0 ' ~  Xe/cm2 irradiated YSZ reveals a relatively uniform distribution 
of 4 at.% Xe over the depth 20-1 10 nm. The heavily damaged zone is found to distribute in the 

depths of 60-160 nm. The TRIM code [15] predicts a near Gaussian distribution for the implanted 
Xe in YSZ. The uniform distribution of Xe determined by RBS indicates that the implanted Xe is 
significantly redistributed during the high dose of Xe irradiation. Furthermore, the heavily 

damaged zone is extended beyond the Xe-distributed zone. These observations indicate that the 
implanted Xe and the point defects are highly mobile in Y S Z  and their mobilities also appear to be 
independent of irradiation temperature fiom -90 to 30 "C. 

The radiation-induced microstructures were examined on a YSZ sample irradiated to 3 ~ 1 0 ' ~  
Xe/cm2 at -90 "C using bright-field and dark-field XTEiM techniques. Fig. 6(a) is a dark-field 
XTEM image taken with a [Til J diffraction vector. Three microstructural zones are distinct in the 

image along the Xe-irradiation direction (vertical on the page). The top zone, labeled "l", of 80 

nm thickness shows a uniform distribution of small clusters with an average diameter of 3 nm. The 

second zone, labeled "2", of 100 nm thickness exhibits much larger extended defects with sizes of 
5-20 nm. On the top portion of zone "2", about 40 nm thick, a mixture of small clusters and large 
structural defects are visible. The thickness of the zone cclyy is close to that of the defect-denuded 

zone determined by RBS measurement (Figs. 3 and 5). Except for the small clusters, no large 
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structural defects are visible in this zone, in support of the RBSK observation of the defect- 
denuded zone. The cluster features are similar to those observed in the 2x10’’ Xdcm2 implanted 

MgO [17], which were identified as solid or fluid Xe precipitates. The cluster diameters in Fig. 

6(a), however, appear to be much smaller than those in the MgO (10-50 nm) probably due to the 
big Xe dose difference in these two cases. These smaller clusters can be interpreted as precipitates 

of solid Xe because fluid Xe forms in much larger sizes (> 10 nm) [13]. The zone “2” containing 

larger extended defects represents the heavily disordered zone, as observed by the channeling 

measurement in Fig. 5 .  The nature of the extended defects is under hrther investigation. A 
transition layer between the zones “1” and “2” indicates that part of the Xe precipitated zone 
overlaps with the highly disordered zone. Inset microdiffiaction patterns in Fig. 6@), (c), and (d) 

were taken with short exposure times from the zones “1, 2, and 3”, using a convergent electron- 

beam of 50 run in diameter. No extra diffiaction spots were observed fiom the zone “1”. Due to 
the short exposure times and the small sampling area, the additional reflections fiom solid Xe may 
not be detectable [13]. These diffraction patterns are identical and indicate that no phase 

transformation occurs in the Xe-irradiated zone and the highly defected zone. 

4. Discussion 
By combining the RBS results with the XTEM results, schematic drawings are plotted in 

Fig. 7, showing the evolution of the distributions for implanted Xe ions and structural defects 

following the low dose to high dose of Xe irradiation. In the early stage of Xe irradiation, the 

implanted Xe has a near Gaussian distribution centered at a depth of 75 nm, while the damage 

profile peaks at a shallower depth, 50 nm. A high dose of Xe irradiation results in significant 

accumulation of Xe and production of radiation damage in the irradiated layer to a depth of 110 

nm. The implanted Xe and the point defects produced by cascade collisions appear to be mobile. 
A highly disordered zone initially develops near the damage peak and then gradually grows 

deeper. The lattice disorder reaches a saturation level in the heavily damaged zone and more point 

defects diffuse through this layer to make it grow thicker. In contrast, the top layer of 60 nm 
thickness remains relatively defect-denuded up to high doses. Accompanying the growth of the 

disordered zone, the in- and out-diffusion of implanted Xe results in a uniform distribution of Xe 

precipitates over the depth of 20-1 10 nm. 
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The study clearly demonstrates the layer-by-layer growth of lattice disorder towards the 

deeper region beyond the irradiated region. It indicates that point defects generated in the 
irradiated region can diffise through the highly disordered layer to grow new defects even at -90 

"C. This presents the evidence that radiation-induced point defects are highly mobile in YSZ. 

