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Abstract

:

Titanium surfaces were anodized to create nanotube structures utilizing an aqueous electrolyte made of xanthan gum (XG) and sodium fluoride. The purpose of employing this type of anodizing solution was to investigate the impact of XG addition on the morphology and organization of nanotubes. As far as we know, this is the first time that TiO2 nanotubes, made using aqueous electrolytes with XG as an additive, have been reported. The organization of the nanotubes was measured using the regularity ratio (RR) from the fast Fourier transformation (FFT) pictures. Contrary to the nanotubes formed in aqueous solutions without XG, the addition of XG to the aqueous electrolyte improved the nanotube organization, with no effect on packability. Based on the findings of this experimental work, organized and homogeneous nanotubular structures might be produced utilizing an inexpensive and non-toxic aqueous electrolyte.
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1. Introduction


Because of its outstanding qualities, including low density, biocompatibility, and corrosion resistance, titanium (Ti) is a multipurpose material employed in various applications [1,2,3]. Additionally, Ti has the ability to spontaneously produce a coating of TiO2. Due to its semi-conductive, chemical stability, and zero-toxicity qualities, titanium dioxide has been researched by numerous scientists [4,5,6,7]. However, the layer of titanium dioxide could be artificially obtained with determined morphologic characteristics by an electrochemical technique such as anodization [8]. Among the morphologies that could be obtained by anodization, the nanotubular structure is one of the types that has drawn significant attention from academics, since it exhibits unique geometric qualities that make it worthwhile for application such as solar cells, photocatalytic devices, and biomedical devices, among others [9,10,11]. Although there are various techniques to fabricate titanium dioxide nanotubes, anodization has grown to be one of the most often used due to its simplicity and ease of use. Aqueous solutions containing hydrofluoric acid were the first electrolytes used to create nanotubes, and these electrolytes produced short and non-homogeneous TiO2 nanotubes; however, organic electrolytes permitted the obtention of highly ordered nanotubes with lengths further than 200 µm [2,7,8,12,13]. The features of nanotubes made in organic media have led to a noticeable increase in the amount of research being carried out on them. However, it is vital to consider that, in comparison to aqueous electrolytes, these electrolytes are more costly and less eco-friendly. In addition, in recent years various publications [14,15,16,17,18,19,20,21,22] have reported certain problems related to the coating regularity and packing of TiO2 nanotubes made in organic solutions, for example, delamination, cracks, different spaces among nanotubes, and coral-like structures.



As a result, there is a research opportunity to improve the homogeneity and organization of nanotubes generated in aqueous electrolytes considering the high packability of TiO2 nanotubes generated in aqueous electrolytes. Thus, xanthan gum (XG) was employed as an additive to raise the homogeneity and organization of TiO2 nanotubes generated in aqueous electrolytes. XG is a low-cost, innocuous, and biodegradable reactive. XG has been thoroughly researched for its range of uses, including biomedical, tissue engineering, cosmetics, food and food packaging, and pharmaceuticals [23,24]. As far as we know, there are no scientific reports using aqueous electrolytes containing XG to produce TiO2 nanotubes. Moreover, a comprehensive analysis of how the anodization parameters affect the properties of the TiO2 nanotubes generated using aqueous electrolytes with XG has not been reported in the scientific literature yet. To improve the homogeneity and organization of nanotubes formed in aqueous electrolytes, we investigated experimental anodization parameters, including fluoride concentration, anodizing time, pH, and XG concentration. To accomplish this, we used energy-dispersive X-ray (EDX), scanning electron microscopy (SEM), and Raman spectroscopy to analyze the anodic coatings. Additionally, we examined the nanotube organization using the fast Fourier transformation (FFT) pictures obtained from the SEM images.




