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Abstract

:

Titanium alloys are widely used in aerospace applications due to their high specific strength and exceptional corrosion resistance. In this study, a silicide coating with a multi-layer structure was designed and prepared via a pack cementation process to improve the high-temperature oxidation resistance of titanium alloy. A new theory based on the Le Chatelier’s principle is proposed to explain the generation mechanism of active Si atoms. Taking the chemical potential as a bridge, a functional model of the relationship between the diffusion driving force and the change in the Gibbs free energy of reaction diffusion is established. Experimental results indicate that the depth of the silicide coating increases with the siliconization temperature (1000–1100 °C) and time (0–5 h). The multi-layer coating prepared at 1075 °C for 3 h exhibits a thick and dense structure with a thickness of 23.52 μm. This coating consists of an outer layer of TiSi2 (9.40 μm), a middle layer of TiSi (3.36 μm), and an inner layer of Ti5Si3 (10.76 μm). Under this preparation parameter, increasing the temperature or prolonging the holding time will cause the outward diffusion flux of atoms in the substrate to be much larger than the diffusion flux of silicon atoms to the substrate, thus forming pores in the coating. The calculated value of the diffusion driving force FTiSi = 2.012S is significantly smaller than that of     F     TiSi   2       = 13.120S and     F     Ti   5     Si   3       = 14.552S, which perfectly reveals the relationship between the thickness of each layer in the Ti–Si multi-layer coating.
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1. Introduction


The demand for high-performance materials is increasing in modern industries, particularly in harsh service environments such as high temperature, high pressure, and corrosion, where material stability is crucial for engineering applications [1,2,3]. Titanium alloys are extensively utilized in fields such as aero-engines and shipbuilding due to their high specific strength, high specific stiffness, and excellent corrosion resistance [4]. However, titanium alloys still face significant challenges at higher temperatures [5]. To address this issue, researchers have employed various surface modification techniques such as thermal spraying [6], laser cladding [7], and pack cementation [8] to create coatings on titanium alloy surfaces, achieving significant advancements.



Compared with other methods, the microstructure of the coating prepared by the pack cementation process is uniform and dense, and there is a high-strength metallurgical bonding between the coating and the substrate [9]. This method has the advantages of low cost and easy operation, and it is not limited by the shape and size of the workpiece. This technique has found extensive applications in the preparation of titanium alloy surfaces with aluminide coatings [10,11], boride coatings [12,13,14], and silicide coatings [15]. Among them, the silicide coating shows good thermal stability and high-temperature oxidation resistance. At high temperatures, the SiO2 film formed on the coating’s surface exhibits mobility and self-healing ability, making it suitable for protecting titanium alloy parts in high-temperature environments [16]. Huang et al. [17] prepared a silicide coating on the surface of TC4 alloy via a pack cementation process. The coating exhibits a gradient structure with TiSi2 as the outer layer, TiSi as the intermediate layer, and Ti5Si3 and Ti5Si4 as the inner layer. This gradient structure significantly enhances the high-temperature oxidation resistance of the titanium alloy. Li et al. [18] prepared a silicide coating composed of TiSi2, Ti5Si3, and Ti5Si4 on the surface of TiAl alloy. Their findings revealed that a dense oxide film consisting of SiO2 and Al2O3 formed on the coating’s surface during high-temperature exposure at 1000 °C. The oxidation rate constants of the coatings were approximately two orders of magnitude lower than those of pure TiAl alloys, indicating that the Ti–Si series of coatings can serve as an effective antioxidant layer for Ti-based alloys. In summary, the silicide multi-layer coating prepared on the surface of titanium alloy has good high-temperature oxidation resistance. However, the growth mechanism of the silicide layer related to thickness distribution and microstructure are still unclear, which is crucial for the high-temperature service performance of the coatings [19].



In this study, the pack cementation process was used to prepare a multi-layer silicide coating on the surface of Ti–6Al–4V alloy. The optimal preparation parameters were determined by controlling the diffusion temperature and holding time. By analyzing the thermodynamic and kinetic growth conditions of silicide coatings, the formation mechanism of the multi-layer coatings was revealed. A relationship model between the thermodynamics of diffusion reaction and the thickness of each layer in the Ti–Si multi-layer coating was constructed based on the driving force of diffusion. This study is expected to provide a theoretical basis for the growth mechanism of the coating prepared by the pack cementation process.




