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Abstract

The effects of H2O2, citric acid and Al2O3 content on the electrochemical behavior, surface characteristics and metal removal rates in

simulated Ta chemical–mechanical polishing (CMP) have been investigated. Electrochemical measurements indicated that Ta could be

easily passivated in all citric acid base slurries prepared in this investigation. The passive film could be removed under CMP condition. The

addition of H2O2 into the slurries could assist repassivation of Ta under polishing condition. X-ray photoelectron spectroscopy (XPS)

revealed that the passive film formed on Ta surface in the citric acid slurries consisted of Ta2O5 and TaUOUH. The presence of H2O2

enhanced the formation of Ta2O5 on Ta surface. The removal rate obtained in the simulated CMP investigation increased with the amount of

Al2O3, either in DI water or in the 0.01 M citric acid + 9 vol.% H2O2 slurries. The surface roughness of Ta after CMP in 0.01 M citric acid

+ 9 vol.% H2O2 slurries was higher than that in DI water base slurries when the Al2O3 content was low. A significant reduction in surface

roughness combined with a high removal rate could be obtained if the Al2O3 content in the 0.01 M citric acid + 9 vol.% H2O2 slurries was

increased to above 10 wt.%.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Chemical–mechanical polishing (CMP) is a promising

means of technique for removing excess copper and plana-

rizing the surface on a global scale. Much effort has been

devoted to the study of Cu CMP with some different

mechanisms proposed [1–4]. In order to successfully inte-

grate Cu into ICs, an appropriate diffusion barrier layer,

such as Ta [5–8], Ta2N [7,8], TaN [8] or amorphous Ta–

Si–N [6], all of which are thermodynamically stable with

respect to Cu, is usually applied. However, studies on the

CMP behavior of Ta and its nitrides are fewer [9–12] than

those of Cu.

The effects of abrasive particles and oxidant addition on

the polishing rate in de-ionized (DI) water were investigated

with reference to Ta CMP [9]. Under an applied downward
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pressure of 6.3 psi and a rotation of a table at 90 rev./min,

Hariharaputhiran et al. [9] reported that no measurable

polishing rate was obtained in the absence of abrasive

particles (either alumina or fumed silica). The addition of

3 wt.% alumina and Aerosil silica abrasive particles raised

the polishing rate to 67 nm/min and 74 nm/min, respective-

ly. However, the addition of an oxidant, such as Fe(NO3)3 or

Cu(NO3)2, among others, reduced the Ta polishing rate in

DI water that contained abrasive particles. The adverse

effect of adding H2O2, which reduced the polishing rate in

Ta CMP, has also been observed in DI water that contained

fumed amorphous silica. This result was in contrast to that

found for Cu CMP [10]. Li and Babu [10] indicated that the

addition of H2O2 presumably caused the formation of a hard

oxide film on the Ta surface, which could thus decrease the

polishing rate. Kuiry et al. examined the effect of pH on Ta

CMP [11]. They found that the etching rate of Ta increased

with pH in the slurry of 3% alumina abrasive particles. They

also indicated that an impervious oxide layer was found in a

solution of 5% H2O2 at pH 2, while a porous layer was

formed on Ta with 5% H2O2 at pH 12. The dependence of
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the polishing rate on the slurry pH was probably due to the

different oxide formed on the Ta surface. A similarly pH-

dependent polishing rate was observed in a 2% KIO3 base

slurry that contained silica abrasive [12].

The slurry used in CMP always incorporates chelating

agents, whose roles in CMP should not be ignored. How-

ever, the mentioned investigation [9] of Ta CMP was mainly

conducted in DI water without involving chelating agents.

Accordingly, the effect of citric acid, commonly employed

in Al or Cu CMP, on the Ta CMP polishing rate was

explored. The effect of abrasive particle content on the

polishing rate was also studied. Electrochemical measure-

ments, X-ray photoelectron spectroscopy (XPS) and atomic

force microscopy (AFM) were performed to elucidate the

passivation/breakdown behavior and the change in the

surface morphology in Ta CMP.
2. Experimental

A pure Ta rod (99.95%), with a diameter of 2.5 cm, was

sliced into 0.8 cm thick disks. Each disk was mounted in

epoxy resin with one surface exposed. The exposed surface

was ground using SiC paper to a grit of 800. Then, three

discs, whose axes were at 120j to each other, were mounted

onto the carrier of a polisher for subsequent electrochemical

testing and removal rate measurements.

