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An improved Fluoride Ion Cleaning (FIC) process required for removing all oxide layers by a molten 
mixture of alkaline fluoride salts under sub-atmospheric pressure was developed and applied to oxide 

layers on the cracks formed on the surface of Inconel 738-LC samples. This method is directly 

characterized by filling up the cracks with a molten mixture of alkaline fluoride salts (LiF-NaF-KF) 
overheated under sub-atmospheric pressure and subsequently, by injecting hot hydrogen gas into the 

process chamber. The effect of cleaning time on the microstructure of the finished surface was studied 

in time durations up to 120 min in intervals of 30 min using cross-sectional micrographs and elemental 
distribution maps. In accordance with the amount of mass loss and microstructural studies during the 

cleaning process, the optimum cleaning time was suggested to be 90-120 min. Perquisite microstructural 

outcome shows that in the suggested cleaning condition, all oxide scales in the cracks would be removed 
without any extra damage to the gamma prime depleted layer, which is a necessary layer for preventing 

sample oxidation before repair. In this regard, subsequent brazing operations need an oxide-free surface.  
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1. INTRODUCTION 
 

Nickel-based superalloys are known for their 

mechanical strength and high corrosion resistance at high 

temperatures which would cause fatigue micro-cracks 

[1,2]. On the contrary, the relatively high-temperature 

oxidation resistance of these superalloys is due to the 

formation of dense oxides of Cr2O3, TiO2, Al2O3, and 

NiCr2O4 spinel [3,4]. To reuse these superalloys, it is 

necessary to perform an expansive process of removing 

oxide films formed on the surface, especially those 

created in the micro-cracks.  

Fluoride compounds are widely used as chemical 

agents for removing ceramic oxide layers due to their 

high chemical reactivity and electronegativity [5]. There 
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are three common types of Fluoride Ion Cleaning (FIC) 

methods for removing the oxide films: (i) chrome 

fluoride-based systems such as CrF3 and NH4F + Cr; (ii) 

fluorocarbon-based systems such as PTFE; and (iii) 

mixed gas systems such as HF and H2 [6-8]. In 1991, Kim 

et al. [9] proposed a variation of the FIC process in which 

cleaning was performed at sub-atmospheric pressure by 

injecting HF gas into the process chamber. They showed 

that upon reducing the chamber pressure to sub-

atmospheric levels before HF injection, deep penetration 

of the reductant gases into the cracks would increase that 

results in the oxide film removal. In 2006, Miglietti et al. 

[10] used the thermal decomposition of Poly Tetra Fluoro 

Ethylene (PTFE) grease in the atmosphere in order to 

clean the superalloy oxides. They detected concentrated 
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oxygen in the specimen surface after the cleaning 

process. According to their study, the gas-based method 

enjoys several benefits including precise process 

controllability and risk assessment with regard to 

hazardous HF gas; however, its disadvantages such as 

process complexity and high instrument costs give 

industries and researchers the incentive to look for safer 

and less expensive methods.  

Therefore, the development of the promoted methods 

with less complexity and hazards than gas-based methods 

for removing oxides from the narrow cracks is still 

desirable. The proposed method in this research 

comprises a combination of processes for both solid- and 

gas-based methods. To this end, the present study 

proposes a new method by implementing the following 

three stages: (i) filling up the cracks with alkaline fluoride 

salts after the cleaning process in a clean environment, 

(ii) heating up the process in a clean chamber in sub-

atmospheric pressure up to the melting point of alkaline 

fluoride salts, and (iii) injecting hydrogen at atmospheric 

pressure. The proposed method for cleaning cracks in this 

study is a combination of pressure reduction and molten 

fluorine salt in addition to hydrogen injection in the 

chamber during the process. Among the advantages of 

such a method are the safety and environmentally 

friendliness of alkaline fluoride salts in comparison to HF 

gas used in the usual FIC process. Reducing the 

temperature during the process is also beneficial since 

high temperature would cause damage to the gamma 

prime depletion layer and structural disorder [11]. 