2. Experimental


2.1. Sample Preparation


The substrate material is TC4 (Ti–6Al–4V) titanium alloy, which is an α + β-type titanium alloy, and its main chemical composition is shown in Table 1. The sample was prepared into blocks measuring 10 mm × 10 mm × 5 mm using wire cutting. Before the experiment, the surface of the substrate was sanded using 240#, 400#, 600#, 800#, and 1200# sandpaper to remove the oxide film. The sanded substrate was then cleaned using ultrasonic cleaning in acetone, alcohol, and deionized water.



Experiments were conducted to prepare the coatings using the pack cementation process. The pack mixtures consisted of 15Si–6NaF–79Al2O3 (wt. %), with Si powder as the donor source, NaF powder as the activator, and Al2O3 powder as the filler. To ensure proper mixing, the pack mixtures were ball-milled using a planetary ball mill at 300 r/min for 6 h. The specimens were then placed in an alumina crucible containing the pack powder, sealed with a high-temperature binder, and placed in a tube furnace [20]. The furnace was heated to the desired temperature at a ramp rate of 10 °C/min, with nitrogen passed through as a protective gas. The optimum temperature for sample preparation was determined using the univariate optimum-seeking method, based on previous experimental explorations by the authors and the group. The growth behavior of the silicide coatings was then investigated at the optimum temperature, with the parameters of the coating preparation shown in Table 2.




2.2. Characterization


After sample preparation, the surface-attached impurities were removed through sequential ultrasonic cleaning in acetone, alcohol, and deionized water. The physical phase composition of the silicide coatings was determined using a Bruker D8 ADVANCE X-ray diffractometer (XRD, Cu target, 40 kV, Bruker, Karlsruhe, Germany). The scanning range was set from 10° to 80° with a step size of 0.02° and a scanning speed of 2°/min. The surface micromorphology of the coatings was characterized using secondary electron imaging (SEI) in a Quanta FEG 450 (FEI Company, Hillsboro, OR, USA) scanning electron microscope. Backscattered electron imaging (BSEI, FEI Company, Hillsboro, OR, USA) was employed to analyze the coating cross-section, and energy-dispersive spectroscope (EDS, FEI Company, Hillsboro, OR, USA) was used to examine the distribution of each element. The thickness of the silicide coating at each experimental point was calculated as the average of six measurements.



The XRD results in this paper were analyzed using Rietveld refinement with Full Prof software (https://www.ill.eu/sites/fullprof/php/downloads.html). The red scatter plots (Yobs) represent the raw data, the black lines (Ycalc) represent the fitted data, the green scatter plots (Bragg position) indicate the positions of the XRD diffraction peaks of the corresponding phases, and the blue lines (Diff) indicate the accuracy of the fitted data. The fitted lines of the XRD spectra in this paper are generally flat, with only slight fluctuations at some peaks. The overall fit is good, and the fitted data are in good agreement with the original data. The quality of the Rietveld refinement results can also be assessed using metrics such as Rwp (weighted graphical residual variance factor), Rp (graphical residual variance factor), Rexp (expected residual variance factor), and S2 [21,22,23]. The expressions for Rwp, Rp, Rexp, and S2 are as follows [24]:


    R   wp   = 100         ∑   i = 1 , n       ω   i         y   i   −   y   ci       2      /    ∑   i = 1 , n       ω   i     y   i   2             1   2      



(1)






    R   p   = 100     ∑   i = 1 , n         y   i   −   y   ci        /    ∑   i = 1 , n       y   i        



(2)






    R   exp   = 100    ( n  −  p )   /    ∑  i      ω   i     y   i   2        



(3)






    S   2   =         R   wp    /    R   exp         2    



(4)




where yi represents the observed intensity at a certain 2θ, yci is the calculated intensity at the same angle, ωi is 1/yi, n represents the number of diffraction data points, and p is the number of the refined parameters.



A smaller value of the R factor indicates better refinement. In this paper, the Rwp values range from 11.7% to 14.4%, which meets the criterion of Rwp < 15% [25]. This suggests that the results are highly accurate and reliable.





