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Abstract 

Lam Research anodizes bare aluminum surfaces which are exposed to corrosive chemical and 

highly thermal environments in their plasma-etch chambers. These will stress and damage the 

anodization and therefore contaminate the wafers. Sets of Type III anodized aluminum samples 

were put under thermal stress at 120°C, 160°C, and 180°C. Average thickness, admittance, 

dielectric breakdown voltage, and HCL bubble tests were taken for each temperature sample. 

Electro Impedance Spectroscopy (EIS) was used to quantitatively determine the quality of the 

coating, showing significant deterioration of barrier layer and porous layer resistance at 160°C 

and 180°C. EIS showed higher percentage decrease of barrier layer resistance over the three 

thermal cycling temperatures than the resistance of porous layer did. Scanning electron 

microscopes (SEM) and focused ion beam scanning electron microscopes (FIB-SEM) validated 

the EIS data, revealing barrier layer cracking parallel to the substrate while porous layer cracking 

vertically to the substrate at low and high thermal cycling temperatures. The finding showed that 

both types of cracking were due to differences of thermal expansion coefficients between 

anodize layer and the aluminum substrate.  
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Introduction 

 

The broad application of EIS in corrosion science and engineering, batteries and fuel 

cells, surface modification and passivation, and semiconductor chamber materials study have led 

to the publication of a number of excellent reviews of the methods and techniques for measuring 

and analyzing EIS data from Epelboin, Bagrielle, Mansfeld, Lorenz, Macdonald, McKubre, Shih, 

and Daugherty. See Figure 1 below:  

 

Today EIS is well established as a powerful tool for the investigation of coating corrosion 

properties; it is also a technique that requires skilled workers for data analysis [2]. 

 

The concept of electrical impedance was first introduced by Heavyside in the 1880s, and 

his work was soon extended by A.E. Kennelly and C.P. Steinmetz to “include vector diagrams 

and complex representation” of the impedance [3].  A basic description of an electrical system is 

shown in example Figure 2 below as it is similar to a simple mechanical system; however, the 

real world circuit contains elements that have much more complex behavior and therefore 

impedance was used as a more general circuit parameter than the simple concept of resistance 

[4]. Like resistance, impedance is “a measure of the ability of a circuit to resist the flow of 

electrical current” [4]. Electrochemical impedance is measured by “applying an AC potential to 

an electrochemical cell and then measuring the current through the cell” [4]. When a sinusoidal 

potential excitation is applied, the response to this potential is an AC current signal. This current 

signal can be analyzed as a sum of sinusoidal functions (a Fourier series) and be transformed into 

diagrams [4]. 

Figure 1: Number of publications on EIS over the last 20 years. [1] 
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Figure 2: Analogy between Mechanical and Electrical Systems [4] 

EIS is an established as a powerful tool for investigating the mechanisms of 

“electrochemical reactions, measuring the dielectric and transport properties of materials, 

exploring the properties of porous electrodes, and investigating passive surfaces” [1]. 

Historically, EIS has been applied to a variety of electrochemical systems. It is a non-destructive 

method that can provide detailed information of coating the such as the porous layer and barrier 

layer resistance and capacitance of anodization, coating layer thickness estimation, and diffusion 

element through the porous layer [5].  

 

EIS is currently used extensively at Lam Research for anodize coating quality analysis on 

various types of substrates; it is also used to evaluate the impact on the coating from plasma 

processes and chemical cleaning process. This technique can also be used to detect pitting 

corrosion and has been used to evaluate “the corrosion behavior of Al alloys and Al-based metal 

matrix composites during surface modification and corrosion processes in marine environments” 

[5]. EIS is able to quantitatively characterize the corrosion resistance of different types of 

anodization on aluminum alloys. The impedance spectra can be analyzed by using appropriate 

equivalent circuits (EC) to determine the resistance and the capacitance of the barrier and the 

porous layers within anodization as “a function of exposure time to a corrosive solution” [6].  

