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Abstract: In order to develop a new surface treatment technology for aluminum−lithium alloys, an AA2099-T83 alloy 
was anodized in a tartaric−sulfuric acid bath and then post-treated in lithium carbonate (Li2CO3) solutions of different 
temperature−concentration combinations. The results show that the post-treatment in Li2CO3 solutions can greatly 
improve corrosion resistance of the anodized alloy (withstanding up to 1300 h of neutral salt spray test). It is found that 
the sealing process is distinctly different for high-temperature/low-concentration and low-temperature/high- 
concentration combinations. Specifically, the anodic film is only partially sealed in high-temperature mode but more 
fully sealed in low-temperature mode. The mechanism for the high corrosion resistance of the treated alloy is ascribed 
to the barrier effect of the sealing products (i.e., Li−Al−LDH and/or boehmite) on the surface and in the interiors of the 
anodic film. 
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1 Introduction 
 

Advanced aluminum−lithium (Al−Li) alloys 
have various advantages over conventional 
aluminum alloys, including a considerably greater 
specific strength [1,2]. Significantly, these alloys 
have emerged as viable substitutes for conventional 
2xxx and 7xxx aluminum alloys within the aerospace 
sector. Currently, Al−Li alloys such as AA2196, 
AA2198, AA2060, and AA2099 have been 
effectively employed in prominent commercial 
aircraft, including the Airbus A380, Boeing B777-X, 
and COMAC C919, for the fabrication of crucial 
components such as fuselage skin, stringers, and 

floor beams [3−5]. Moreover, Al−Li alloys exhibit 
promising potential for deployment in the 
construction of rocket fuel tanks [6]. Pertinent 
studies have extensively characterized the impact of 
alloying constituents and impurities on the 
microstructural diversity of Al−Li alloys [7−9]. 
Consequently, similar to other high-strength 
aerospace aluminum alloys, Al−Li alloys are 
susceptible to localized corrosion in environments 
containing chloride ions [10,11]. Anodizing 
treatments are commonly employed in the 
aerospace industry to enhance the corrosion 
resistance of aluminum alloys [12]. Chromic acid 
anodizing (CAA), the most widely used method  
in the past, offers the highest corrosion resistance 
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among anodizing treatments [13]. However, due to 
the toxic nature of hexavalent chromium, CAA is 
no longer permitted in many countries [14,15]. 
Therefore, numerous initiatives have been 
undertaken to develop high-performance and 
ecologically friendly anodizing procedures, such  
as the tartaric−sulfuric acid anodizing (TSA) 
process developed in Europe at the beginning    
of this century [16−18]. Nevertheless, the unique 
composition and microstructure of Al−Li alloys 
present new challenges for surface treatment 
techniques. Previous research on the anodizing 
behavior of Al−Li alloys in TSA baths has revealed 
the dissolution of most constituent particles, 
resulting in significant cavity defects within the 
anodic layer [19,20]. Consequently, these cavity 
defects adversely affect the corrosion resistance. 
Therefore, proper sealing of the anodic coating is 
imperative to further enhance the corrosion 
resistance of anodized Al−Li alloys. 

The corrosion resistance of aluminum alloys 
can be improved by the formation of layered double 
hydroxides (LDHs) on bare or anodized surfaces, as 
supported by a large amount of literature [21,22]. 
LDHs, because of their unique structure, not   
only serve as a barrier against corrosive media   
but also exhibit an anion-exchange capability. The 
intercalation of Al3+ with other divalent cations M2+ 
(where M=Mg, Co, Ni, and Zn) gives rise to 
various LDH systems. However, the high Gibbs 
free energy and stringent preparation requirements, 
such as elevated temperature and extended 
processing time, pose significant limitations to the 
formation of conventional LDH systems [23,24]. 
However, interestingly, the presence of lithium ions 
in the interstitial sites of the Al(OH)3 lattice may 
lead to the development of a distinctive LDH 
system known as Li−Al−LDH [25]. Li−Al−LDH 
exhibits a lower formation Gibbs free energy than 
other systems, such as Zn−Al−LDH, enabling its 
more rapid and accessible preparation at lower 
temperatures [26,27]. MATA et al [28] treated an 
anodized AA2024 alloy with a lithium nitrate-based 
solution at temperatures ranging from 25 to 95 °C, 
resulting in the formation of Li−Al−LDH on the 
anodic film. Subsequently, they observed excellent 
corrosion resistance by immersing the Li−Al−LDH 
film for 30 min in a solution containing VO3− to 
upload corrosion inhibitors. Moreover, YANG    
et al [29] employed a similar approach as MATA  