3. Coating Preparation and Growth Mechanism


3.1. Effect of Temperatures on Ti–Si Coatings


Figure 1 presents the surface, cross-section, and corresponding EDS analysis of the composite coatings after being held at temperatures of 1000 °C, 1050 °C, and 1100 °C for 3 h. The EDS results for the surface are provided in Table 3. At 1000 °C, there were white dot-like particles observed on the sample surface. According to the EDS (Figure 1(a1) and point 1 in Table 3) and XRD results in Figure 2, these punctate particles are Al2O3. Point 2 in Figure 1(a1) exhibited high concentrations of Ti and Si, with a composition ratio close to 1:1. On the surface of the sample prepared at 1050 °C (Figure 1(b1) and point 3 in Table 3), a significant amount of Ti and Si was found, with a composition ratio close to 1:2. The results of EDS and XRD indicate that the flaky structure in Figure 1(b1) is Al2O3, which aligns with the findings of Pang et al. [26]. At 1100 °C, point 5 in Figure 1(c1) exhibited higher oxygen content and lower silicon content. Combining this with the XRD analysis, it can be inferred that this area contains a considerable amount of TiO. Point 6 in Figure 1(c1) exhibited a large number of Ti and Si, with an atomic ratio of about 1:2.



Cross-sectional SEM images and EDS analysis show that the thickness of the coating increases with increasing temperature. The coatings prepared at 1000 °C (Figure 1(a2,a3)) have a thickness of approximately 10 μm. The Si content decreases as the coating depth increases. The coatings prepared at 1050 °C (Figure 1(b2,b3)) have a thickness of around 20 μm and exhibit a distinct three-layer phase structure. Through EDS analysis, it can be determined that the coating consists of an outer layer of TiSi2 measuring 12.5 μm, an intermediate layer of TiSi measuring 2.35 μm, and an inner layer of Ti5Si3 measuring 5.15 μm. This coating demonstrates a typical gradient structure with a homogeneous and dense structure. At 1100 °C, a silicide coating with a thickness of approximately 25 μm forms on the substrate surface (Figure 1(c2,c3)). It is worth mentioning that it is not the original TC4 titanium alloy substrate that is in contact with the silicide coating, but rather the titanium-enriched area with a thickness of about 33 μm, which has an Al and Si content close to 0. This is because the Al atoms in the substrate keep diffusing outward at high temperatures, while the Si atoms do not diffuse into the substrate in time, resulting in the formation of a titanium-enriched area.



The Rietveld refinement results of XRD on the coating surface after holding at different temperatures (1000 °C, 1050 °C, and 1100 °C) for 3 h are presented in Figure 2. The surface of the coating prepared at 1000 °C primarily consists of TiSi2 (ICDD 04-007-1144), TiSi (ICDD 04-004-7144), Ti5Si3 (ICDD 00-008-0041), and Al2O3 (ICDD 04-007-4873). The TiSi phase accounts for 70.29 wt. % (Table 4). In contrast, the surface of the coatings prepared at 1050 °C only contains two phases, TiSi2 and Al2O3, with a significant increase in their content to 41.55 wt. % and 58.45 wt. %, respectively, compared to 1000 °C. The surface of the samples prepared by holding them at 1100 °C for 3 h exhibits a significant presence of TiO (ICDD 04-003-5563), with a content of 54.60 wt. %. Compared to 1050 °C, the TiSi2 content decreases, and a small amount of TiSi is additionally present.



At a temperature of 1000 °C, the coating is primarily composed of TiSi2, TiSi, and Ti5Si3 phases, with a small amount of Al2O3 present on the surface. This is due to the outward growth of the coating, which results in part of the Al2O3 used as a filler being bonded to the surface of the coating [4,27]. The flaky Al2O3 that adheres to the sample surface at 1050 °C is formed through the reaction of aluminum atoms diffusing outward within the substrate with the remaining oxygen in the crucible. At 1100 °C, the number of reactive aluminum atoms significantly increases due to the higher temperature, leading to a substantial rise in the rate of outward diffusion of Al atoms within the substrate. The diffusion activation energy can be described by the following empirical equations, which are numerically equivalent [28]:


  Q = 32   T   m    



(5)




where Q denotes the diffusion activation energy of the atom and Tm indicates the melting point of the substance.