EIS serves as a powerful tool to analyze the corrosion resistance of anodized Al alloys as the 

spectroscopy is over a span of frequencies ranging typically from 106 kHz to 10-3 Hz. The 

impedance spectra can be fitted to an appropriate equivalent circuit (EC) to obtain the time 

dependence of important properties. [7]. The real and imaginary components and phase angle 

data from the measured cell impedance make it possible to examine and qualitatively determine 

several processes such as “the electronic/ionic conduction in the electrode and electrolytes, 

interfacial charging either at the surface films or the double-layer, charge transfer processes and 

the mass transfer effects” [8]. The time constants are different for different processes, and their 

distinguishable features can be observed at different frequencies on the EIS spectra [8]. 
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The advantages of using EIS are: 1) it’s nondestructive. The applied polarization is low 

enough that conditions of linear polarization whereas the polarization increases linearly with 

current are maintained and the rate equations are simplified; 2) it’s fast and easy way of 

measurement as presently possible by automated computer-controlled equipment such as 

Potentiostats and Solartron with frequency response analyzers and appropriate software, which 

“enormously simplifies the data collection as well as the subsequent analyses” [8]. The 

disadvantage of this technique is mainly related to the difficulty in finding an appropriate 

electrical equivalent circuit to represent the tested electrochemical system and interpreting the 

data quantitatively in order to determine the relevant electrical parameters that would help 

understand the outcome of electrochemical system [8].  

EIS AC Circuit Theory and Analysis on Lam Research Type III Anodization on 6061 

Aluminum [4] 

The concept of impedance is similar to electrical resistance, which is the ability of a 

circuit element to resist the flow of electrical current. Ohm's law (Equation 1) defines resistance 

R in terms of the ratio between voltage, E, and current, I. [4] 

 
Although this is a well known relationship among the three parameters, its use is limited 

to only one circuit element -- the ideal resistor, which has the following properties [4]:  

 It follows Ohm's Law at all current and voltage levels 

 Its resistance value is independent of frequency 

 AC current and voltage signals though a resistor are in phase with each other 

 

As the introduction of this paper stated, the real world applications involve circuit 

elements that exhibit much more complex behaviors. Impedance must be used in place of 

resistance as a more general circuit parameter. Electrochemical impedance is normally measured 

by using a small excitation signal. This is done in order to have a pseudo-linear cell response. In 

a linear or pseudo-linear system, “the current response to a sinusoidal potential will be a sinusoid 

at the same frequency but shifted in phase” [4], see Figure 3.  

 

The excitation signal, expressed as a function of time, has the form 

 
where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial frequency. 

The relationship between radial frequency ω (expressed in radians/second) and frequency, f, 

(expressed in hertz) is: 

 
In a linear system, the response signal, it is shifted in phase (Ф) and has a different 

amplitude, I0. 
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An expression analogous to Ohm's Law allows us to calculate the impedance of the 

system as: 

 

 
Figure 3: Sinusoidal Current Response in a Linear System. [4] 

 

The impedance is now expressed in terms of a magnitude, Zo, and a phase shift, Ф. 

 

When the applied sinusoidal signal E(t) is plotted on the X-axis of a graph and the 

sinusoidal response signal I(t) is plotted on the Y-axis, the result is an oval shaped graph (see 

Figure 4). This oval is known as a "Lissajous Figure". “Analysis of Lissajous Figures on 

oscilloscope screens was the accepted method of impedance measurement prior to the 

availability of modern EIS instrumentation” [4]. 

 

 
Figure 4: Origin of Lissajous Figure. [4] 
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With Euler’s relationship, 

 
it is possible to express the impedance as a complex function. The potential is described as, 

 
and the current response as, 

 
The impedance is then represented as a complex number, 

 
From Equation 8, the expression for Z(ω) is composed of a real and an imaginary part. 

By having the real part plotted on the X-axis and the imaginary part plotted on the Y-axis, a 

"Nyquist Plot" is obtained (see Figure 5). The Y-axis is negative in this plot, and that each point 

on the Nyquist Plot is the impedance at one frequency [4]. Figure 5 shows that low frequency 

data are on the right side of the plot and higher frequencies are on the left [4]. The impedance on 

the Nyquist Plot can be represented as a vector (arrow) of length |Z|. The angle between this 

vector and the X-axis, commonly called the “phase angle”, is Ф (=arg Z). [4] 

 

Nyquist Plots have one major shortcoming. When you look at any data point on the plot, 

you cannot tell what frequency was used to record that point. The Nyquist Plot in Figure  results 

from the electrical circuit of Error! Reference source not found.. The semicircle is 

characteristic of a single "time constant". [4] 

 

Another common way to present impedance is the Bode Plot. The impedance is plotted 

with log frequency on the X-axis; both the absolute values of the impedance (|Z|=Z0) and the 

phase-shift on the Y-axis. The Bode Plot for the electric circuit of Figure 6 is shown in Figure 7. 