Therefore, using salts at a low melting point facilitates 

the remaining alloy composition and phases during the 

process that is done in reducing the atmosphere. In order 

to achieve a low melting point, low viscosity, and low 

volatility salts, the ternary systems of alkaline fluoride 

salts were taken. According to the literature [12-14], the 

eutectic mixture of three fluoride salts (29.3 % LiF-11.6 

% NaF- 59.1 % KF (wt. %)) at a melting point of 454˚C 

was chosen, being well suited for the temperature range 

for the proposed desired method. 

The novlty of this research lies in its usage of a less 

hazardous solid fluoride source used in the vacuum 

chamber. As mentioned earlier, performing the process 

with a reduced pressure could improve the penetration of 

the molten fluorine salt into the cracks and help remove 

oxides in the depth of cracks. In addition, introducing 

hydrogen which is a reducing agent and acts as an 

activator for fluorine salt to produce hydrogen fluoride 

gas at the local positions is another key factor associated 

with the proposed method. To the best of the authors’ 

knowledge, there has been no report on injecting 

hydrogen gas to a vacuum chamber to simultaneously 

perform the FIC process via molten fluoride salts. 

Another benefit of this method is that using fluoride salts 

on the local oxide scales leaves other parts unattacked. 

However, the flow of hydrogen in the chamber removes 

the reaction byproducts and allows newly generated 

hydrogen fluoride to act on the remaining oxide. As 

mentioned earlier, the FIC process was completed in 

Stage (iii) and for optimization, the experimental 

condition in Stages (i) and (ii) was fixed; however, the 

effects of soaking time in Stage (iii) on removing oxides 

from the cracks were systematically investigated using 

cross-sectional micrographs and elemental distribution 

maps. 

 

 

2. MATERIALS AND METHODS 
 
2.1. Sample and Crack Preparation 

The chemical composition of the selected alloy (IN-

738LC) is reported in Table 1. Specimens were prepared 

in a plate with dimensions of 10 mm × 10 mm × 4 mm. 

Microcracks were formed by an NC wire Electro-

Discharge Machining (EDM). The surfaces of the 

samples were polished using 600 up to 2000 grades of 

SiC paper and subsequently, sonicated in acetone for 15 

minutes to clean the surface from SiC polishing 

contamination. According to our previous study on 

oxidation kinetics [14], the oxidation at 950 C over 160 

hours does not tend to form an oxide layer with a much 

higher thickness on top of Ni-based superalloy. 

Therefore, the oxide layers were formed by holding 

samples at 950 C in the ambient atmosphere for 160 

hours. 

 
TABLE 1. Chemical composition of superalloy used in this 

study 
 

Elemental Ni Cr Co Ti Al 

wt. % Base 15 9.5 3.6 3.5 

Elemental W Mo Ta Nb C 

wt. % 3.2 1.7 1.5 1.0 0.1 

 

 

2.2. Cleaning procedure 
The cleaning procedure begins in Stage (i) in which the 

samples are embedded in a 4g mixture of alkaline 

fluoride salts as a chemical reactant. This salt comprises 

LiF (Merck No.: 232-152, purity ≥ 99.99 %), NaF (Merck 

No.: 231-667-8, purity ≥ 99.5 %), and KF (Merck No.: 

232-151-5, purity ≥ 99.0 %) at ratios of 29.3, 11.6, and 

59.1 (wt. %), respectively. This ratio has been chosen as 

FLiNaK for its low melting temperature [15]. 

Stage (ii) begins by inserting the sample in the reactor 

and reducing the pressure of the reactor to 3×10-3 mbar, 

while simultaneously increasing the reactor temperature 

up to 500 C. In this stage, the alkaline salt is melted and 

encapsulated in the sample and it fills the cracks. While 

the reactor is enriched by F- atoms during heat treatment, 

there is high affinity to other elements that could be 

formed [16]. Finally, heat treatment continues upon 

increasing the reactor temperature up to 950 C and 
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increasing the reactor pressure up to the atmosphere by 

injecting hydrogen gas. After finishing the dedicated 

thermo-chemical regime, the furnace is cooled down to 

room temperature in a hydrogen atmosphere. 

To investigate the effectiveness of the aforementioned 

procedure in the quality of surface and crack cleaning, 

samples were analyzed after 30, 90, 60, and 120 min of 

heat treatment. The samples removed from the furnace 

were immersed in 0.5 M sulfuric acid for 20 min to wash 

out the reaction products and by-products from the 

cracks. The parameters used in Stages (ii) and (iii) are 

presented in Table 2. 