The melting point of Si is significantly higher than that of Al, resulting in a greater required activation energy for the diffusion of silicon atoms. Although an increase in temperature enhances the diffusion rate of active silicon atoms, it is much less influenced by temperature compared to aluminum atoms. Consequently, the diffusion rate of silicon atoms is considerably lower than that of aluminum atoms, leading to the formation of a Ti enrichment zone in the internal region near the coating. Moreover, the temperature rise accelerates the diffusion rate of silicon atoms, but the supply of active silicon atoms becomes insufficient. As a result, the internally diffused silicon atoms can only be provided by the outer layer of TiSi2, which facilitates the conversion of TiSi2 to TiSi. The reaction principle can be summarized as follows:


  Ti   Si   2   = TiSi +  [ Si ]   



(6)







Therefore, XRD at 1100 °C detected some TiSi.



Based on the experimental results, considering the structure of the coating (uniform densification) and the preparation efficiency (fast coating growth), the temperature was increased to 1075 °C to ensure higher densification and prepare thicker coatings. The cross-section of the coatings held at 1075 °C for 3 h and the corresponding spot scan results are shown in Figure 3. Compared with the cross-section of the coatings held at 1050 °C for 3 h, the coatings prepared at 1075 °C for the same holding time also exhibited good homogeneity and densification, with a significant increase in thickness. Therefore, the optimal temperature for preparing silicide coatings on TC4 titanium alloy was determined to be 1075 °C.




3.2. Effect of Holding Time on Ti–Si Coatings


Figure 4 presents the surface and cross-section of the coatings prepared at 1075 °C with different holding times, along with the corresponding cross-section EDS results. By combining the surface SEM and EDS analysis (Figure 4 and Table 5 and Table 6), it is observed that at a temperature of 1075 °C, without heat preservation (Figure 4(a1)), the Si content at point 1 on the sample surface is only 6.7%, indicating that the coating may not have formed at this position. The content of Ti and Si at point 2 is close to 1:1, indicating that TiSi is generated at this position, which is also well confirmed by XRD results (Figure 5a). Combined with XRD, TiSi2 and TiSi are formed on the surface after heat preservation for 0.5 h. When the holding time exceeds 1 h, the coating surface is completely covered by TiSi2.



The cross-sectional morphology of the coatings and the EDS results in Figure 4 indicate that the thickness of the coating gradually increases with the holding time. Initially, at 0 h of holding time, the coating is approximately 7 μm thick and does not exhibit a clear phase interface. After 0.5 h, the coating thickness increases to about 10.5 μm and a noticeable phase interface becomes evident. The thickness further increases to approximately 15 μm at 1 h. When the holding time is extended to 3 h (Figure 3), the coating exhibits a three-layer phase structure as observed in the cross-section. The cross-section EDS results confirm that the three-layer coating with a gradient structure consists of a 9.4 μm TiSi2 outer layer, a 3.36 μm TiSi middle layer, and a 10.76 μm Ti5Si3 inner layer. However, when the holding time is extended to 5 h, the coating develops numerous pores. This can be attributed to the excessive holding time, which depletes the activated silicon atoms within the pack mixtures, making it challenging to provide enough activated silicon atoms. Meanwhile, a significant amount of titanium and aluminum atoms still exist in the substrate and diffuse outward due to the gradient of the chemical potential at high temperatures. Consequently, the diffusion flux of titanium and aluminum atoms to the outside becomes much larger than the diffusion flux of silicon atoms to the inside, resulting in the formation of pores in the coating [29,30].



By analyzing the XRD patterns of the coating surfaces at different holding times, it can be observed that at the holding time of 0 h (Figure 5a), the coating surface mainly consists of Ti0.85Al0.15, TiSi2, TiSi, and Ti5Si3. The content of each phase was determined through XRD refinement (Table 7). The results indicate that the total amount of TiSi2, TiSi, and Ti5Si3 is less than 10 wt. %, suggesting that the substrate surface is not yet fully covered by the silicide coating. It is important to note that the area not covered by the coating is not the TC4 titanium alloy substrate, but rather Ti0.85Al0.15 containing 15 at. % Al. A search of crystallographic documents revealed that this structure arises from the substitution of 15% of the titanium atoms in the pure Ti crystal cells with aluminum atoms. As the holding time was extended to 0.5 h, the phase composition of the coating surface was transformed into TiSi2, Ti0.85Al0.15, and TiSi (Figure 5b). The TiSi2 phase constitutes a high proportion of 66.95 wt. %, while the content of the bare Ti0.85Al0.15 phase decreases to 27.25 wt. %. This suggests that after 0.5 h of growth, the TiSi2 phase, which is preferentially formed by the coating, gradually covers the substrate surface, and a small amount of TiSi phase also develops. With the holding time extended to 1 h, 3 h, and 5 h (Figure 5c), only TiSi2 is observed on the coating surface. This is attributed to the limited penetration depth of X-rays and the gradual increase in coating thickness with the extension of the holding time. X-rays are unable to penetrate the single-phase TiSi2 region in the outermost layer of the coating [31,32]. Hence, after a holding time of more than 1 h, only the TiSi2 can be detected on the coating surface by XRD.