The polisher was designed to simulate the CMP mecha-

nism [4]. Fig. 1 demonstrates the schematic diagram of this

polisher. This polisher consisted of a lower platen and an
Fig. 1. Schematic diagram of the apparatus u
upper carrier with diameters of 20.3 cm and 7.6 cm, respec-

tively. A loading device was attached to the upper carrier. The

lower platen was bonded with a tank to hold the slurry during

polishing. The platen and the carrier rotated in opposite

directions at 100 rev./min and 10 rev./min, respectively. A

downward stress of 3 psi was applied to the specimens in the

carrier. A Rodel IC-1400 polished pad was attached to the

platen. Then all the electrochemical tests and removal rate

measurements were performed in this polisher.

Two different types of slurries, namely DI water and

citric acid bases, were used in this investigation. The

concentrations of citric acid (CA) were 0.008, 0.01 and

0.5 M. Al2O3 powders with an average size of 0.05 Am were

used as the abrasive particles. Their contents varied from 0

to 15 wt.%. H2O2 at a concentration of 9 vol.% was added to

some slurry as the oxidizing agent.

The potentiodynamic polarization curves and open cir-

cuit potentials were measured under stationary conditions or

during CMP. An EG&G model 362 electrochemical system

connected to a Yokogawa LR4110 recorder, was used to

monitor the potential and the current during testing. A

saturated calomel electrode (SCE) and a platinum sheet

were used as the reference electrode and the counter

electrode, respectively.

The weight loss of the specimen after simulated CMP for

3 h was measured. An analytical precision microbalance

(Sartorius CP 225D electronic microbalance) with an accu-

racy to F 0.1 mg was used for weight change measurement.

The total weight loss consisted of both from Ta and epoxy
resin. Knowing the densities and the area ratio between Ta
sed in electrochemical and CMP tests.



Fig. 2. Effect of concentration of citric acid on the potentiodynamic

polarization of Ta in various solutions with 1 wt.% Al2O3 under various

conditions.
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and epoxy resin, the weight loss of Ta could then be
determined. The total removal rate (Rt), in terms of Å/
min, was thus calculated and averaged from the three
specimens.

X-Ray photoelectron spectroscopy (XPS) was employed

for surface chemical analysis. The XPS analysis was per-

formed with a Fison (VG) ESCA210 instrument. Excitation

was performed by Al Ka radiation (hm = 1486.6 eV). All

spectra were calibrated with respect to the C 1S electron

peak at 284.6 eV. Furthermore, the background of the XPS

data was subtracted before conducting chemical analysis.

XPS spectra curve fitting analysis was performed by

employing the Origin 6.0 software developed by OriginLab

Corporation.

A NT-MDT P7LS contact mode of atomic force micro-

scope (AFM) was used for surface examination after CMP.

In each slurry, the CMP was repeated for three times. On

each specimen, two AFM measurements were performed.

The surface roughness was thus averaged from six measure-

ments. The arithmetic mean surface roughness (Ra) was also

evaluated by AFM. These parameters [13] are defined as,

Rc ¼
1

NxNy

XNx

i¼1

XNy

j¼1

zij

Ra ¼
1

NxNy

XNx

i¼1

XNy

j¼1

zj j z ¼ zij � Rc

where zij is the height of parallel to the Z axis. Nx and Ny are

the number of points along the X and Y axes.
3. Results and discussion

3.1. Electrochemical behavior

Fig. 2 depicts the effects of the concentration of citric

acid on the potentiodynamic polarization behavior of Ta in

the slurries containing 1 wt.% Al2O3. Under load-free and

static conditions, the polarization curves exhibited similar

features in both 0.008 and 0.5 M CA (citric acid) slurries,

except that the corrosion potential in the latter was slightly

higher than that in the former. A wide passive range with a

passive current density of 1.4� 10� 5 A/cm2 were observed,

indicating that Ta could be easily passivated in both slurries.

Under simulated CMP with an applied stress of 3 psi, as

revealed in Fig. 2, the plateaus of the passive range in the

polarization curves disappeared and the corrosion potentials

in both slurries shifted slightly in the negative direction. The

loss of passivity implied that the passive film could be

removed by mechanical force. As shown in Fig. 2, under

simulated CMP conditions, the anodic current in the 0.5 M
CA slurry was higher than that in the 0.008 M CA slurry.