et al [28], with the exception of the corrosion 
inhibitor uploading process, on an anodized Al−Li 
alloy. Remarkably, the treated alloy exhibited 
exceptional corrosion resistance, passing the 1000 h 
neutral salt spray test. The improved corrosion 
resistance was attributed to the sealing effect of 
boehmite and/or LDHs formed within the 
nanopores and on the surface of the anodic film. 
Furthermore, the film/alloy system demonstrated 
remarkable self-healing capabilities. 

The relevant literature [30,31] indicates that 
the anodic film formed on Al−Li alloys can be 
effectively sealed by the formation of Li−Al−LDH 
in lithium salt solutions. Interestingly, the corrosion 
resistance of the treated Al−Li alloy can be 
significantly enhanced even without the addition of 
corrosion inhibitors. One effective strategy is to 
introduce anions that have a relatively high affinity 
for the aluminum hydroxide layers in LDH. This 
approach enables the sealing of the anodic film to 
occur more rapidly at lower temperatures, thus 
improving the overall corrosion resistance of the 
alloy. Previous studies [30−33] have demonstrated 
that CO3

2− exhibits a higher affinity for aluminum 
hydroxide layers compared to NO3

−. Consequently, 
it is possible to achieve a faster and lower- 
temperature sealing of anodized Al−Li alloys using 
a lithium carbonate (Li2CO3) solution compared to a 
lithium nitrate (LiNO3) solution. In fact, research 
conducted by BUCHHEIT et al [34] suggests that 
Li−Al−LDH formation on aluminum alloy surfaces 
can occur at ambient temperature. 

In this study, an investigation was conducted 
on the sealing process of anodized AA2099-    
T83 alloys in Li2CO3 solutions, considering the 
influence of temperature, lithium salt concentration, 
sealed anodic film structure, and corrosion 
resistance. The sealing process was found to consist 
of two stages: reaction-controlled sealing and 
diffusion-controlled sealing. Moreover, it is 
identified that corrosion resistance can be achieved 
under two distinct conditions: high-temperature/ 
low-concentration and low-temperature/high- 
concentration combinations. Remarkably, the 
low-temperature mode, which is close to room 
temperature, exhibited the potential for achieving a 
more comprehensive sealing of the anodic film. 
Based on our findings, we proposed a novel surface 
treatment technology for Al−Li alloys using a 
post-treatment in lithium carbonate solutions. By 
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utilizing this approach, the corrosion resistance and 
sealing efficiency of Al−Li alloys can be 
significantly enhanced, paving the way for 
sustainable and cost-effective solutions in the 
industry. 
 
2 Experimental 
 
2.1 Materials and method 

In this study, the substrate used was obtained 
from an extrusion profile of AA2099-T83 Al−Li 
alloy. The alloy composition (wt.%) consists of Li 
(1.8), Cu (2.7), Mg (0.3), Mn (0.3), Zn (0.7), Zr 
(0.09), and balanced Al. The pretreatment and TSA 
anodizing treatment followed the procedures 
outlined in previous studies [20]. To investigate the 
sealing treatment of the anodized alloy, experiments 
were conducted using Li2CO3 solution at varying 
concentrations (0.01, 0.03, 0.05, 0.07 and 0.1 mol/L) 
and sealing temperatures (25, 30, 50, 70, and 90 °C). 
Following pH adjustment of the solution to 12.0 
using a 0.3 mol/L LiOH solution, all specimens 
underwent a post-treatment for 30 min. For 
comparison purpose, a sample that underwent 
standard anodizing (1500 s) and hot water sealing 
(HWS) was also included in the study. 
 
2.2 Microstructure characterization 

The microstructure of the specimens was 
characterized using a Zeiss Sigma HD™ scanning 
electron microscope equipped with an energy 
dispersive X-ray analyzer (EDS, Oxford). 
Additionally, the phase composition of the anodic 
film, both before and after the post-treatment, was 
analyzed using a PANalytical Empyrean Series 2 
X-ray diffractometer with Cu Kα radiation. To 
prepare the cross-sections of the samples, ultra- 
microtomy (Leica Ultracut) was performed using a 
diamond knife. The Yvon RF5000 GD glow 
discharge spectrometer was employed to analyze 
the distribution of H, Al, O, S, Cu, and Li across the 
anodic film thickness before and after post-sealing. 
 