Therefore, a high population of nonequilibrium point defects can readily annihilate within the 

irradiated region or transport out of the irradiated region and annihilate into sinks or form more 
stable defect structures. Only the inward flux of point defects is expected to contribute to the 

growth of defect structures beyond the irradiated region. Two obvious factors can cause the 
inward flux, (a) concentration gradient of the generated point defects and (b) strain field induced 

by implanted Xe and stabilized defects. Fracture toughness of Xe-irradiated samples, measured by 

indentation techniques, have revealed a 2-fold increase as compared to unirradiated samples. The 
higher fiacture toughness confirms the presence of compressive stress in the Xe-irradiated layer. 

The compressive stress is consistent with a high concentration of Xe as well as some structural 
defects within the irradiated layer. The compressive stress may provide a significant driving force 

for inward dffision of point defects. 
Another important observation from Figs. 2-5 is that radiation damage accumulation in 

YSZ behaves the same at two different temperatures. Point-defect mobility appears not to change 
over the temperature from -90 to 30 "C. Furthermore, no amorphization is observed in the YSZ 
irradiated with 400 keV Xe ions up to 3 ~ 1 0 ' ~  Xdcm2 at -90 "C with a peak damage level 

equivalent to 110 dpa. The maximum lattice disorder saturates at the same level following 

irradiation at two different temperatures, as indicated by the 70% minimum yield. The defect 
saturation is consistent with that for 240 keV Xe irradiation at room temperature [13]. A recent 
study has also shown that no amorphization occurs in YSZ following the 400 keV Xe irradiation 

to 3 ~ 1 0 ' ~  Xdcm2 even at -170 "C [18]. These observations suggest that point defects produced by 
ion irradiation are highly mobile in YSZ at cryogenic temperatures. The behavior observed in this 

study is in strong contrast to that of MgAhO4 [8] and a-Al203 [19], which showed increased 

lattice disorder with decreasing irradiation temperature due to the reduced mobility of point 

defects. Therefore, it is expected that an amorphous state would not be readily produced by 

radiation damage in the materials that do not exhibit enhanced radiation damage with decreasing 

temperature. 
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A defect-denuded zone of 60 nm thickness is clearly present in the Xe-irradiated YSZ, in 
particular up to a dose of 5x10" Xdcm2 in Figs. 2 and 3. After the 3 ~ 1 0 ' ~  Xe/cm2 irradiation, the 
higher minimum yield (-40%) in this zone (Fig. 5) is mostly due to the presence of a hi& 
concentration of small Xe precipitates. As determined, the 4 at.% Xe precipitates are distributed 
uniformly over the depth of 20-110 nm. The XTEM results in Fig. 6(a) show no sign of other 

larger structural defects within this zone besides the small Xe precipitates. This supports that the 

precipitates and the resulting strain field may be the major cause for dechanneling in the defect- 

denuded zone. The denuded zone in YSZ irradiated at -90 "C is similar to that found in MgA120s 
spinel following ion irradiation at room temperature [7] or 400 "C [20]. Zinkle has attributed the 

defect-denuded zone to the effective annihilation of point defects at the surface [7] and to 

ionization-enhanced difision [2]. 