2. Materials and Methods


One-centimeter square sections of commercially pure Ti grade 2 (ASTM F-67), with a thickness of 1 mm, were mechanically polished with silicium carbide paper up until grade 2500 before being washed in acetone using an ultrasonic cleaner for 20 min. The samples were submerged in an aqueous electrolyte that contained NaF and XG, and the pH value of the electrolyte was established using H3PO4. All the experiments were conducted at ambient temperature. Using a DC power source (Kepco BHK 500-0.4 MG), the anodic coatings were produced at a constant potential of 20 V, and the current data were logged during the entire anodizing process time. Two electrodes were employed in the anodization process: a platinum mesh served as the cathode, and a titanium sample worked as the anode. After the anodization procedure, the samples were cleaned with distilled water and then air dried. A JEOL JSM 6940 LV scanning electron microscope with an energy-dispersive X-ray (EDX) detector was used to evaluate the morphology and composition of the anodic coatings; the transversal view images were obtained by scraping the surface sample and tilting the sample holder (roughly 30°) until the required image was acquired. Three SEM pictures for each condition were used to calculate the internal diameter and thickness of the nanotubes; ten measurements were taken in each image. The WSxM 5.0 [25] program was used for the FFT analysis, and Image J, which is freely available, was used for other metrics such as coating thickness and internal diameter. A Micro-Raman Jovin Yvon Horiba, Model Labram High Resolution was the equipment used for micro-Raman spectroscopy.




3. Results and Discussion


3.1. Current Density vs. Time Transients and Nanotube Organization


A typical anodization curve for TiO2 nanotube production is shown in Figure 1a; according to the field-assisted dissolution theory, the process begins with an abrupt surge in current density, followed by a fast fall in current density due to the creation of a barrier layer. Afterwards, a shift happens in the slant of the curve, indicating the onset of pore nucleation (S1). The barrier layer kept increasing up to the current density achieved a minimum value (Jmin). The oxide thickness attained at this time restricts the transport of oxygen ions across the barrier layer, which shifts the oxidation/dissolution balance towards the dissolution side and causes pore formation to increase (S2); this procedure continues until the highest possible pore density is reached (Jmax). Next, the nanopores rearrange and start to compete with one another to become nanotubes.



As the process of creating nanotubes progresses, the slope of the curve changes, signaling the start of a new stage (S3(1)). During this stage, the nanotubes begin to grow as the process progresses. The nucleation time was established by Apolinaro et al. [26] as follows: tn1 = t3(1) − t1, where t3(1) and t1 were the timeframes to attain S3(1) and S1, respectively. On the other hand, according to the oxygen bubble model [27,28], the barrier layer is formed in the first part of the process; thus, the current density decreases until Jmin. In the second stage of the process, nanotube embryos are created due to the oxygen bubbles acting as a mold; this process starts at S1 and ends when the steady state begins (S3(2)). In stage 3, the nanotubes grow as the process advances due to oxygen bubbles erupting from the nanotubes’ bottoms, and the electrolyte eventually goes to the bottom of the nanotube.



Nucleation time according to the oxygen bubble model could be defined as follows: tn2 = t3(2) − t1, where t3(2) and t1 were the lapses of time to achieve S3(2) and S1, respectively. According to Apolinaro et al. [26], the nanotubes’ degree of ordering and uniformity is strongly correlated with the nucleation time; as a result, the greater the nucleation time, the better the order of the nanotubes. The current density vs. time transients for aqueous electrolytes with and without XG, respectively, while keeping the other anodization parameters constant, are shown in Figure 1b,c. Both curves display previously reported nanotube production stages and have the characteristic shape seen in Figure 1a. However, specific variances may be seen, particularly in the time needed at each stage. From Figure 1b, for the curve of the aqueous electrolyte without XG, it can be seen that t3(1) = t3(2) = 133 s, which means that there is no difference in the S3 points for oxygen bubbles and field-assisted dissolution theories, and thus, tn1 = tn2 = 130 s. From Figure 1b, for the curve for the aqueous electrolyte with XG, it can be seen that tn1 = 1935 s and tn2 = 3362 s. Comparing the nucleation time for the aqueous electrolyte with and without XG, the higher nucleation times of the electrolytes with XG in contrast to those without XG are evident. Figure 2 shows SEM pictures of TiO2 nanotubes obtained using aqueous electrolytes without and with XG and their respective FFT images. It is evident from comparing the nanotubes made with XG (Figure 2e–i) and those made without XG (Figure 2a–d) that the organization and circularity of the nanotubes made with the XG-containing electrolyte were higher than those made with the XG-free aqueous electrolyte. The increase in viscosity brought on by the addition of XG was the primary cause of the rise in the nucleation time and, thus, of the higher homogeneity and organization of nanotubes generated in aqueous electrolytes containing XG. Viscous organic solvents are often the electrolytes utilized to produce highly organized nanotubes (for instance, glycerol, dimethyl sulfoxide, and ethylene glycol). However, numerous authors [14,15,16,17,18,20,21,29,30,31] have raised concerns about the packaging and coating homogeneity (for example, coral-like structures, cracks, and no similar spaces between nanotubes). Contrarily, the organization in aqueous electrolytes is poor (polygonal shape rather than circular shape and non-uniform nanotube sizes [4,32,33,34,35] (see Figure 2c,d)) as a result of their lower viscosity (greater ion movement), but in general, they had a higher packability (see Figure 2a). It is essential to highlight the higher packability shown in the TiO2 nanotubes made in aqueous electrolytes with XG (see Figure 2e,f).