 

 
TABLE 2. Time schedule cleaning cycle 
 

Stage 
Temperature 

(°C) 

Heating Rate 

(°C.h-1) 

Time 

(min) 

(ii) 25-500 600 47.5 

(iii) 500-700 150 80 

(iii) 700-950 300 30 

(iii) 950 - 30,60,90,120 

 

 

2.3. Characterization 
The mass change of the samples after cleaning was 

measured using a high-precision balance with the 

accuracy of ± 0.01 milligrams at 23 ± 2 ˚C. The cross-

section of the sample was electrolytically polished with a 

12 mL H3PO4, 47 ml H2SO4, and 16ml CrO3 solution by 

applying 3V polarization for 3 s [14]. The phases formed 

on the surface were analyzed before and after oxidation 

by X-ray diffractometry (Siemens Model; D500 using 

Cu-kα radiation). X’pert HighScore Plus software (2.2b) 

was used to identify these phases. The concentration 

profiles across the cracks before and after cleaning 

procedures were examined by Energy Dispersive X-ray 

Spectrometry (EDS) using spot scan mode in FESEM 

(model T-scan by 15 kV accelerating voltage). To study 

the micrographs ImageJ, 1.38x NIH USA was employed.  

 

 
3. RESULTS AND DISCUSSION 
 

3.1. Characterization of oxide film 
Figure 1 presents the X-ray diffraction patterns of 

samples before and after oxidation at 950 ˚C for 160 h. 

The XRD pattern of the oxidized sample shows that in 

the oxide layers, not only single oxide phases such as 

Al2O3 (standard JCPDS card 00-004-0875) Cr2O3 

(standard JCPDS card 00-038-1479) and a small amount 

of TiO2 (standard JCPDS card 01-072-1148) were 

formed, but also complex oxides such as NiAl2O4 

(standard JCPDS card 00-010-0339) and NiCr2O4 

(standard JCPDS card 00-023-1271) were presented [14]. 

 

Figure 1. X-ray diffraction patterns of IN-738LC (a) before 

and (b) after oxidation in air at 950C for 160 h 

 

 

Figure 2 shows the microstructural and elemental maps 

of a typical crack in a sample oxidized at 950 ˚C for 160 

h. The fine dot-like feature at the interior depth is 

attributed to the gamma prime phase [17,18]. This 

morphology is different in the region near the surface due 

to the rearrangement of alloy elements during oxidation. 

The decomposition of gamma prime occurred due to the 

outward diffusion of Ti and Al to the surface and their 

reaction with oxygen to form selective oxidation. 

Furthermore, elemental maps indicate migration of Al, 

Cr, and Ti alloy elements from different depths and 

concentrations in the region near the surface. Each 

element concentrated at a specific distance from the 

surface can be observed in the regular formation of oxide 

components during oxidation. 

According to the overlay elemental map analysis of the 

layers, the outer layer mainly consists of TiO2, Al2O3, and 

small amount of NiO, and the inner layer is composed of 

Cr2O3. However, NiCr2O4 spinel phase is formed 

between the outer and inner layers, i.e., the middle layer. 

Al maps with EDS analysis confirm the formation of 

Al2O3 as the innermost layer because of the higher 

tendency of aluminum to react with oxygen rather than 

other elements of the alloy [19, 20].  

A relatively thick area is also located between the 

substrate and internal layers attributed to the gamma 

prime depleted zone. By extending the oxidation time, 

elements such as Ni, Cr, and Ti would continue to 

migrate from these regions to the outer layer to form 

oxide compounds. 

 

3.2. Cleaning the oxide from the surface of the 
crack 
Figure 3 shows the cross-section micrographs from the 

cracks of the oxidized samples obtained by an optical 

microscope and the samples were cleaned for 90 min in 

the modified FIC process. According to this micrograph, 
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Figure 2. Elemental distribution map of a typical crack in a 

sample oxidized at 950 ˚C for 160 h 

 

 

the alkaline fluoride salts were removed from the crack 

surface after completion of stage (iii) of the FIC process. 