5. Conciusions 

We have studied in situ the kinetics of radiation damage accumulation in YSZ under 400 

keV Xe ion irradiation at temperatures of 30 and -90 "C. The radiation damage behavior was 
found to be identical at these two temperatures and no amorphization was observed up to 3 ~ 1 0 ' ~  
Xe/cm2 equal to 110 dpa for peak damage. The irradiated YSZ consisted of a defect-denuded top 

layer of 60 nm thickness, followed by a highly disordered layer. The lattice disorder reached a 
saturation level in the bottom layer while its thickness increased towards a great depth (160 nm), 
deeper than the irradiated depth (<110 nm). XTEM and RBS measurements are interpreted as 

indicating the presence of small Xe precipitates with an average diameter of 3 nm, uniformly 
distributed over the 20-110 nm depth. The study demonstrated that radiation-induced point 
defects are highly mobiie, and grow into stable defects in the depth beyond the irradiated region. 
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Figure captions: 

Figure 1 Schematic drawings of in situ characterization of ion-irradiation induced 
phenomena using transmission electron microscopy and ion-beam analysis. 

Figure 2 In situ RBSIC spectra obtained from an YSZ crystal using a 2 MeV He ion-beam 
incident along the (011) axis following sequential 400 keV Xe irradiations at 30 “C, along with a 

random spectrum fiom the YSZ crystal irradiated to the highest dose. 

Figure 3 In situ RBSIC spectra obtained from an YSZ crystal using a 2 MeV He ion-beam 
incident along the (01 1) axis foIIowing sequential 400 keV Xe irradiations at -90 “C, along with a 

random spectrum fiom the YSZ crystal irradiated to the highest dose. 

Figure 4 

irradiation dose at the irradiation temperatures of 30 and -90 “C. 

The minimum yield of Zr from the highly disordered zone in YSZ versus Xe 

Figure 5 Ex situ RBSIC spectra obtained fiom the YSZ crystals using a 2 MeV He ion- 
beam incident along the (001) axis before and after the Xe irradiations of 400 keV and 3~10’~ 

Xe/cm2 at 30 and -90 “C, respectively, along with a random spectrum fiom the unirradiated 

sample. 

Figure 6 (a) Dark-field XTEM image showing a Xe-rich layer (labeled “l”) and a highly 
defected layer (“Z”), followed by the unirradiated YSZ substrate (“3”), with g=[i i 13, along with 
(b), (c), and (d) microdiffraction patterns taken from the zones “1,2, and 3”, respectively. 

Figure 7 
structural defects in the Xe-irradiated YSZ from a low dose (top) to a high dose (bottom). 

Schematic drawing showing evolution of accumulation of implanted Xe ions and 

Yu, et al., In situ observation of defect growth beyond the irradiated region in YSZ 12 



1 MeV e- 1.5 MeV Xe 

ILANL in situ I 
I Experiment I 

400 keV Xe 



w 
0 
0 

@ 
0 
0 

0 

03 
0 
0 

4 
0 
0 

a 
C 
C 

0 

N o r m a l i z e d  Y i e l d  
cs 
0 

2\3 
0 

co 
0 

cp 
0 

X 
(D + 

I 
N 
crl 
0 
hl n 
0 
CI 
CI 
w 

; I  . ' X I +  
: I  

en-- 
000' 

0 
00 



I 

40 
Td 
a, 

r-4 

30 
s 
Td 
a, 
N 
*rl 
r-4 E" 20 
k 
0 

10 
z 

0 

0.8 1.0 
Energy (MeV) 

1.2 1.4 1.6 1.8 



I I .  I I 1 1 1  . . .  1 1 1  

I 
+ \ t  

0 
0 

a0 
0 

co 
0 

TP a2 
0 a 



0 
c\i 

I I I I 

- +  
n 
ri 
0 
0 w 
0" 
k 
N 

I 

x * 
+ - a  

4 
02 

0 rn 

x :  

0 * 0 
03 

0 cv 0 
4 

0 
-0 
00 

0 
-0 

0 
-0 m 

0 
-0 

L23 

0 
-0 * 
0 
-0 

cy3 

0 
-0 





400 keV 
Xe2+ 

YSZ Damage 

I I I 

D;Pth 150 100 50 
(nm) 400 keV 

Defects 
YSZ 

1 /---- 
I 

DISCLAIMER 

Xe2+ 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thtreof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. YU e t  al. Fig. 7 