2.3 Electrochemical measurement and corrosion 

resistance test 
To assess the electrochemical properties of the 

anodized alloy specimens treated with different 
sealing methods, potentiodynamic polarization 
(PDP) and electrochemical impedance spectroscopy 
(EIS) measurements were conducted at room 

temperature ((25±1) °C) in a 0.05 mol/L NaCl 
solution, using a Gamry Interface 3000 system. For 
the PDP measurements, a scanning rate of 1 mV/s 
was employed to obtain data on the corrosion 
behavior of the specimens. The EIS measurements 
were performed over a frequency range from 105 to 
10−2 Hz, with a sinusoidal perturbation of 10 mV 
applied relative to the open circuit potential (OCP). 
A saturated calomel electrode served as the 
reference electrode, a platinum plate as the counter 
electrode, and the sample with an exposed area of 
2.25 cm2 as the working electrode. The acquired 
EIS data were analyzed using Zsimp Win software 
for impedance fitting. To further examine localized 
corrosion behavior, the scanning vibrating electrode 
technique (SVET) was employed. This technique 
was carried out using a Princeton Versa SCAN 
Micro Area Electrochemical Test System in a 
0.05 mol/L NaCl solution. The distance between the 
micro-electrode and the sample surface was 
adjusted to approximately 200 μm. The vibration 
frequency and amplitude were set to be 80 Hz and 
30 μm, respectively. A 100 mm2 (10 mm × 10 mm) 
area was scanned with a step size of 100 μm. 
 
3 Results 
 
3.1 Process optimization and structure 

characterization 
Initially, the anodized alloy specimens 

underwent post-treatment using 25 different 
combinations of sealing temperature and Li2CO3 
concentration. The corrosion current density (Jcorr) 
and corrosion potential (φcorr) of each specimen, 
obtained from PDP curves (refer to Supplementary 
Materials), are summarized in Table 1. The results 
reveal that at all sealing temperatures, the 
specimens treated with a 0.01 mol/L Li2CO3 
solution exhibited relatively low Jcorr values, with 
the lowst Jcorr value at 90 °C. When the Li2CO3 
concentration was increased to 0.03 mol/L, except 
for the specimen treated at 25 °C, all others 
demonstrated improved corrosion resistance with 
relatively low Jcorr values. However, as the Li2CO3 
concentration further increased to 0.05, 0.07, and 
0.1 mol/L, the Jcorr values tended to rise with 
increasing temperature. Particularly, at 0.1 mol/L 
Li2CO3, the Jcorr showed a significant increase when 
the temperature exceeded 50 °C. Based on the 
findings presented in Table 1, it can be inferred that 
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Table 1 Corrosion potential (φcorr) and corrosion current density (Jcorr) derived from potentiodynamic polarization 
curves 

Sample No. 
Process parameter 

Jcorr/(A∙cm−2) φcorr(vs SCE)/V 
Li2CO3 concentration/(mol∙L−1) Temperature/°C 

1 

0.01 

25 2.54×10−8 −0.54 

2 30 5.08×10−8 −0.46 

3 50 9.88×10−9 −0.51 

4 70 5.44×10−8 −0.43 

5 90 3.10×10−9 −0.43 

6 

0.03 

25 3.24×10−7 −0.49 

7 30 6.80×10−8 −0.47 

8 50 5.62×10−8 −0.48 

9 70 9.55×10−8 −0.46 

10 90 8.7×10−10 −0.73 

11 

0.05 

25 5.08×10−8 −0.46 

12 30 4.72×10−8 −0.46 

13 50 3.11×10−8 −0.47 

14 70 3.95×10−8 −0.45 

15 90 1.20×10−7 −0.53 

16 

0.07 

25 7.61×10−9 −0.49 

17 30 1.54×10−9 −0.45 

18 50 1.49×10−7 −0.56 

19 70 4.06×10−8 −0.47 

20 90 4.60×10−7 −0.52 

21 

0.1 

25 1.88×10−9 −0.55 

22 30 1.22×10−8 −0.57 

23 50 9.51×10−7 −0.66 

24 70 8.11×10−5 −1.20 

25 90 4.40×10−4 −1.40 
 
the anodized alloy can achieve high corrosion 
resistance through sealing in either a dilute solution 
at a relatively high temperature or a concentrated 
solution at a relatively low temperature. Notably, it 
was discovered that when the Li2CO3 concentration 
ranged from 0.05 to 0.1 mol/L, the anodic film 
could be effectively sealed at room temperature 
while maintaining high corrosion resistance. 
Considering cost considerations, 0.05 mol/L Li2CO3 
was selected for further investigation. As a    
result, two groups of specimens were studied in 
detail: the high-temperature/low-concentration group 
(0.01 mol/L at 50, 70 and 90 °C) and the low- 
temperature/high-concentration group (0.05 mol/L 

at 25, 30 and 50 °C). These groups were chosen for 
further analysis based on their distinct sealing 
conditions. 