The obtained results showed that alkaline salt could be 

melted, encapsulated in the microcracks during the Stage 

(ii), and then, the cleaning condition would suffice to 

gasify the alkaline fluoride salts during the Stage (iii). A 

distinct white layer observed in both samples shows the 

gamma prime depleted area; however, there is a major 

difference between the locations of this layer in the 

cleaned and oxidized samples. Although the gamma 

prime depleted area for the oxidized sample is placed 

under the oxidized region, as shown in Figure 2, for the 

cleaned sample, it is located on the surface. The 90 min 

FIC process can clean the oxide films and retain a 

metallic surface without any ceramic phases. However, 

applying the process for increased duration may expose 

the sample to more attacks which would result in 

degradation of the base alloy. Therefore, calculation of 

the mass loss of the sample during the cleaning process 

and cross-sectional imaging of surface area play 

significant roles in determining the optimum duration of 

the FIC process. 

 

 

 

 

Figure 3. Optical micrographs of (a) sample oxidized for 

160 h and (b) sample oxidized and cleaned for 90 min by 

modified FIC process 

 

 

After removing the oxide films from the surface, the 

total mass of the sample is expected to be reduced. 

Figure 4 shows the mass loss per surface area of 

IN738 LC during the FIC cleaning process or 

different durations of 30, 60, 90, and 120 min. 

According to the mass grain duration and 160 h of 

oxidation [14] as well as Figure 4, the amount of mass 

loss increased upon increase in the process duration, 

indicating the removal of oxide films from the surface 

and corrosion of the substrate. Since the molten salt 

would possibly diffuse into the metallic area and 

degrade alloy elements (Al, Ti) causing damage to the 

base superalloy, it is necessary to study the cross-

sectional image of cleaned samples at various 

cleaning times to determine the optimum progress of 

the process. 
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Figure 4. Mass loss per surface area of IN738 LC during 

FIC cleaning process at 950 °C 

 

 
The cross-sectional images of a cleaned crack 

presented in Figure 5 provide significant information on 

morphology changes during the cleaning process. Figure 

5a shows a backscattered electron micrograph of the 

sample cleaned by the FIC process for 30 min. According 

to this figure, the FIC process for 30 minutes was not 

enough to completely remove oxide films; therefore, 

Cr2O3 and Al2O3 rich layers corresponding to the middle 

and internal layers still remained on the surface. 

According to Figure 5b, increasing the cleaning time to 

60 minutes would remove most of the Cr2O3 layers. In 

addition, the number of the dark spots corresponding to 

Al2O3 in the internal layer was reduced to indicate the 

ability of the salts to diffuse into the sub-layer and clean 

some of the oxide layers. Most of oxide layers on the 

surface sample were removed by the process after about 

90 minutes with a retaining gamma prime depleted area 

on top of the samples under the oxide layer (Figure 5c), 

implying that during the cleaning of the oxides, Ti and Al 

diffuse outward from the volume into the surface and 

finally react with the HF, thus deepening the gamma 

prime depleted area. This depletion promotes the removal 

of such strong oxide formers near the surface that could 

boost prevention of oxidation at a stage between cleaning 

and repairing [21], thus increasing the bonding strength 

during the repairing process. Increasing the cleaning 

process up to 120 min would not only remove the entire 

oxide layer but also clean the gamma prime depleted area 

(Figure 5d), mainly due to the fact that in the absence of 

the oxide layer, depleted gamma prime could easily react 

with salt. It can be concluded that the optimum condition 

for recovering the samples typically oxidized at 950 ºC 

for 160 h could be performed at 950 ºC by soaking in H2 

gas in a time period of 90 to 120 min. 

As discussed earlier, at the final stage of the FIC 

process, the alloying elements may diffuse outward and 

react with HF, and this behavior gains significance while 

recognizing the optimum conditions for obtaining the 

desired surface. According to results, in the process of 

cleaning the samples for 90 minutes by the modified FIC 

process, the elemental depletion was likely to occur. 

Figure 6 shows the elemental distribution maps for Ni, 

Al, Ti, Cr, and O within the region near the surface of the 

crack cleaned by 90 minutes in the modified FIC process. 

The elemental map also depicts a uniform distribution for 

Cr, Al, and Ni. 
 