The Bode Plot does show frequency information where the Nyquist Plot does not [4]. 

Figure 5: Nyquist Plot with Impedance Vector. [4] 
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Figure 6: Simple Equivalent Circuit with One Time Constant. [4] 

 
Figure 7: Bode Plot with One Time Constant. [4] 

The corrosion resistance of aluminum and aluminum alloys can be greatly increased by 

forming a thick oxide layer through the anodizing process. The aluminum sample is anodically 

polarized in an appropriate electrolyte to form an aluminum oxide [6]. 

 

In the anodizing aluminum process, sulfuric acid is commonly used as the electrolyte 

solution to grow the oxide layer to required thickness that is greater than the naturally oxidized 

film on aluminum. The oxide layer formed in this process has a duplex structure consisting of the 

inner barrier layer and the outer porous layer [9]. The barrier layer is very thin and dense. The 

outer porous layer is a much thicker, porous oxide that has “a close-packed hexagonal cells 

structure.” A sealing process that fills the pores is necessary to improve the corrosion resistance. 

“The pores in the outer oxide layer can be sealed in steam and boiling water or in various cold 

sealing solutions such as nickel acetate and dichromate” [6]. A schematic diagram of the 
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anodization structure is shown in Figure. The equivalent circuit (EC) for EIS analysis shows a 

two-time constant diagram that represents both the barrier and porous layers. The EC is shown in 

Figure 8.   

 
Figure 8: Anodized Aluminum structure and its simulated equivalent circuit. [10] 

Another model was developed to better represent the industrial anodized aluminum 

structure (Figure 9) by having an additional term in the porous layer circuit. Cb and Cpo are the 

capacitance of the inner barrier layer and the outer porous layer, respectively, Rb is the resistance 

of the barrier layer. Rs is the solution resistance. Rcorr is the corrosion resistance of the layer. 

CPE = k(j ω)n is a constant phase element that is used to “account for the variations of the 

properties of the pores in the outer porous layer such as pore diameter, pore depth and degree of 

sealing in the porous layer” [9].  

 

The thicknesses of the barrier layer and the porous layer can be evaluated using the 

experimental values of the capacitance of the barrier layer (Cb) and the porous layer (Cpo) [6]. 

The results of some previous study showed that the thickness of the barrier layer obtained from 

EIS was the same as that was determined from the transmission electron microscopy (TEM) 

Figure 9: Anodize interface model EC after DI water seal with added 

constant phase element (CPE). [10] 
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[11]. The overall degradation of the anodized layers during exposure to a corrosion solution can 

be monitored as “a function of exposure time by simple methods that do not require the 

recording of an entire impedance spectrum in a wide frequency range” [7]. In the area of 

anodized aluminum, EIS can provide detailed information of anodize such as porous layer and 

barrier layer resistance, capacitance, layer thickness, diffusion element through the porous layer, 

time-dependence of parameters of anodize. EIS and can also be used as a quality control tool for 

anodization process. 

 

In the semiconductor industry, due to its high corrosion resistance, superior overall 

properties, and low cost, anodized aluminum has been widely applied since 1980 in plasma-

etching processes of 200 and 300 mm wafer fabrication equipment [7]. In a plasma-etching 

chamber with inductively coupling plasma (ICP), anodized aluminum has been used as the 

protective layer on large chamber body, gas distribution plate (GDP), chamber liners, and 

electrostatic chuck (ESC) [9].  

 

In the wafer plasma-etching production process use environment, anodized aluminum is 

submitted to aggressive chemicals such as Cl2, BCl3, SF6, NF3, and HBr, high density plasma, 

strong physical bombardment, and waferless cleaning at high temperatures [7]. For example, the 

anodized aluminum GDP must hold up to 200°C during plasma-etching processes. The anodized 

chamber wall and the chamber liner are normally exposed to 120°C or higher temperature. 

During plasma-etching processes, chamber and chamber components are always submitted to 

plasma on and off conditions, which is equivalent to a thermal cycling environment [12]. The 

damage of anodized aluminum during plasma-etching processes not only can cause high metal 

contamination, defects, and particle issues but can also cause yield loss in wafer fabrication [7]. 

Materials characterization with thermal cycling has been summarized in detail in this report. 