Figure 1 shows the surface and cross-section 
morphologies of the anodic film after post- 
treatment, specifically under high-temperature/low- 
concentration combination conditions (0.01 mol/L 
Li2CO3) at various temperatures (50, 70 and 90 °C). 
The results demonstrate a typical lamellar surface 
morphology for all specimens, indicating the 
formation of a unique substance on the anodic film. 
It is important to note that the sealed anodic film 
exhibits a two-layer structure, maintaining the same 
thickness as the as-prepared anodic film (3.9 μm)  
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Fig. 1 Surface (a, c, e) and cross-section (b, d, f) morphologies of anodic film after post-treatment in 0.01 mol/L Li2CO3 
solutions at different temperatures: (a, b) 50 °C; (c, d) 70 °C; (e, f) 90 °C 
 
(referring to Supplementary Materials for further 
details). Notably, the lamellar structure observed  
on the anodic film surface corresponds to the 
uppermost layer, which has a thickness of a few 
hundred nanometers. The modified anodic film, 
which has a dense outer layer and a porous inner 
layer, lies beneath the lamellar structure. This 
two-layer structure of the anodic film suggests that 
the behavior of the sealing process differs in the 
outer and inner regions. 

Figure 2 shows the surface and cross-section 
morphologies of the anodic film following post- 
treatment under low-temperature/high-concentration 
combination conditions (0.05 mol/L) at various 
temperatures (25, 30 and 50 °C). The surface 
morphology of the anodic film appears similar to 
what was observed in Fig. 1. However, significant 
differences emerge in the cross-section morphology 

of the sealed anodic film. Following the sealing 
process, the thickness of the anodic film increased 
by approximately 1.0 μm, while its morphology 
remained uniform throughout its thickness. It is 
important to note that the outermost layer, 
corresponding to the lamellar surface structure 
observed in Fig. 1, should still exist but may be 
obscured by the surface charge effect in Fig. 2. The 
variation in the structure of the sealed anodic film, 
as depicted in Figs. 1 and 2, suggests a disparity in 
the sealing process between the two sets of 
conditions.  

Figure 3 shows the phase structure analysis 
results of the sealed anodic film under different 
conditions. For all samples, a peak is observed    
at 2θ of 29.0°, which corresponds to boehmite 
(Al2O3·H2O) [35,36]. Furthermore, the low- 
temperature sealing group (0.05 mol/L Li2CO3 at 25, 
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Fig. 2 Surface (a, c, e) and cross-section (b, d, f) morphologies of anodic film after post-treatment in 0.05 mol/L Li2CO3 
solutions at different temperatures: (a, b) 25 °C; (c, d) 30 °C; (e, f) 50 °C 
 

 
Fig. 3 XRD patterns of anodized alloys in different post- 
treatment conditions 
 
30 and 50 °C) exhibits an additional peak at 2θ   
of approximately 20°, corresponding to Li−Al− 
LDH [37]. However, in the high-temperature group 

(0.01 mol/L Li2CO3 at 50, 70 and 90 °C), no 
observable peak associated with Li−Al−LDH is 
detected. Considering the similar surface morphology 
observed in Figs. 1 and 2, it can be assumed that the 
sealing products on all samples possess similarities. 
Thus, it is speculated that the sealing products 
formed in the high-temperature group may contain 
some amorphous Li−Al hydroxides in addition to 
boehmite. 