The nanotube ordering could be measured, however, both qualitatively and quantitatively. FFT images from SEM images could be used to measure the ordering qualitatively. Figure 2j,k display FFT images from SEM pictures of TiO2 nanotubes generated in aqueous electrolytes without XG and with XG, respectively. In our previous work [4], based on the paper by Stępniowski [36], we analyzed the form of the FFT images. Therefore, in nanotube structures with lesser organization, the FFT form can take on many geometrical shapes; for example, in Figure 2j, a blurred ellipse was created; however, other polygonal forms, or a blurred image without a defined shape, might also be produced. However, a nanotube structure with a higher organization had an FFT picture with a circular form (see Figure 2k). From the FFT images, it is clear that the organization of nanotubes produced in aqueous electrolytes with XG was higher than those made in aqueous electrolytes without XG. Circularity in FFT images has been used as an indication of nanostructure organization by several authors [4,9,36,37,38,39,40,41]. FFT pictures could be used for quantitatively measuring the TiO2 nanotubes’ ordering. Due to this, the averaged regularity ratio (RR) approach, which is based on FFT measurements, was employed. Its equation is:


RR = (In1/2)/(W1/2S3/2)



(1)




where n is the amount of nanotubes examined, I is the radial average’s intensity, W1/2 is the radial average’s width at half its height, and S is the area. The RR value of the TiO2 nanotubes generated in aqueous electrolytes without XG was about zero, due to the intensity in the graph being close to zero (inset Figure 2j); this means that those nanotubes did not show any organization. On the other hand, the TiO2 nanotubes generated in aqueous electrolytes with XG had a RR value of 0.69, indicating that the nanotubes were organized. The RR values are congruent with the shape of the FFT images and the SEM pictures.




3.2. The Effect of the Anodization Time


SEM pictures of nanotube coatings produced with various anodization periods are shown in Figure 3; the other experimental parameters (pH = 3, 0.5 wt.% XG, and 0.5 wt.% NaF) remained the same. After 1.5 h of anodization, structured nanotubes were visible on the surface, showing separate walls, typical of this type of structure; nevertheless, some of the nanotubes had particles on the tip. As viscous electrolytes present an slower etching rate, such particles stay on the surface; the origin could be related to a compact, thin titanium dioxide coating that was produced early in the process of creating nanotubes and was only partially dissolved [21,42]. These particles could be linked to a short anodization time, which was not enough to dissolve them [42]. The TiO2 nanotubes generated by 3 h of anodizing process did not show particles on the nanotube tips; thus, this anodization time allowed time to dissolve them. Longer anodization times (7 h) also produced TiO2 nanotubes covered by particles; however, those could be generated by the nanotube corrosion in the electrolyte due to the prolonged anodization time [43]. Regarding the nanotube organization measured by RR, the best result was obtained in the nanotubes produced in 3 h. For the nanotubes formed in 1.5 h, the time was not enough to create very organized nanotubes; on the other hand, prolonged anodization times were not beneficial to the homogeneity and organization of the nanotubes. Concerning the internal diameter of TiO2 nanotubes, for the three anodizing times evaluated, the values were about 100 nm. However, a direct relationship between the anodization time and the length of TiO2 nanotubes was evident for the samples obtained at 1.5 and 3 h, and this behavior is congruent with previous reports [7,21]. On the other hand, there were no differences between the nanotube lengths of the samples obtained at 3 and 7 h. This result could be due to the effect of the corrosion process mentioned above [43,44].