Since the oxide layers are always under thermal cycling environments during chamber 

processing, the protective properties of the anodization need to be further studied and then 

improved to meet the challenges faced by the semiconductor industry when the plasma-etching 

feature size becomes smaller and smaller [7].  

Problem Statement and Objectives 

The quality of hard anodized aluminum degrades with the plasma chamber’s high 

temperature thermal cycling process. This paper provides a systematic review of changes of 

interface models of anodized aluminum 6061-T6 after thermal cycling at 120°C, 130°C, 160°C, 

and 180°C for 50 cycles. The authors used EIS to quantitatively analyze the impact on 

degradation of anodized aluminum after thermal cycling and the changes of the respective 

models of anodized aluminum after thermal cycle treatment. 
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Experimental Material and Method 

In the current study, the corrosion resistance of anodized Al 6061-T6 was produced by a 

Lam Research qualified supplier for hard anodizing processes, and the samples were thermally 

cycled at 120°C, 130°C, 160°C and 180°C for 50 cycles (see Figure 10). Electrochemical 

impedance spectroscopy was then used to characterize the changes of anodized aluminum at 

different cycled temperatures by immersing the tested coupons in 3.5wt% NaCl solution. Each 

sample was also sent for SEM cross-sectional analysis to compare the degradation of the 

anodization.  

 

The procedures for the thermal cycling tests were as follows: 

1. The test samples were placed in the oven and the oven was heated up to 120°C in 30 

minutes. The samples were held at 120°C for 30 min and then were allowed to cool 

down to room temperature (RT) and kept at RT for 30 min (first cycle). 

2. Repeat Step 1 for the second cycle for a total of 50 cycles at 120°C, 130°C, 160°C 

and 180°C as the same procedures were followed.  

Anodizing and Sealing Procedures 

Four sets of three Type III anodized Al 6061-T6 samples with dimensions of 10 x 10 x 

0.3 cm went through thermal cycling and various anodization tests. The samples were produced 

by the standard hard anodizing (Type III) process in which sulfuric acid is used as an electrolyte 

near 0°C. The final voltage of the anodizing process for Type III anodization was about 60 to 

70V. The anodized samples were rinsed by cool DI water and hot DI water. 

 

Then the anodized samples were sealed by immersing in a tank that contained high purity 

DI water at 98°C or higher with a pH value maintained between 5.7 and 6.2 [12]. The sealed 

samples were wiped by isopropyl alcohol (IPA) using class 100 cleanroom wipes, followed by 

high purity DI water rinse and dried by nitrogen gas. [13] 

 

Figure 30: Test plan with thermal cycled anodized samples 
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EIS and other Anodization Quality Test Methods 

The thermal cycled samples as the working electrode were exposed to 3.5 wt% NaCl and 

impedance spectra were measured. Impedance data were collected at the open-circuit potential 

(OCP) in a three-electrode cell in which 20 cm2 of the test sample was exposed on the bottom of 

the cell to the NaCl solution (Figure 11) [7]. A high density graphite was used as the counter 

electrode, and Saturated KCl solution was used in the reference electrode. The impedance 

spectra were obtained with an SI 1287 Electrochemical Interface machine and SI 1260 

Impedence / Gain-Phase Analyzer unit in the frequency range between 1 MHz and 1 mHz, using 

an AC signal amplitude of 10 mV. The impedance spectra are displayed in the Bode plot format, 

in which the logarithm of the impedance modulus |Z| and the phase angle Ф are plotted vs. the 

logarithm of the frequency f of the applied AC signal [7].  

  

 

 

The thermal cycled anodized samples were also tested to other key quality parameters 

such as thickness, admittance, dielectric voltage breakdown, and HCl bubble test for corrosion 

resistivity. These test results were compared to baseline data from non-thermal cycled anodized 

samples.   

 

Result and Discussion 

Samples’ average thickness measurements were taken with Fischerscope Eddy Current 

instrument; nine measurements were taken on each of the samples and the average was put into a 

box-plot format in Figure 12. The result showed that the average thickness value of each batch of 

coupons were about the same and within Lam’s specification. 

 

Figure 11: EIS cell setup. [10] 
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With Fischer’s Admittance instrument, admittance test was conducted by soaking 1 cm2 

sample surface area in 3.5wt% KCl solution for 60 seconds as a quick check on the sealing 

quality of the anodization process after thermal cycling. Admittance data in Figure 13 shows that 

120°C was slightly higher than the other thermal cycled samples, which was contrary to the 

expected result; however, all data were well below Lam’s spec and the 120°C data were not a 

definite indication of a poorer quality.  