3.3. Growth Mechanism of Ti–Si Composite Coatings


The process of pack cementation involves two main stages: gas-phase reaction and solid-state diffusion [33]. In the gas-phase reaction stage, the silicon powder produces active silicon atoms under the action of the activator. In the solid-state diffusion stage, the active atoms are deposited onto the substrate surface and interdiffused with the substrate, gradually forming Ti–Si intermetallic compounds.



3.3.1. Gas Phase Reaction


The application of the Gibbs free energy criterion is limited to systems that are under isothermal and isobaric conditions [34,35]. However, in the pack cementation process, the system is always in an isothermal and isovolumetric state with changing pressure. As a result, employing ΔG as a criterion for chemical reactions within pack mixtures has certain limitations. In this study, a new theory based on Le Chatelier’s principle is proposed to explain the generation mechanism of active Si atoms.



Figure 6 presents a schematic diagram illustrating the mechanism of activated atom generation. In the pack cementation process, the rise in temperature leads to the conversion of NaF into a gaseous state and decomposition [36]:


  NaF   s   = NaF   g    



(7)






   2 NaF    g   =  2 Na ( g )  +   F   2    ( g )   



(8)







In the pack mixtures, reactive silicon atoms [Si] react with the halide gas produced by the decomposition of NaF to form the gaseous halide SiFx (x = 1, 2, 3, 4) in the following reaction:


    F   2    ( g )  +  2 [ Si ] ( s )  =  2 SiF ( g )   



(9)






    F   2    ( g )  +  [ Si ] ( s )  = Si   F   2    ( g )   



(10)






  3   F   2    ( g )  +  2 [ Si ] ( s )  =  2 Si    F   3    ( g )   



(11)






  2   F   2    ( g )  +  [ Si ] ( s )  = Si   F   4    ( g )   



(12)







Later, silicon atoms are transported to the surface of the titanium alloy substrate by relying on the mobility of gaseous SiFx. They then undergo a replacement reaction with Na, which is generated from the previous stage of thermal decomposition. The generated [Si] atoms are adsorbed by the regions of the substrate with high surface energy, leading to the occurrence of the following reactions:


   SiF ( g )  +  Na ( g )  =  NaF ( g )  +  [ Si ]   



(13)






  Si   F   2    ( g )  +  2 Na ( g )  =  2 NaF ( g )  +  [ Si ]   



(14)






  Si   F   3     g   +  3 Na    g   =  3 NaF ( g )  +   Si    



(15)






  Si   F   4    ( g )  +  4 Na ( g )  =  4 NaF ( g )  +   Si    



(16)







The resulting NaF undergoes decomposition, repeating reactions (7)–(16) to continuously produce [Si].



During the diffusion of [Si] into the substrate, there is a continuous depletion of [Si] adsorbed on the surface of the substrate. As a result, the equilibrium of reactions (13)–(16) shifts toward the production of [Si], leading to a decrease in the amount of SiFx in the system. This decrease facilitates the occurrence of reactions (9)–(12). The same reason also promotes the occurrence of reactions (7) and (8), where the reactant NaF is supplied by reactions (13)–(16). It can be observed that the reactions involving NaF form a closed loop, and the driving force for this closed-loop reaction originates from the diffusion of [Si] from the surface of the substrate into the body of the substrate, resulting in a chemical potential difference.