3.3. The Effect of NaF Concentration


Fluoride sources typically range from 0.20 to 1 weight percentage in the electrolyte used to create TiO2 nanotubes by anodization [7]. According to the scientific literature [7,13], lower fluoride concentrations promote the barrier layer development rather than nanotube structures. Conversely, higher fluoride concentrations encourage a high dissolution rate of the oxide layer; thus, the nanotube structures cannot be formed. Although it is important to note that an excess of fluoride impacts the shape of the nanotubes and their ability to adhere to the substrate, a specific amount of fluoride is required to create nanotubes. Therefore, it is critical to determine the lowest concentration that permits the creation of nanotubes without compromising their characteristics.



Figure 4 reveals the impact of NaF concentration on the structure of nanotubes while the other experimental parameters (pH = 3, 0.5 wt.% XG, and 3 h) remained the same. From Figure 4, it can be seen that the anodic coating produced at 0.25 wt.% has a layer covering the nanotubes (see SEM image at 10,000×). This layer is related to the lower fluoride concentration, which is not sufficient to dissolve this unwanted top layer. When increasing the fluoride concentration to 0.5 wt.%, this layer disappears, and the nanotubes look clean; namely, there are no particles or partially dissolved oxide layers over the nanotubes. The nanotubes produced using a fluoride concentration of 0.75 wt.% had small particles on top; those particles could be caused by the higher dissolution rate of the electrolyte [2,45]. For a concentration of 1 wt.%, the anodic coating was not formed. For the three fluoride concentrations examined, the values for the interior diameter of TiO2 nanotubes were approximately 100 nm. The nanotube length decreases with the increase in fluoride concentration; however, the nanotubes produced at 0.75 wt.% were very short in contrast to the other fluoride concentrations. This behavior could be explained by the over-etch of the TiO2 nanotubes. Wang et al. [45] obtained nanotubes using electrolytes composed of ethylene glycol, water, and different concentrations of NH4F. They found that at higher concentrations of NH4F, the nanotubes were disorganized and shorter compared to the lower concentrations of NH4F. The findings of Wang et al. agree with our results. According to our data, the fluoride concentration that allows producing clean nanotubes was 0.5 wt.%.




3.4. The Effect of XG Concentration


The SEM pictures of nanotube coatings produced using different XG concentrations while keeping the same values for the other experimental parameters (pH = 3, 0.5 wt% NaF, and 3 h) are shown in Figure 5. From Figure 5, it can be seen that the nanotubes made using 1 wt.% of XG (see 10,000× SEM picture) had a dense layer covering the nanotubes, contrarily to the nanotubes produced at 0.5 wt.% of XG which were clean. Moreover, the nanotubes produced utilizing 1 wt.% of XG had a lower circularity than those made at 0.5 wt.% (see 50,000× SEM picture). Regarding the nanotube length, there is a slight increase in length due to the increase in XG concentration. With the rise in XG concentration, the electrolyte viscosity rises [46]. The viscosity has a direct effect on the nanotube’s morphologic characteristics. A higher viscosity causes the diffusion rate to slow down, which makes the ions move more slowly, especially the fluoride ions, allowing for a higher thickness [4,47,48]. According to our results, the XG concentration that induces the production of more organized and clean nanotubes was 0.5 wt.%.