 

 

Figure 12: Samples average thickness boxplot. (Charts scale modified and removed 

for Lam IP protection purposes.) 

Figure 13: Admittance data 
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The general trend of dielectric breakdown voltage strength decreases as thermal cycling temp 

increases due to cracking was observed, as the figure below shows. Higher temperature cycled 

coupons at 160°C and 180°C did not pass Lam’s spec. Although the 130°C data was slightly 

higher than 120°C data, the results of the two batches were not far from each other and were 

considered comparable. Images from the SEM cross section in later discussion will confirm this 

observation from 

breakdown voltage test.  

 

Each sample was 

also soaked in 5 wt% 

HCl solution to test its 

corrosion resistivity. 

This qualitative test 

showed that HCl 

resistance of the thermal 

cycled samples 

decreased as thermal 

cycling temperatures 

increased due to 

cracking. The time each 

sample lasted until 

failure was well below 

Lam’s requirement 

for standard, non-

Although HCl bubble test was a subjective and qualitative test, it did show the trend between the 

low temperature thermal cycled samples and the high temperature thermal cycled samples. 

 

Figure 14: Dielectric voltage breakdown 

Figure 15: HCL bubble test times 
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EIS was measured on the same day the thermal cycling was completed for each batch of 

sample except the 120°C cycled batch. The 120°C batch samples were measured one week after 

thermal cycling and, as expected, yielded mixed EIS result due to the natural self-sealing process 

of the anodization in atmosphere, which had greatly impacted the impedance measurement and 

therefore is not presented in this paper. However, the SEM images of the 120°C samples will be 

presented and compared with the other batches; the result did show certain degree of damage and 

matches the conclusions from the paper by Y. Huang et al. in 2009. The table below summarizes 

the EIS result against Lam’s spec.  

 

 
Table 1: Summary of EIS results on thermal cycled samples 

Rb, the resistance of 

the barrier layer anodization 

failed Lam’s spec after 

160°C thermal cycling. 

Each sample’s data was 

analyzed and fitted by using 

software Anodal2, 

programmed by Dr. 

Mansfield and Dr. Shih. 

Numerical numbers were 

not shown in the paper due 

to Lam IP concern. Both 

Rb, and Rpo, the porous 

layer resistance of the 

anodization failed for the 

180°C thermal cycled 

samples. This result indicate 

that cracking and anodize 

damage have started from 

the interface between the 

substrate and the 

anodization layer. The 

impedance and phase angle 

diagrams shown in Figure 16 

indicate that the porous layer and barrier layer resistance decreased as thermal cycled 

temperature increased (upper diagram). All thermal cycled samples EIS results were lower than 

the baseline values from coupons that did not go through thermal cycling or any other post 

anodization treatment.  

 

Figure 164: Impedance and phase angle diagrams (Bode-

plots) 
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The three black lines in Figure 16 had standard two-time constant and clear porous and 

barrier layer separation at mid-frequency range and high impedance, compared to the thermal 

cycled ones that had shifted phase angle diagram and layer separation frequency. Clear 

degradation of the phase angle was shown for all thermal cycled coupons around mid-range 

frequency (lower diagram). 130°C sample data (in green) showed how impedance decreased in 

barrier layer frequency range while porous layer resistance was still comparable to the baseline 

value in the porous layer frequency range; then for 160°C and 180°C samples both porous layer 

and barrier layers resistance decreased to below baseline value and Lam spec.  

 

Barrier layer resistance decreased by approximately factor of two as thermal cycling 

increased with fitted EIS data of approximately ±15% error. Rpo between Baseline and 130°C 

data are comparable. 180°C thermal cycled samples showed the lowest impedance. The 120°C 

sample result was discarded due to the impact of time between thermal cycling completion and 

EIS testing. The improved sealing gave mixed results due to the sensitivity of EIS instruments. 
 

Thermal cycled samples were then sent for SEM cross-sectional analysis to study the 

anodization quality and any signal that showed significant delamination and damage from batch 

to batch.  

 

 When comparing thermal cycled samples SEM cross-sectional images at 1400x 

magnification, both 120°C and 130°C samples showed some typical cracking which did not 

seem to extend all the way down into substrate. The images were also comparable to the baseline 

SEM images showed above (Figure 17); however, the number of cracks increased for the SEM 

imaging of the 160°C and 180°C samples (Figure 18). 