In order to obtain a more comprehensive 
understanding of the sealing process under various 
conditions, compositional distribution analysis  
(Al, C, O, S, Cu, H, and Li) across the thickness  
of the anodic film was conducted for the TSA 
samples (the 0.01 mol/L Li2CO3, 50 °C sample;  
the 0.05 mol/L Li2CO3, 30 °C sample) using glow 
discharge optical emission spectroscopy (GDOES), 
as shown in Fig. 4. The sealing treatment 
significantly increased the concentrations of Li, O, 
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Fig. 4 GDOES depth profiles across different films:   
(a) TSA; (b) After post-treatment in 0.01 mol/L Li2CO3 
solution at 50 °C; (c) After post-treatment in 0.05 mol/L 
Li2CO3 solution at 30 °C 
 
H, and C in the anodic film, indicating the 
formation of Li−Al−LDH−CO3 or amorphous 
Li−Al hydroxides on the surface and within the 
anodic film. It can be assumed that S primarily 
originates from the as-formed aluminum oxide, 
while Li is predominantly derived from the sealing 
products. In the outer regions of the anodic film, 
there is a depletion of S and an enrichment of Li, 
suggesting the transformation of aluminum oxide 

into sealing products. Near the interface between 
the film and the alloy, the simultaneous presence of 
S and Li peaks in Figs. 4(b) and (c) indicates the 
boundary between fully sealed regions of the anodic 
film and inadequately sealed regions. The proximity 
of this boundary to the film/alloy interface depends 
on the depth of the sealing. Therefore, the results 
indicate that the anodic film is more effectively 
sealed under conditions of low temperature and 
high concentration. In addition, the pronounced S 
and Li peaks in the boundary region of Fig. 4(b) 
indicate a structural distinction between the outer 
and inner regions of the anodic film. In contrast, the 
S and Li peaks in the boundary region of Fig. 4(c) 
appear relatively flat, suggesting a more uniform 
sealing across the thickness of the film. These 
findings align with the cross-sectional views of the 
anodic film presented in Figs. 1 and 2. 
 
3.2 Corrosion resistance  

Figure 5 provides a comparison of the Bode 
plots for samples sealed in 0.01 mol/L Li2CO3 
(Fig. 5(a)) and 0.05 mol/L Li2CO3 (Fig. 5(b)) solutions 
 

 
Fig. 5 Comparison of electrochemical impedance spectra 
taken from anodized alloy (TSA), after hot water  
sealing (HWS) and post-treatment in Li2CO3 solutions: 
(a) 0.01 mol/L Li2CO3, 50, 70 and 90 °C; (b) 0.05 mol/L 
Li2CO3, 25, 30 and 50 °C 
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at different temperatures, with TSA and HWS 
samples serving as references. Generally, the 
impedance moduli of the lithium salt sealing 
samples are significantly higher than those of    
the TSA and HWS samples, indicating superior 
corrosion resistance in the lithium salt sealing 
samples. To fit the Bode plots, an equivalent circuit 
as illustrated in Fig. 6 was utilized. This circuit 
comprises resistances for the electrolyte (Rs), the 
outer sealed anodic film (or the porous layer before 
sealing) denoted as Rp, and the inner sealed anodic 
film (or the barrier layer before sealing) represented 
by Rb. Furthermore, the circuit includes capacitances 
(Qp and Qb) corresponding to these resistances. In 
the case of localized corrosion, the charge transfer 
resistance (Rct) and its corresponding capacitance 
(Qdl) are also considered. By fitting the EIS spectra, 
the parameters for the equivalent circuits presented 
in Fig. 5 were obtained, as shown in Table 2. 
 

 
Fig. 6 Equivalent circuit used to fit electrochemical 
impedance spectra shown in Fig. 5 
 

As per previous literature [38], the impedance 
modulus at 0.01 Hz (|Z|0.01 Hz) is a quantitative 
indicator of the overall stability and corrosion 
resistance of the film on the metal surface. In  
Fig. 7, the |Z|0.01 Hz values of various samples after  

immersing in a NaCl solution for up to 1000 h were 
compared. The |Z|0.01 Hz values of the TSA and HWS 
samples revealed a continuous decrease as immersion 
time increased, suggesting a compromised film 
structure during the immersion process. In contrast, 
the |Z|0.01 Hz values of the samples sealed with 
lithium salt remained nearly unchanged throughout 
the immersion period. This consistent |Z|0.01 Hz value 
indicates that the samples sealed with lithium salt 
possess superior corrosion resistance, even after the 
prolonged exposure to corrosive environments. 
These results further highlight the effectiveness of 
the lithium salt sealing treatment in enhancing the 
corrosion resistance of the anodic films on the 
metal surface. 