3.5. Electrolyte pH Effect


SEM micrographs demonstrating the impact of electrolyte pH on the structure of nanotubes, while keeping the other experimental settings constant (0.5 wt.% XG, 0.5 wt.% NaF, and 3 h), are shown in Figure 6. These results showed that at pH 4, only a small number of nanotubes are observable, and from the cross-section image it can be seen that the nanotubes are not well defined. One explanation is that a lower availability of H+ ions changes the rate at which oxide dissolves, which is necessary for producing nanotubes [4,5,49,50]. At pH values from 3.5 to 1.8, nanotube structures were formed; however, according to the RR values, the highest level of organization was obtained at pH 3. The nanotubes obtained at pH values of 3.5 and 3.0 were clean; on the other hand, in the nanotubes produced at pH values of 2.5 and 1.8, a slight number of particles on the top of nanotubes were visible. Regarding the values of the internal diameter, there are no significant differences related to the variation in the electrolyte pH. On the other hand, the nanotube length increased with the decrease in electrolyte pH value. This behavior is not in agreement with reports in the scientific literature [49,50,51,52], where the length of the nanotubes decreased with the reduction in electrolyte pH. This behavior could be related to the use of XG; some authors [46,53,54,55] reported on the stability of XG in acidic media; and in fact, XG at lower pH values form a double helix configuration mediated by hydrogen bonds that sustain self-aggregation of XG chains.




3.6. Raman Characterization


The Raman spectra for the TiO2 nanotubes produced using an electrolyte containing XG are shown in Figure 7; similar spectra may be seen in all samples. The Raman spectra show broad peaks at roughly 150, 450, and 600 cm−1; earlier investigations [22,32,33,56] have reported this spectrum’s form related to amorphous TiO2 nanotubes. From Figure 7, it can be concluded that employing XG does not result in the production of crystalline TiO2 nanotubes.




3.7. EDX Characterization


The chemical composition of the nanotubular layers was ascertained using energy-dispersive X-ray spectroscopy (EDX). Figure 8 shows the EDX spectra taken from the sample obtained using the electrolyte composed of 0.5 wt.% XG, 0.5 wt.% NaF, a pH of 3, and an anodizing time of 3 h. From Figure 8, it can be seen that the nanotubular layer was composed of titanium and oxygen; fluoride and carbon were undetected. From Figure 8, it can be concluded that employing XG does not result in composition changes in TiO2 nanotubes. In previous studies [57,58], the authors reported the presence of carbon residues in the nanotube layers produced with electrolytes such as ethylene glycol and glycerol.





4. Conclusions


On the quest for producing ordered TiO2 nanotubes, we have looked into the role of XG as an addition in aqueous electrolytes. According to the present findings, the following could be concluded:




	
Compared with the nanotubes formed in an aqueous electrolyte without XG, using XG in the aqueous electrolyte increased the nanotube organization; the value of the RR parameter of nanotubes obtained with and without adding XG to the anodizing electrolyte was 0.69 and 0.0, respectively. In addition, the inclusion of XG did not affect the packability of the coating.



	
Anodization parameters like fluoride concentration, anodizing time, pH, and XG concentration did not affect the internal diameter values, but produced changes in the length of the nanotubes; the values obtained for the internal diameter in the various conditions evaluated were around 100 nm, whereas the nanotube lengths varied from about 0.80 to 2.28 µm.



	
Based on the outcomes of this experimental study, organized nanotubular structures could be obtained using an aqueous electrolyte which is low-cost, environmentally friendly, and non-toxic. According to the present results, the more suitable conditions are 0.5 wt.% XG, 0.5 wt.% NaF, a pH of 3, and an anodizing time of 3 h.
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Figure 1. Current density responses while titanium is being anodized: (a) standard form, (b) using an aqueous electrolyte without XG, and (c) using an aqueous electrolyte with XG. 
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Figure 2. SEM pictures of coatings obtained in (a–d) an electrolyte without XG and (e–i) an aqueous electrolyte with XG. FFT images from nanotubes obtained in an aqueous electrolyte without XG (j) and an aqueous electrolyte with XG (k). 
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Figure 3. SEM pictures displaying the influence of anodization time on the organization and length of TiO2 nanotubes produced using aqueous electrolytes with XG. ID = internal diameter, L = length. 
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Figure 4. SEM micrographs demonstrating the impact of NaF concentration on the structure of nanotubes. ID = internal diameter, L = length. 
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Figure 5. SEM micrographs demonstrating the impact of XG concentration on the structure of nanotubes. ID = internal diameter, L = length. 
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Figure 6. SEM micrographs demonstrating the impact of electrolyte pH on the structure of nanotubes. ID = internal diameter, L = length. 
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Figure 7. Raman spectra of nanotubular coatings obtained using XG. 
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Figure 8. EDX characterization of nanotubular coatings obtained using XG. 