 

 

Figure 5. Cross-sectional SEM micrographs of typical crack 

cleaned by FIC process at 950 ℃ at different times: (a) 30, (b) 

60, (c) 90, and (d) 120 min 

 
 

3.3. Mechanism 
The mechanism for the mentioned cleaning procedure, 

which is a combination of several methods, could be 

described as follows: In the second stage, fluoride salts 

reacted with oxide films on the surface at 500 ºC [22]. 

The salts indirectly reacted with oxide films step by step. 

In the beginning, Alkaline salts reacted with the 

remaining H2O in a pack of salts to form the HF, as 

shown in the following [23]: 

 

LiF(l) + H2O(g)
= Li2O(g)

+ 6LiF(g) (1) 

 

Then, HF reacted, as shown in Eq. 2, with oxide film 

to form volatile fluoride elements (e.g. for Al2O3). The 

main residues of HF and surface metal oxides reacted are 

AlF3 (g), CrF3 (s), TiF4 (g), and H2O (g) [24]. The 

resultant H2O may react again with the remainig salts to 

form more HF reducer agents [25,26]. 

 

6HF(g) + Al2O3(s) = 2ALF3(g) + H2O(g) 

 

(2) 

Reducing the reactor pressure to sub-atmospheric 

pressure would make Eq. 1 accelerate in accordance with 
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the Levine’s principle [27]. Therefore, this stage should 

be performed at a pressure reduced to approximately 1 to 

3×10-3 mbar. Furthermore, sub-atmospheric pressures 

forced the gaseous products out of the cracks and were 

replaced by new HF gas [28]. Therefore, from the 

thermodynamic point of view, the cleaning process 

would be accomplished at Stage (ii), in contrast to the 

kinetic view, suggesting that the cleaning reaction of 

each oxide could be completed at different times [29]. 

Stage (iii): To complete the cleaning reactions, H2 gas 

was injected into the reactor until the reactor pressure 

would reach 1013 mbar. The temperature of the reactor 

was simultaneously increased up to 950 ºC. The injected 

H2 gas reacted with the remaining alkaline salts and 

volatile fluoride element to form an HF cleaning agent, 

as shown in the following reactions [30]: 

 

H2(g) + LiF(l) = 𝐻𝐹(g) + LiH(g) 

   

(3) 

 
3
2⁄ H

2(g)
+ AlF3(g) = 𝐴𝑙(↓) + 3HF(g) 

 

   

(4) 

The produced HF gas induced and accelerated the 

Reaction (2), especially for Cr2O3 and TiO2 [26]. 

Prolonged heating time would result in the reaction of 

oxides with HF, thus converting them to their volatile 

fluorides and evaporating the volatile fluorides. In 

addition, prolonged heating would result in the diffusion 

of metal alloy elements outwards and surface depletion 

by HF reactions with strong oxide formers drawn onto 

the surface by diffusion.  

 
 
4. CONCLUSION 
 

The process of the modified fluoride ion cleaning using 

FLiNaK (29.3%LiF-11.6%NaF-59.1%KF (wt. %)) 

alkaline salt in sub-atmospheric pressures was 

investigated in this study in order to effectively remove 

oxides on the artificial cracks of oxidized Inconel 

samples. In the modified process, FLiNak was directly 

plugged into the cracks in the powder form before 

processing. This method was a combination of methods, 

i.e., pressure reduction and molten fluorine salt in 

addition to hydrogen injection in the chamber during the 

process. The study of the effect of FIC process duration 

from 30 to 120 minutes at 30-minute intervals showed 

that the cleaning conditions set as 950 ºC, 90-120 min 

under H2 gas were suitable for removing all oxide films, 

even from the cracks without causing any damage to the 

base alloy. Increasing the process time to more than 90 

minutes would result in corrosion of the base superalloy. 

The results of the analysis revealed that in an optimum 

cleaning condition, all oxide films were removed from 

the surface of the cracks and also, alloy elemental 

depleted area was not observed on the final surface. No 

evidence on the inter-granular attack was observed. 
 

 

 

Figure 6. Elemental distribution maps of Ni, Cr, O, Ti, and Al 

within the region near the surface of a crack cleaned by 90 min 

FIC process 
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