In order to investigate the behavior of the 
0.01 mol/L Li2CO3, 50 °C sample in a 0.05 mol/L 
NaCl solution, scanning vibrating electrode technique 
(SVET) analysis was conducted for a duration of 
120 h. Figure 8 presents surface current density 
maps obtained at different immersion time, with 
dashed lines indicating surface scratches. Upon 
extended immersion time, localized corrosion sites 
labeled as A, B, and C were identified as current 
density spikes occurring in the scratched areas. 
Notably, the current density at these specific 
localized corrosion sites consistently decreased as 
the immersion time increased, eventually reaching 
background levels. This observation suggests that 
these localized corrosion sites underwent 
passivation after initiation. These findings align 
with previous research regarding the post-sealing 
effects on the same alloy in lithium nitrate-based 
solutions [29]. 

 
Table 2 Equivalent circuit parameters of samples under different conditions 

Condition 
Rs/ 

(Ω·cm2) 
Rp/ 

(Ω·cm2) 
Qp/ 

(Ω−1·cm−2·sn) 
np 

Rb/ 
(Ω·cm2) 

Qb/ 
(Ω−1·cm−2·sn) 

nb 
Rct/ 

(Ω·cm2) 
Qdl/ 

(Ω−1·cm−2·sn) 
ndl 

0.01 mol/L Li2CO3, 50 °C 65.00 2.87×105 3.93×10−6 0.82 7.40×106 3.88×10−7 0.93 − − − 

0.01 mol/L Li2CO3, 70 °C 48.64 8.03×105 2.29×10−7 0.41 9.28×106 1.10×10−6 0.84 − − − 

0.0 1 mol/L Li2CO3, 90 °C 57.35 9.19×104 6.52×10−7 0.75 7.14×107 2.05×10−7 1 − − − 

0.05 mol/L Li2CO3, 25 °C 71.68 3.15×104 5.67×10−7 0.84 1.04×107 6.64×10−7 0.95 − − − 

0.05 mol/L Li2CO3, 30 °C 43.87 4.34×105 3.85×10−8 0.88 6.80×106 5.46×10−7 0.99 − − − 

0.05 mol/L Li2CO3, 50 °C 57.20 1.58×106 3.85×10−7 0.70 7.09×106 9.12×10−7 1 − − − 

HWS−TSA 52.94 4.64×104 9.26×10−7 0.91 2.42×105 3.22×10−6 0.99 − − − 

TSA 67.14 0.70×103 2.68×10−6 1 2.01×104 5.68×10−8 0.96 0.34×104 1.80×10−5 0.85 
n, np, nb and ndl represent exponents of the constant phase elements 
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Fig. 7 Variation of |Z|0.01 Hz of different coating systems 
with immersion time when exposed to NaCl solution 
 

In order to assess the long-term corrosion 
resistance of the anodized alloy following lithium 
salt sealing, a neutral salt spray test (NSST) was 
conducted. To minimize the exposure time, the 
initial thickness of the as-prepared anodic film was 
reduced from 3.9 to 2.8 µm. Figure 9 provides a 
cross-section morphology of the samples (TSA; 
HWS; 0.01 mol/L Li2CO3, 50 °C; 0.05 mol/L, 30 °C), 
illustrating film thicknesses of 2.8, 2.8, 2.9, and 
3.9 µm, respectively. 

Figure 10 presents a comparison of the 
macroscopic morphologies of different samples 
exposed to NSST for varying durations. As 
expected, severe localized corrosion was initially 
observed on the TSA sample, followed by the HWS 
sample. However, after 1300 h of exposure, the 
0.01 mol/L Li2CO3, 50 °C sample exhibited no signs 
of corrosion, indicating exceptional corrosion 
resistance. Upon reaching 500 h of exposure, a 
corrosion pit was observed on the 0.05 mol/L 
Li2CO3, 30 °C sample. However, as the exposure 
time was extended, the corrosion of this pit 
progressed at a remarkably slow rate, and no 
additional corrosion pits formed elsewhere. It is 
hypothesized that this corrosion depression may 
have resulted from the failure of the resin at the 
edge of the sample rather than the failure of the 
anodic film itself. 