Figure 8. EDX characterization of nanotubular coatings obtained using XG.



[image: Inventions 08 00109 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  inventions-08-00109


  
    		
      inventions-08-00109
    


  




  





media/file8.jpg
ID=108.99 + 12.18 nm  ID= 104.88 £ 10.49 nm
.54 £ 0.06 pm 72£0.03 pm






media/file11.png
not well-defined nanotubes

—
20kV  X40,000 0.5pum

ID= 109.67 + 9.25 nm
L=1.12 + 0.05 pm

Average value
L

=
20kV  X40,000 0.5pum

0.05
Radius [{1/nm}|

ID=108.99 £ 12.18 nm
L=1.54 £ 0.06 um

E

>

3

£
©

2

=

E

S

o0
=

£

5

-
<

E—
20kV_ X40,000 0.5um 0.05
Radius [{1/nm}]

ID=111.54 £ 12.40 nm
L=1.82 £ 0.07 um

Average value [a.u.'nm?]

l(z)ﬁsius [{lln;n}]
ID=103.68 £ 9.78 nm
L=2.28 * 0.04 um

7 B0KV < X10,000 " Tgin: % eh ! X2 i : 20KV X50,000 050111 ; 20KV X40,000 0.5pm

005
Radius [{1/nm}]





media/file6.jpg
0.25 wt.% 0.75 wt.%

ID=103.62£10.71 nm  ID=108.99 £ 12.18 nm  ID=98.14 £ 11.50 nm
L=1.95+ 0.06 pm 54 %0.06 pm L=0.80 +0.05 ym






media/file1.png
Current Density (mNcmzj

Lad
=

|
|
o ! b
(@) | « s | (b)
= | o
2
E 201 i
2 :
& :
@ !
0O J 1 , i o
# 0. 0 133 200 400
Steady State Begining E
Sy =
et §
Time (s) 0 2000 4000 6000 8000 10,000
Time (s)
10— . :
_ l
o™ I I
: . (c)
Ly i |
< .
£ | !
I |
:‘E‘ 1.2 I |
w54 I |
c I |
Q@
0 [ |
et I |
E | |
[l ; i |
5 0 1951 3000 3778
O L/\
0 2000 4000 6000 8000 10,000

Time (s)





media/file13.png
Intensity (a.u.)

200

460 | Eﬁﬂ | 86U
Raman Shift (cm™1)

1000

1200





media/file10.jpg
o]

ot welldefined nanotubes






media/file7.png
0.25 wt.% 0.75 wt.%

20KV X10,000 © 1pm . . e 000 A: ) Apm

A i
© . 20kV: 5 X20,000- > 4ps

20KV - . X50,000  0.5um ; 5ROGe0 Sl 20kV ~X50,000 0.5um

[ [ e
20kV  X40,000 0.5um 20kV  X40,000 0.5pm 20kV  X40,000 0.5um

ID=103.62+10.71 nm ID=108.99+12.18 nm ID=98.14 * 11.50 nm
L=1.95%£0.06 pm L=1.54 £ 0.06 pm L=0.80 £ 0.05 pm






media/file12.jpg
Intensity (a.u.)

T
200

400 600 800

Raman Shift (cm~1)

1000

1200





media/file9.png
. I
20kV * "X50,000 -0.5pm

D L ]
20kV  X40,000 0.5pm 20KV X40,000 0.5pm

ID=108.99 £ 12.18 nm ID=104.88 * 10.49 nm
L=1.54 £ 0.06 pm L=1.72 £ 0.03 pm






media/file14.jpg
Element | Weight%  Atomic%
oK 19.98 4277
TiK 80.02 57.23
Totals 100.00
‘Spectrum 1
o Ti
T
e
o 2 4 5 [ 10
Full Scale 20016 cts Cursor: 11.580 (57 cts) kev]






media/file5.png
> Aum

—
20kV - X50,000 0.5um

0.02{1/nm}

0.02{1/nm} RR — 0.1 7 0.02{1/nm}

_— e NN

Average 