3.3.2. Solid-State Diffusion Phase


In an isothermal and isocapacitated closed system, ΔA (change in Helmholtz free energy) is commonly used to determine the likelihood of a reaction occurring [37]:


   ∆ A  =  ∆ U    −    T ∆ S   



(17)







However, changes in pressure within the system will have little effect on solid-state diffusion:


  Δ   PV   ≈ 0  



(18)







Consequently, the following applies:


   ∆ A  =  ∆ U  −  T ∆ S  ≈  ∆ U  + Δ   PV   −  T ∆ S  =  ∆ G   



(19)







Therefore, ΔG can be used as a thermodynamic criterion for the solid-state diffusion phase transition. Figure 7 shows the ΔG of TiSi2, TiSi, and Ti5Si3 formed at 900 °C to 1200 °C. As can be seen from the figure, the ΔG is less than 0 kJ·mol−1. It is thermodynamically determined that all the following reactions can occur.



The [Si] deposited on the surface of the substrate at the beginning of the diffusion reaction diffuses into the substrate driven by the chemical potential gradient. This diffusion process leads to the gradual formation of a coating with a multi-layer structure consisting of TiSi2, TiSi, and Ti5Si3. Ti5Si3 is produced in the innermost layer of the coating with the following reaction principle [4]:


   5 Ti  +  3 [ Si ]  =  Ti 5   Si 3   



(20)







The intermediate layer TiSi is generated by the reactive diffusion of [Si] into the Ti5Si3 phase by the following reaction:


   Ti 5   Si 3  +  2 [ Si ]  =  5 TiSi   



(21)







The outer TiSi2 is produced by reactive diffusion of [Si] into the TiSi phase on one hand (Reaction (22)), and on the other hand, [Si] reacts directly with Ti diffused into the substrate surface to produce TiSi2 (Reaction (23)):


  TiSi +  [ Si ]  =  TiSi 2   



(22)






  Ti +  2 [ Si ]  =  TiSi 2   



(23)







Based on the experimental results (Figure 3 and Figure 4), it is evident that the coating exhibits a three-layer structure. The thicknesses of the Ti5Si3 phase in the inner layer and the TiSi2 phase in the outer layer are notably greater than those of the TiSi phase in the middle layer. This phenomenon is due to the difference in the diffusion driving force, which can be demonstrated by calculating the chemical potential gradient (∇μ) [38]. In this study, a computational model for the diffusion driving force F was developed.



The modeling assumptions are as follows:




	
During the growth of the coating, the phase interfaces maintain a planar and parallel arrangement with the surface.



	
In the initial state, there is a small thickness present in all phases, and the atoms are uniformly distributed within the same phase [39,40].








Modeling:



For the reaction diffusion process, the mechanism of production of the product C can be expressed by the chemical reaction equation as follows:


  xA + yB  + · · ·  = zC  



(24)




where x, y, and z are the reaction equation leveling coefficients. A, B, and C denote reactants and products. Then, the n mol reaction can be expressed as follows:


  nxA + nyB  + · · ·  = nzC  



(25)







The amount of change in chemical potential (Δμ) in the reaction can be expressed as follows:


  ∆ μ =   μ   C   −   μ    A , B ,  ⋯   =   ∂   G   C     ∂ n   −   ∂    ( G    A   +   G   B   + ⋯ )   ∂ n   =   ∂    ( G    C   −   G   A   −   G   B   − ⋯ )   ∂ n   =    ∂ ∆  G   ∂ n    



(26)







The chemical potential gradient for reaction diffusion can be derived from the change in chemical potential Δμ versus distance d0:


  ∇ μ =    ∂ ∆  μ   ∂   d   0      



(27)




where d0 represents the average distance over which the atoms diffuse in a 1 mol reaction. The volume of the phase change due to reaction diffusion is denoted by V, the thickness of the phase change induced is denoted by h, and the surface area of the sample is denoted by S. Then, the following applies:


  d =   1   2   h =   v    2 s     



(28)







By substituting Formulas (26) and (28) into Formula (27), the following is obtained:


  ∇ μ =   ∂    ∂ ∆  G   ∂ n     ∂   d   0     =     ∂   2   ∆ G   ∂ n ∂     V   0      2 S      =  2 S      ∂   2   ∆ G   ∂ n ∂   V   0      



(29)







The driving force of reaction diffusion F is as follows:


  F = − ∇ μ  



(30)







There is the following relationship between the driving force of reaction diffusion F, the average velocity of diffusion v, the volume of phase changes due to diffusion V, and the thickness of the coating h:


  F ∝ v ∝ V ∝ h  



(31)







As a result, a relationship between h and ΔG was established.



The validation of the results is as follows:



In the present study, ΔG and the volume of products V were calculated for reactions (11)–(14) at 1075 °C for holding time t as shown in Table 8.