Figure 11 shows the surface and cross-section 
morphologies of these samples experiencing a 
1300 h NSST. Surface analysis revealed the 
presence of porous or particulate features on the 
TSA and HWS samples, and the increase in film 
thickness from 2.8 (Fig. 9) to 8.1 and 10.5 µm 
(Fig. 11), respectively. The increase in film thick- 
ness was attributed to the deposition of corrosion 

 

 
Fig. 8 SVET maps of 0.01 mol/L Li2CO3, 50 °C sample recorded during immersion in 0.05 mol/L NaCl solution for 
different periods of time (The dashed lines indicate the location of the artificial scratches) 
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Fig. 9 Cross-section morphologies of different coating systems before neutral salt spray test: (a) TSA; (b) HWS;     
(c) 0.01 mol/L Li2CO3, 50 °C; (d) 0.05 mol/L Li2CO3, 30 °C 
 

 

Fig. 10 Comparison of appearance of different samples exposed to neutral salt spray test for different time 
 
products resulting from the corrosion attack on the 
alloy substrate beneath the anodic film. The 
localized corrosion sites deep within the alloy 
substrates (as labeled) confirm the stable 
propagation of the localized corrosion within the 
substrates. In contrast, the distinctive lamellar 
structure formed during lithium salt sealing process 
remained visually intact even after 1300 h of 
exposure. Furthermore, no significant increase in 
film thickness was observed. These observations 
indicate that the corrosion attack on the samples 
subjected to lithium salt sealing was weak. 

 
4 Discussion 
 

The effects of sealing temperature and lithium 
salt concentration on anodic film sealing were 
investigated in this study. Two optimal conditions 
of a high-temperature/low-concentration and a low- 
temperature/high-concentration were discovered. 
The sealing process was divided into two stages, 
with the initial stage involving the penetration of 
the sealing solution through nanopores in the anodic 
film and the reaction with alumina oxide to form 
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Fig. 11 Surface (a, c, e, g) and cross-section (b, d, f, h) morphologies of different samples exposed to NSST for 1300 h: 
(a, b) TSA; (c, d) HWS; (e, f) 0.01 mol/L Li2CO3, 50 °C; (g, h) 0.05 mol/L Li2CO3, 30 °C 
 
sealing products. In the later stage, sealing products 
accumulated in nanopores, making ion exchange 
more challenging and controlling the sealing reaction 
by diffusion. As the diffusion distance increased 
towards the film interior, the sealing reactions 
became more difficult. However, the specific sealing 
process and resulting film structure varied 
significantly for different combinations of temperature 
and concentration. For the high-temperature/low- 
concentration pairing, sealing product nucleation 

rates were low, but their growth rates were high, 
leading to the coarsening of sealing product 
granules. These granules obstructed nanopores, 
limiting ion exchange and resulting in a two-layer 
film structure with minimal increase in thickness 
(Fig. 1). On the other hand, the low-temperature/ 
high-concentration pairing exhibited high 
nucleation rates but low growth rates, resulting in 
sealing products with finer granules. This allowed 
the maintenance of inward diffusion of sealing 
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species and outward diffusion of Al3+ species, 
leading to a relatively uniform structure of the 
sealed anodic film across its thickness and an 
increase in film thickness (Fig. 2). These 
observations are supported by GDOES analysis 
(Fig. 4), which demonstrates that sealing products 
(indicated by the enrichment of Li, O, and H, but 
depletion of S) are distributed more uniformly and 
deeply throughout the film thickness in the low- 
temperature/high-concentration sample compared to 
the high-temperature/low concentration sample. 

Different from the previous studies utilizing a 
lithium nitrate solution [29], the sealing process 
described in this research relies on a lithium 
carbonate solution. Furthermore, unlike previous 
research that focused solely on the influence of 
temperature on the sealing process, in this study, the 
combined effect of temperature and lithium salt 
concentration was considered, leading to the 
identification of two varieties of optimal conditions. 
Previous research indicated that satisfactory 
corrosion resistance could only be achieved at high 
temperatures, such as 70 and 90 °C [29]. In  
contrast, the current study demonstrates that 
excellent corrosion resistance can be attained at 
room temperatures, such as 25 and 30 °C, when 
relatively high concentrations of lithium salt, for 
example, 0.05 and 0.07 mol/L, are employed. 
Tables 1 and 2 present evidences that the corrosion 
resistance of alloy samples treated with the low- 
temperature/high-concentration combinations are 
comparable to or even superior to those treated with 
the high-temperature/low-concentration combinations. 