Besides, as an oxidizing agent, citric acid can also offer a

chelating effect on many metallic ions. At a low concentra-

tion of citric acid (say 0.008 M), the amount of chelating

agent was probably insufficient to fix all of the dissolved Ta

ions. As a result, the un-chelated Ta ions tended to form the

oxide and partially passivated the surface. When the con-

centration of citric acid was high (ex. 0.5 M), most of the

dissolved Ta ions chelated with citric acid could be carried

away, with the aid of flowing slurry in CMP. In such a case,

repassivation was retarded, resulting in a higher anodic

current density, as revealed in Fig. 2.

Fig. 3 presents the effect of H2O2 in the citric acid slurry

containing 1 wt.% Al2O3 on the polarization behavior of Ta.

Both under static conditions and CMP, the addition of 9

vol.% H2O2 to 0.5 M CA+1 wt.% Al2O3 slurry was found

to increase the corrosion potential. Under static conditions, a

narrower passive range in the polarization curve was ob-

served when H2O2 was added. Under CMP conditions, as

expected, the mechanical force helped to remove the passive

film with or without H2O2 addition. However, the anodic

current density in the citric acid base slurry that contained

H2O2 was lower than that in the slurry without H2O2. Since

H2O2 is a strong oxidant, repassivation of Ta was promoted

in the slurry with H2O2, even though the concentration of

citric acid was high. Similar to that found in 0.5 M CA base

slurries, the effect of H2O2 addition in reducing the anodic

current density was also observed in the 0.008 M CA

slurries.

The effect of H2O2 addition to the citric acid base slurries

on the change of the open circuit potential was studied. Fig.

4 shows the open circuit potential vs. time plots before and

after H2O2 addition under various conditions. Under static

Harbutt Han
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Fig. 3. Effect of H2O2 on the potentiodynamic polarization of Ta in 0.5 M

CA+ 1 wt.% Al2O3 slurries under various conditions.
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conditions and in the absence of H2O2, the open circuit

potential slightly increased with time in the slurry with

either 0.008 or 0.5 M CA. In the 0.5 M CA slurry, the open

circuit potential was higher than that in the 0.008 M CA

slurry. The high concentration of H+ was the primary cause

of the higher open circuit potential in the former slurry.

Under CMP conditions, however, the open circuit potential

decreased with time, and became stable until approximately

� 580 mV in both slurries. The decrease in the open circuit

potential was due to the breakdown of the passive film

during CMP.
Fig. 4. Effect of H2O2 on the open circuit potentials of Ta in citric acid

solution containing 1 wt.% Al2O3.
After 9 vol.% H2O2 was added, a significant increase in

the open circuit potential, as depicted in Fig. 4, was

observed in each slurry, with or without polishing. Under

static conditions, the high oxidizing power of H2O2 assisted

the passivation of Ta and significantly raised the potential.

Under CMP conditions, the potential was lower than that

under static conditions, in each slurry. The rather high open

circuit potential observed under CMP conditions indicated

that a passive film could still be formed under polishing

conditions if H2O2 was added.

3.2. XPS analysis

The surface compositions of Ta immersed in different

slurries for 60 min were examined by XPS. Fig. 5 presents

the XPS envelope of Ta 4f7/2 and 4f5/2 for the as-ground

Ta (Fig. 5a) and that after immersion in DI water for 60

min (Fig. 5b). The peaks at 21.3 and 23 eV correspond to

metallic Ta 4f7/2 and metallic Ta 4f5/2 spectra [14], and the

peaks at 26.1 eV for Ta 4f7/2 and 28 eV for Ta 4f5/2
demonstrate the formation of Ta2O5 [15,16]. The peaks at

23.1 eV and 24.3 eV (Ta 4f7/2 and Ta 4f5/2) was probably

associated with a TaUOUH type complex [11]. Clearly,

the surface film was composed of Ta2O5 and tantalum

hydroxide when Ta was immersed in DI water. The high

intensities of the peaks associated with metallic Ta indi-

cated that the surface film might be thin or less continuous.