The data were brought into the above model to calculate the chemical potential gradient that produces each phase of the material during the coating growth process:


    ∇ μ     Ti   5     Si   3     =  2 S      ∂   2      ∆ G    1     ∂   n   1   ∂   V    0 , 1        =  2 S    − 7.276   = −  14.552 S   



(32)






    ∇ μ   TiSi   =  2 S      ∂   2      ∆ G    2     ∂   n   2   ∂   V    0 , 2      =  2 S    − 1.006   = −  2.012 S   



(33)






    ∇ μ   Ti   Si   2     =  2 S      ∂   2      ∆ G    3     ∂   n   3   ∂   V    0 , 3      +  2 S      ∂   2      ∆ G    4     ∂   n   4   ∂   V    0 , 4      =  2 S    − 0.854   +  2 S    − 5.706   = −  13.120 S   



(34)







Then, the driving force F is as follows:


    F     Ti   5     Si   3     = −   ∇ μ     Ti   5     Si   3     =  14.552 S   



(35)






      F   TiSi   = − ∇ μ   TiSi   =  2.012 S   



(36)






    F   Ti   Si   2     =   − ∇ μ   Ti   Si   2     =  13.120 S   



(37)







It can be seen that     F     Ti   5     Si   3       and     F   Ti   Si   2       are much larger than FTiSi. The thickness h of each phase in the coating is proportional to the driving force F of diffusion. Consequently, the TiSi2 and Ti5Si3 phases exhibit greater thickness, while the TiSi phase consistently remains thinner in the three-layer coatings investigated in this study.






4. Conclusions


In this study, the optimal process parameters for preparing multi-layer silicide coatings on the surface of TC4 titanium alloy were determined by controlling the temperature and holding time. The growth thermodynamics and kinetics of the coating were analyzed in depth. The following conclusions were drawn:




	(1)

	
The silicide coatings prepared at different temperatures and holding times exhibit a similar gradient structure. The multi-layer silicide coating prepared at 1075 °C for 3 h demonstrates a thick and dense structure. The coating has a total thickness of 23.52 μm, with an outer layer of TiSi2 measuring 9.4 μm, an intermediate layer of TiSi measuring 3.36 μm, and an inner layer of Ti5Si3 measuring 10.76 μm.




	(2)

	
Based on the optimal preparation parameters of holding at 1075 °C for 3 h, increasing the temperature or prolonging the holding time will lead to the formation of pores inside the coating. This can be attributed to the fact that the outward diffusion flux of atoms in the substrate is much larger than the diffusion flux of Si atoms into the substrate.




	(2)

	
A model was constructed to examine the relationship between the thermodynamics of reaction diffusion and the thickness of each layer in the Ti–Si multi-layer coating. The calculation results indicate that the driving force of solid diffusion FTiSi = 2.012S at 1075 °C is significantly smaller than that of     F   Ti   Si   2       = 13.120S and     F     Ti   5     Si   3       = 14.552S, which explains why the TiSi2 and Ti5Si3 phases are thicker than TiSi phase.
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Figure 1. Coating morphology and cross-section EDS analysis results of coatings prepared at different temperatures: (a1–a3) 1000 °C, (b1–b3) 1050 °C, (c1–c3) 1100 °C. 
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Figure 2. XRD patterns of coating surfaces at different temperatures: (a) 1000 °C, (b) 1050 °C, (c) 1100 °C. 
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Figure 3. Coatings prepared by holding at 1075 °C for 3 h: (a) surface topography, (b) cross-sectional SEM image, (c) cross-sectional EDS analysis. 
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Figure 4. Coatings prepared by holding at 1075 °C for different times: (a1–a3) 0 h, (b1–b3) 0.5 h, (c1–c3) 1 h, (d1–d3) 5 h. 
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Figure 5. XRD patterns of coating surfaces prepared at 1075 °C for different holding times: (a) 0 h, (b) 0.5 h, (c) 1 h, 3 h, 5 h. 
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Figure 6. Mechanism of [Si] generation. 
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Figure 7. Relationship of ΔG with temperature. 
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Table 1. Chemical composition of TC4 titanium alloy (wt. %).
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	Element
	Ti
	Al
	V
	Fe
	O
	C





	Content
	Bal.
	5.50~6.50
	3.50~4.50
	≤0.25
	≤0.20
	≤0.08










 