Further investigation is warranted to understand 
the mechanism underlying the high corrosion 
resistance of the anodized alloy sealed with lithium 
carbonate, particularly in the case of the low- 
temperature/high-concentration combination. One 
contributing factor is the formation of Li−Al−LDH 
and/or boehmite, as well as the self-healing 
property of the film/alloy system [29]. Additionally, 
the more thorough sealing of the anodic film in the 
interior regions at low temperatures and the 
increase in film thickness after sealing likely 
contribute to the enhanced corrosion resistance. 
However, unlike NO3

− ions in Li−Al−LDH−NO3
−, 

which can be exchanged for Cl−, CO3
2− ions in 

Li−Al−LDH−CO3
2− cannot be exchanged for Cl− 

due to their higher affinity for hydroxide layers. 
Therefore, the corrosion protection mechanism 

associated with Cl− ion capture in Li−Al−LDH is 
not applicable to the lithium carbonate system. The 
self-healing effect is only activated in the event of 
damage to the coating system. Based on these 
observations, it is concluded that the high corrosion 
resistance of the anodized alloy sealed with lithium 
carbonate primarily stems from the barrier effect of 
the sealing products, such as Li−Al−LDH and/or 
boehmite, on the surface and in the interior of the 
anodic film. Considering the reduced film thickness, 
it appears that the corrosion performance of the 
anodized alloy sealed with lithium carbonate 
surpasses that of the anodized alloy sealed with 
lithium nitrate (Fig. 9). In summary, lithium 
carbonate sealing offers a high-performance, 
environmentally-friendly, and promising surface 
treatment process for achieving superior corrosion 
resistance in anodized alloys. 
 
5 Conclusions 
 

(1) The anodized AA2099-T83 alloy can    
be successfully sealed using lithium carbonate 
solutions under different temperature−concentration 
combination conditions. Specifically, when the 
Li2CO3 solution concentration is 0.05 mol/L or 
higher and a sealing duration of 30 min at room 
temperature, the alloy specimen with an anodic film 
thickness of 2.8 μm exhibits remarkable durability, 
enduring 1300 h of NSST. 

(2) The sealing process significantly depends 
on the temperature−concentration combination 
utilized. In the high-temperature/low-concentration 
combination, the outer regions of the anodic film 
experience more comprehensive sealing compared 
to the inner part, resulting in a two-layer sealing 
structure and no change in film thickness. On the 
other hand, in the low-temperature/high-concentration 
combination, the anodic film is uniformly sealed 
and the film thickness is increased. 

(3) In the context of low-temperature/    
high-concentration combinations, the corrosion 
resistance of the alloy is found to be comparable or 
even superior to that achieved through high- 
temperature/low-concentration combinations. The 
exceptional corrosion resistance is primarily 
attributed to the barrier effect created by the sealing 
products, such as Li−Al−LDH and/or boehmite, on 
the surface and in the interior of the anodic film. 
These sealing products effectively prevent corrosive 
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agents from reaching the underlying alloy, thereby 
enhancing the overall corrosion resistance of the 
alloy. 
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碳酸锂溶液封闭处理对 
阳极氧化 AA2099-T83 合金耐蚀性能的影响 

 
朱彭舟 1,2，麻彦龙 1，黄伟九 1,2，邹梦婷 1，杨炳元 1，廖 益 3，梁钊源 4 

 
1. 重庆理工大学 材料科学与工程学院，重庆 400054； 

2. 重庆大学 材料科学与工程学院，重庆 400044； 

3. 重庆第二师范学院 经济与工商管理学院，重庆 400067； 

4. 中科(广东)炼油石化有限公司，湛江 524076 

 
摘  要：为开发一种新型铝锂合金表面处理技术，将经酒石酸−硫酸阳极氧化后的 AA2099-T83 合金浸泡在不同

温度−浓度组合的碳酸锂(Li2CO3)溶液中进行后处理。结果表明：经过 Li2CO3 溶液处理后，阳极氧化合金的耐蚀

性能显著提高(耐中性盐雾试验长达 1300 h)。此外，高温/低浓度和低温/高浓度组合的封孔过程明显不同，在高温

模式下阳极氧化膜仅部分封孔，而在低温模式下阳极氧化膜的封孔更加完全。封孔处理合金的高耐腐蚀性主要归

因于在阳极氧化膜表面和内部形成的封孔产物(即 Li−Al−LDH 和/或勃姆石)对腐蚀介质的阻隔作用。 

关键词：铝锂合金；阳极氧化；耐蚀性能；碳酸锂；锂−铝层状双氢氧化物；封闭处理 

 (Edited by Wei-ping CHEN) 
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