Similar results were obtained when Ta was immersed in DI

water that contained 1 wt.% Al2O3. The effect of H2O2 on

the changes of the surface compositions of Ta in various

slurries was also evaluated by XPS. When 9 vol.% H2O2
Fig. 5. Peak fitted XPS envelope of Ta 4f for Ta (a) as-ground and (b) after

immersed in DI water for 60 min, where metallic Ta: (1) Ta 4f7/2 and (2) Ta

4f5/2; Ta2O5: (3) Ta 4f7/2 and (4) Ta 4f5/2; TaUOUH type complex: (5) Ta

4f7/2 and (6) Ta 4f5/2.



Fig. 6. XPS spectra of Ta 4f7/2 and 4f5/2 after Ta immersion in (a) 0.5 M

CA+ 1 wt.% Al2O3 and (b) 0.5 M CA+ 9 vol.% H2O2 + 1 wt.% Al2O3

slurries for 60 min, where metallic Ta: (1) Ta 4f7/2 and (2) Ta 4f5/2; Ta2O5:

(3) Ta 4f7/2 and (4) Ta 4f5/2; TaUOUH type complex: (5) Ta 4f7/2 and (6) Ta

4f5/2.
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was added to either the DI water base or the citric acid

base slurry, the peaks that represent Ta2O5 were higher

than those associated with metallic Ta. Fig. 6 shows an

example of the XPS spectra on the surface of Ta immersed

in 0.5 M CA+ 1 wt.% Al2O3 slurry without (Fig. 6a) and

with (Fig. 6b) 9 vol.% H2O2 added. The higher peak ratio

between Ta2O5 and metallic Ta indicated that H2O2 pro-

moted the formation of Ta2O5. Table 1 summarizes the

effect of H2O2 on the peak ratios between Ta2O5 and

metallic Ta for Ta 4f5/2 and Ta 4f7/2 after immersion in DI

water and different slurries.

3.3. Removal rate and surface morphology

Under simulated CMP, the removal rates of Ta in DI

water and in various slurries that contained 1 wt.% Al2O3

abrasive particles were estimated, which are presented in
Table 1

Effect of H2O2 on the XPS peak intensity ratios between oxide and metallic Ta fo

60 min

Solution composition Ratio of Ta2O5/Ta

Ta (4f5/2)

Without H2O2

As-prepared 1.4

DI water 2.2

1 wt.% Al2O3 2.0

0.008 M CA+1 wt.% Al2O3 1.9

0.5 M CA+ 1 wt.% Al2O3 1.9
Table 2. In DI water, in the absence of Al2O3 abrasive

particles, the removal rate could not be detected. With the

addition of 1 wt.% Al2O3 abrasive particles to DI water,

without the addition of H2O2, the measured removal rate

was 26 Å/min. In a similar study conducted by Jindal et al.

[17], the removal rate of Ta in 3 wt.% Al2O3 slurry at a

stress of 6 psi was approximately 90 Å/min. Such high

removal rate was probably attributed to the presence of more

amounts of abrasive particles and the high stress compared

to the present study.

In other slurries with 1 wt.% Al2O3 particles, however,

no measurable weight losses were detected (Table 2). The

polarization curves shown in Fig. 3 show that Ta could be

passivated in citric acid slurries even in the absence of

H2O2. Furthermore, as revealed by XPS analyses, the

presence of H2O2 in the slurries causes the formation of a

thicker and more uniform Ta2O5 on the surface. Apparently,

the Ta2O5 film was hard enough to resist abrasion in the

slurries that contained 1 wt.% Al2O3 particles at a stress of

3 psi.

Surface morphologies of Ta before and after simulated

CMP were examined by AFM. Fig. 7 presents the AFM

image of Ta surface ground using SiC paper to a grit of 800.

A rough surface with a parallel pattern due to scratching

during grinding was observed. On the testing area, the

surface roughness (Ra) was 127 nm. Following the simula-

tion of CMP in DI water, the corresponding AFM image

revealed that the parallel scratches remained on the surface

with only a slight reduction in the surface roughness, as

compared with that of the as-ground specimen.

Fig. 8 displays the AFM image of the Ta surface after

simulated CMP in the 1 wt.% Al2O3 slurry. A significant

reduction in surface roughness was noticed. The value of Ra

was 22 nm. As pointed out earlier, the corresponding

removal rate measured in this slurry was 26 Å/min, which

was lower than that of Cu CMP [4]. Nevertheless, planari-

zation could be achieved in such a slurry.