Table 2. Process parameters for the preparation of silicide coatings.
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Composition of Pack Mixtures (wt. %)

	
Temperature (°C)

	
Time (h)




	
Al

	
NaF

	
Al2O3






	
15

	
6

	
79

	
1000

	
3




	
15

	
6

	
79

	
1050

	
3




	
15

	
6

	
79

	
1075

	
0, 0.5, 1, 3, 5




	
15

	
6

	
79

	
1100

	
3











 





Table 3. EDS analysis of the surface of the coating prepared at 1000 °C, 1050 °C, and 1100 °C for 3 h (at. %).
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	Point
	1
	2
	3
	4
	5
	6





	Ti
	5.4
	54.0
	35.0
	0.9
	43.3
	36.6



	Si
	2.5
	41.1
	62.3
	-
	21.6
	61.0



	Al
	25.4
	1.0
	2.7
	33.9
	8.4
	2.4



	O
	66.7
	3.9
	-
	65.2
	26.7
	-










 





Table 4. XRD refinement results of coating surfaces prepared at different temperatures.
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Sample

	
Phase

	
Content (wt. %)

	
Rwp (%)

	
Rexp (%)

	
Space Group






	
1000 °C

	
TiSi2

	
13.25

	
13.2

	
6.5

	
Fddd




	
TiSi

	
70.29

	
Pnma




	
Ti5Si3

	
8.82

	
P63/mcm




	
Al2O3

	
7.64

	
R-3c




	
1050 °C

	
TiSi2

	
41.55

	
14.4

	
7.0

	
Fddd




	
Al2O3

	
58.45

	
R-3c




	
1100 °C

	
TiO

	
54.60

	
11.7

	
7.2

	
Fm-3m




	
TiSi2

	
36.82

	
Fddd




	
TiSi

	
8.58

	
Pnma











 





Table 5. EDS results of the surface of the coating prepared at 1075 °C for 3 h (at. %).






Table 5. EDS results of the surface of the coating prepared at 1075 °C for 3 h (at. %).





	Point
	1
	2





	Ti
	30.4
	32.6



	Si
	69.6
	67.4










 





Table 6. EDS results of the surface of the coating prepared at 1075 °C for 0 h, 0.5 h, 1 h and 5 h. (at. %).






Table 6. EDS results of the surface of the coating prepared at 1075 °C for 0 h, 0.5 h, 1 h and 5 h. (at. %).





	Point
	1
	2
	3
	4
	5
	6
	7
	8





	Ti
	82.3
	54.2
	31.5
	49.5
	35.6
	34.0
	32.5
	33.7



	Si
	6.7
	45.5
	65.3
	50.5
	64.2
	65.9
	67.2
	66.1



	Al
	11.0
	0.3
	3.2
	-
	0.2
	0.1
	0.3
	0.2










 





Table 7. XRD refinement results for 0 h and 0.5 h holding at 1075 °C.
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Sample

	
Phase

	
Content (wt. %)

	
Rwp (%)

	
Rexp (%)

	
Space Group






	
0 h

	
Ti0.85Al0.15

	
91.05

	
13.2

	
6.4

	
P63/mmc




	
TiSi2

	
4.69

	
Fddd




	
TiSi

	
2.20

	
Pnma




	
Ti5Si3

	
2.06

	
P63/mcm




	
0.5 h

	
TiSi2

	
66.95

	
12.9

	
6.3

	
Fddd




	
Ti0.85Al0.15

	
27.25

	
P63/mmc




	
TiSi

	
5.80

	
Pnma











 





Table 8. ΔG and V for reactions (11)–(14) of n mol.






Table 8. ΔG and V for reactions (11)–(14) of n mol.





	Serial Number
	Reaction Equation
	ΔG/kJ∙mol−1
	Product
	V/cm3





	1
	n1∙5Ti + n1∙3Si = n1Ti5Si3
	−539.975n1
	Ti5Si3
	74.218n1



	2
	n2Ti5Si3 + n2∙2Si = n2∙5TiSi
	−90.999n2
	TiSi
	90.420n2



	3
	n3TiSi + n3Si = n3TiSi2
	−22.207n3
	TiSi2
	26.010n3



	4
	n4Ti + n4∙2Si = n4TiSi2
	−148.402n4
	TiSi2
	26.010n4
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