 

Vertical cracks that extended into the substrate were observed in 160°C sample. Vertical 

and horizontal cracking were observed on 180°C sample that appeared to continue down into 

substrate.  

 

Further work was done on 120°C and 180°C coupons with FIB-SEM confirmed that 

some cracking did penetrate through the anodize layers into the substrate at both temperatures. 

The FIB-SEM images in Error! Reference source not found. show clear columns of porous 

Figure 17: SEM image of non-thermal cycled sample 

Anodize 

 

Al 6061 

Anodize 

 

Al 6061 
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layers structure at the interface of 120°C thermal cycled sample. The point of interest of the 

segment shows horizontal crack at the barrier layer / substrate interface and was measured about 

0.5 µm. Thermal expansion during the thermal cycling could cause the anodize to crack. 

 

Figure 18: SEM images of thermal cycled samples 

Figure 19: FIB-SEM image of 120°C thermal cycled sample 
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The FIB-SEM images on 180°C sample in Figure show severe cracking horizontally 

along the interface and the vertical cracking that extended to the substrate; one segment of the 

cracking observed was about 1.5 µm, three times longer than the one observed from the 120°C 

sample. The overall horizontal cracking along the interface was about 8.343 µm.  

 

 
Figure 20: FIB-SEM image of 180°C thermal cycled sample 

The FIB-SEM images on both 120°C and 180°C samples further validated the EIS result 

on the gradual degradation of the porous layer and barrier layer resistances as the thermal cycled 

temperature increases. The images also showed that horizontal cracks do exist on the samples 

with lower thermal cycled temperature, which confirmed the finding on the EIS charts where 

barrier layer resistance degradation was severer than the porous layer resistance from the 130°C 

sample. While cracking still exists on 120°C cycled samples, the size and scale was much 

smaller than the 180°C sample. 

 

The difference of thermal expansion coefficients (α) between the substrate 6061 

aluminum (25.2 µm/m°C) and aluminum oxide (the anodic layer, 8.0 µm/m°C), along with the 

structures of the hexagonal columns of the porous layer and the dense barrier layer, caused 

horizontal and vertical cracks of the anodize after thermal cycling at selected temperatures. The 

schematic diagram shown in Figure 21 explains the formation of these cracks.  
 

 

 

 

 

 

 

Anodize Al 6061 

Figure 21: Schematic diagram of thermal expansion causing cracks in anodize film 
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Figure 22: TEM showing the anodized aluminum structure referenced in Figure 21. [9] 

When the expansion of the substrate outgrows the expansion of the aluminum oxide under high 

temperature, the hexagonal porous layer cracks vertically due to the side stress while the barrier 

layer cracks vertically at the interface with the substrate due to the bending stress caused by the 

material differences in terms of α.  

Conclusion 

The degradation levels of the impedance of the anodized aluminum were higher with 

higher thermal cycling temperature, leading to shorter HCl bubble time and lower dielectric 

voltage breakdown. By measuring the impedance of each thermal cycled sample using EIS, the 

authors were able to quantitatively prove this gradual degradation. The analysis of the EIS 

spectra also showed that barrier layer resistance began to degrade quicker than the porous layer 

resistance as thermal cycling temperature increased; this conclusion was validated by the FIB-

SEM imaging analysis where both horizontal and vertical cracks were observed on 120°C and 

180°C samples at the interface. Although natural sealing can improve the porous resistance of 

the anodization after thermal cycling, the horizontal cracks between the barrier layer and the 

substrate observed by SEM were permanent damage. Cracks from the 180°C sample were a lot 

larger in terms of number and scale than those of lower thermal cycling temperatures. EIS 

provided valuable information on this study of Type III anodization on aluminum 6061 quality 

without destructing the samples.   

 

The authors’ suggestion for next step study is to find out the threshold thermal cycling 

temperature for the Type III anodized 6061 aluminum that would pass Lam’s requirement and 

the associated cracking density at each thermal cycled temperature, further quantitatively 
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characterizing the quality and differences between each selected sample, and then correlate the 

outside-chamber testing result with the chamber testing result. The same testing and analysis 

methods could be used for studying and qualifying alternative substrate and/or new coating 

technology that can endure higher thermal cycling temperatures and be suitable for Lam chamber 

processes conditions.  
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