In 1 wt.% Al2O3 slurries in the presence of CA with/

without H2O2, the surface roughness could only be reduced

slightly as compared with that obtained in DI water. Fig. 9

gives an example of the AFM image of Ta after simulated

CMP in 0.008 M CA+1 wt.% Al2O3 slurry. Though the

image revealed a feature associated with chemical attack of
r Ta 4f5/2 and Ta 4f7/2 after immersion in DI water and different slurries for

Ta (4f7/2)

With H2O2 Without H2O2 With H2O2

– 1.4 –

– 2.1 –

3.3 2.1 3.3

3.3 2.0 3.5

3.4 2.0 3.3



Table 2

Effect of 1 wt.% Al2O3 in various slurries on removal rate (Rt) and average roughness (Ra) of Ta, after simulated CMP ( P= 3 psi, carrier = 10 rev./min,

platen = 100 rev./min)

Slurry Rt (Å/min) Ra (nm)

Initial surface before CMP (#800) – 127

DI water (pH= 6.3) ND* 115

1 wt.% Al2O3 (pH= 4.4) 26F 5 22

1 wt.% Al2O3 + 9 vol.% H2O2 (pH= 4.1) ND* 71

0.008 M CA+ 1 wt.% Al2O3 (pH= 2.74) ND* 73

0.5 M CA+ 1 wt.% Al2O3 (pH= 1.54) ND* 76

0.008 M CA+ 1 wt.% Al2O3 + 9 vol.% H2O2 (pH= 2.56) ND* 90

0.5 M CA+ 1 wt.% Al2O3 + 9 vol.% H2O2 (pH= 1.34) ND* 93

*Not Detected.
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the surface, the metal removal rate was not measurable and

the values of the parameters that reflect surface roughness

were still very large. Similar observations were found in

other slurries that contained CA with/without H2O2. Tables

2 and 3 show all the surface roughness parameters deter-

mined by AFM.

The effect of Al2O3 particle content on the removal rate

of Ta under simulated CMP at 3 psi in DI water and in 0.01

M CA+ 9 vol.% H2O2 slurries, were evaluated. Table 3

presents the results. Varying the Al2O3 content from 1 to 15

wt.% in DI water increased the removal rate from 26 to 118

Å/min. In DI water with 15 wt.% Al2O3 particles, a slight

reduction in the polishing rate was observed when 9 vol.%

H2O2 was added. The addition of H2O2 might assist

repassivation on the Ta surface, although less than that in

the slurry with 1 wt.% Al2O3 abrasive particles.

In citric acid base slurries, the removal rate was lower

than that in DI water base slurries. As shown in Table 3, the

removal rates of Ta in 0.01 M CA+ 15 wt.% Al2O3 and 0.5

M CA+ 15 wt.% Al2O3 slurries were less than that in plain

15 wt.% Al2O3 slurry. A further reduction in the metal

removal rate was observed when H2O2 was added to the

citric acid base slurries, as determined by comparing the

results obtained in 0.01 M CA+ 15 wt.% Al2O3 slurries

with and without H2O2. As revealed in Table 3, the removal

rate was trivial when the Al2O3 content was less than 3 wt.%

in 0.01 M CA+ 9 vol.% H2O2 base slurries. At above 5
Fig. 7. AFM Surface morphology of as-ground Ta using SiC polishing

paper.
wt.%, however, the removal rate increased with increasing

Al2O3 content in these slurries. In general, the removal rates

were lower than those in plain Al2O3 slurries (without citric

acid and H2O2) with the same amount of solid particles.

As reported in the literature [4,18], citric acid plays a

beneficial role in CMP of Al and Cu. However, as found

herein, a reduction in the polishing rate has been noted in Ta

CMP in the presence of citric acid. Whether the chelating

effect of citric acid modifies the polishing mechanism is not

understood and needs further study.

Fig. 10 shows the effect of Al2O3 content on the removal

rate and the arithmetic mean surface roughness (Ra). In both

DI water and 0.01 M CA+ 9 vol.% H2O2 base slurries, the

removal rate increased with Al2O3 content. In DI water base

slurries, a low surface roughness could be attained. How-

ever, roughness slowly increased with Al2O3 content up to 7

wt.%. In 0.01 M CA+ 9 vol.% H2O2 base slurries; on the

contrary, the surface roughness was reduced to the level

determined in DI water base slurries. In CMP, both me-

chanical abrasion and chemical dissolution would modify

the surface morphology. The combined mechanical and

chemical effects would lead to the existence of a critical

content of abrasive particles beyond which a reduced

surface roughness associated with a satisfactory removal

rate could be obtained. The results shown in Fig. 10

demonstrate that the Al2O3 content should exceed 10

wt.% to reach a high removal rate and a low surface
Fig. 8. AFM Surface morphology of Ta after simulated CMP in 1 wt.%

Al2O3 slurry for 3 h.



Fig. 9. AFM Surface morphology of Ta after simulated CMP in 0.008 M

CA+ 1 wt.% Al2O3 slurry for 3 h.

Fig. 10. Effect of Al2O3 content on the removal rate and arithmetic mean

surface roughness following simulated Ta CMP in DI water and in 0.01 M

CA+9 vol.% H2O2 base slurries.
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roughness in both DI water and 0.01 M+ 9 vol.% H2O2 base

slurries. It was noted to found that the surface roughness

reached a value close to that of the average particle size of

approximately 50 nm for Al2O3 powders.
4. Conclusions

1. The potentiodynamic polarization curves obtained in load

free and static condition showed that Ta could be

passivated in citric acid base slurries, either with or

without H2O2 addition.

2. Under CMP condition, a substantial increase in the anodic

current density was observed in the absence of H2O2.

However, the presence of H2O2 in the citric acid slurry

caused a reduction of the anodic current density, but still

higher than that obtained in load free and static condition.

3. Under static condition, a higher open circuit potential was

observed in the slurry with a higher concentration of

citric acid, which was further increased with the presence

of H2O2. In the absence of H2O2, however, the open
Table 3

Effect of alumina content on the removal rate (Rt) and the average roughness (Ra)

min)

Slurry

1 wt.% Al2O3 (pH= 4.4)

3 wt.% Al2O3 (pH= 4.4)

5 wt.% Al2O3 (pH= 4.4)

7 wt.% Al2O3 (pH= 4.4)

10 wt.% Al2O3 (pH= 4.4)

15 wt.% Al2O3 (pH= 4.4)

15 wt.% Al2O3 + 9 vol.% H2O2 (pH= 4.2)

0.01 M CA+ 15 wt.% Al2O3 (pH= 3.7)

0.5 M CA+ 15 wt.% Al2O3 (pH= 1.8)

0.01 M CA+ 1 wt.% Al2O3 + 9 vol.% H2O2 (pH= 2.4)

0.01 M CA+ 3 wt.% Al2O3 + 9 vol.% H2O2 (pH= 2.5)

0.01 M CA+ 5 wt.% Al2O3 + 9 vol.% H2O2 (pH= 2.7)

0.01 M CA+ 7 wt.% Al2O3 + 9 vol.% H2O2 (pH= 2.9)

0.01 M CA+ 10 wt.% Al2O3 + 9 vol.% H2O2 (pH= 3.3)

0.01 M CA+ 15 wt.% Al2O3 + 9 vol.% H2O2 (pH= 3.4)

*Not Detected.
circuit was almost the same in the slurries with 0.008 and

0.5 M citric acid under CMP condition.

4. XPS results showed that Ta2O5 and TaUOUH were

formed on the as-ground Ta as well as that after

immersion in DI water for 60 min. In H2O2-containing

slurries, a noticeable increase in the peak intensities for

Ta2O5 was found, indicating the occurrence of enhanced

passivation with Ta2O5 formation.

5. In both citric acid free and in 0.01 M citric acid + 9 vol.%

H2O2 slurries, the metal removal rate increased with

increasing amount of Al2O3 abrasive particles in Ta CMP.

However, the presence of citric acid and H2O2 resulted in

a reduced the polishing rate, compared with that in DI

water slurry.

6. A high metal removal rate combined with a low surface

roughness could be obtained in either DI water or 0.01 M
of Ta in simulated CMP ( P= 3 psi, carrier = 10 rev./min, platen = 100 rev./

Rt (Å/min) Ra (nm)

26F 5 22

47F 5 30

66F 15 32

71F13 44

95F 12 46

118F 20 45

113F 19 –

110F 20 –

100F 13 –

ND* 74

ND* 85

26F 9 80

54F 12 85

82F 15 38

92F 6 44
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citric acid + 9 vol.% H2O2 slurry when the Al2O3

abrasive content exceeded 10 wt.%.
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