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A B S T R A C T   

The effect of hot isostatic pressing (HIP) on the microstructure and properties of hot dip 
aluminum coating cooled in a magnetic field was investigated in this study. In order to improve 
the microstructure and properties of magnetic dip aluminum coating, hot isostatic pressing 
technology was used for post-treatment. Initially, a traditional aluminum-impregnated coating 
was prepared on the surface of titanium alloy TA15, an alternating electromagnetic field was 
applied during the forming and solidification process of the coating. Finally, the coating was 
treated with hot isostatic pressing technology. Analyzed three different coatings of the micro
structure and element distribution, and tested the microhardness of the coatings at various po
sitions. The test results revealed that the TA15 titanium alloy hot-dip aluminum coatings obtained 
through the three different processes exhibited a gradient structure. Compared with the tradi
tional hot-dipped aluminum air-cooled coating, when an appropriate intensity of alternating 
electromagnetic field was applied during the coating solidification process, the outer coating 
structure was enhanced, the number of holes was reduced, the microstructure density increased, 
and the number of cracks significantly decreased. The defects of the 800 ◦C hot isostatic magnetic 
cold and hot dip aluminum coating were repaired under high temperature and pressure, resulting 
in a uniform and fine microstructure. The comprehensive properties of the magnetic cold and hot 
dip aluminum coating on the surface of the titanium alloy were effectively enhanced through hot 
isostatic pressing.   

1. Introduction 

Titanium alloy materials are widely utilized in medical, transportation, aerospace, and other industries. Surface modification of 
titanium alloy materials has important practical significance, improve the surface hardness of alloy, but also improve its high tem
perature oxidation resistance, extend the service life of titanium alloy aviation equipment Hot dip aluminum (HDA) technology is to 
put titanium alloy into aluminum liquid at high temperature for thermal reaction, and then cool it in the airtoform a thin protective 
coating on the alloy surface [1–4]. The traditional hot dipping aluminum process is adapted to the surface of titanium alloy to form 
TixAly intermetallic compound gradient coating, which can improve its surface properties. However, due to the large difference in 
physical properties between the matrix alloy and pure aluminum materials, the difference in properties between the base material and 
the aluminum alloy will induce cracks and other defects in the coating, which limits the engineering practicality of this technology. 
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In order to solve the above problems, it is imperative toregulate the solidification process of the coating by applying an external 
field auxiliary means. Alternating electromagnetic fields can control the convection of liquid metal in the coating, reducing the number 
of cracks and refining the grains [5–10]. Li Sinian [11]prepared a high-entropy alloy coating materials using applied magnetic field 
assisted plasma cladding technology. It was found that the microhardness and wear resistance of high-entropy alloy coating were 
improved under the assistance of different magnetic fields of stable magnetic field and alternating magnetic field. Chen Long et al. [12] 
adopted alternating magnetic field with a certain intensity to assist laser cladding of 304 stainless steel powder. As the intensity of 
alternating magnetic field increased, the grain structure became finer, and the hardness of the cladding layer increased too. Gatzen 
et al. [13]studied the influence and mechanism of electromagnetic agitation in the process of electromagnetic field-assisted laser 
welding technology and believed that the applied electromagnetic field could control the flow of melt and make the solute elements 
periodically distributed. The use of electromagnetic stirring technology alone is insufficient to meet the requirements of the aerospace 
field in controlling coating defects. Hot isostatic pressing technology is a process, in which high temperature and high-pressure work 
together. High temperature and pressure of the same phase cause phase transformation and interfacial reaction of powder alloys, 
which is often used in pyrometallurgy process and post-treatment of alloys to eliminate internal defects of materials [14–19]. Gao 
Yuxiang [20–22]conducted post-treatment on the test rod of Ti48Al2Cr2Nb alloy prepared by electron beam melting forming tech
nology, and the results showed that the density and microhardness of the alloy increased after hot isostatic pressing treatment. Tian 
Xiaoying [23]carried out hot isostatic pressing treatment for metal-cast magnesium alloy, and believed that after hot isostatic pressing 
treatment, the alloy had fine grain structure, improved tensile strength and plasticity, and eliminated shrinkage porosity and shrinkage 
holes. 

This paper introduces electromagnetic field into the solidification process of the coating, and uses the non-contact stirring effect of 
alternating electromagnetic field to suppress the number of coating defects, and then post-treats the coating in the hot isostatic pressing 
equipmentto repair the coating under a certain temperature and pressure [24–27]. Research on the application of electromagnetic field 
in the process of material preparation mainly focuses on the effect of magnetic field on the solidification structure of alloy. There are 
few reports on the solidification structure and thermal cracking behavior of coating under the action of electromagnetic field. Hot 
isostatic pressing technology is often used in powder metallurgy industry and post-treatment of special prepared alloys, and hot 
isostatic pressing technology is also very rare for post-hot pressing treatment of hot dipped aluminum coatings. In this paper, the 
electromagnetic field technology and hot isostatic pressing technology are applied to the hot dipping aluminum coating of titanium 
alloy, which is expected to eliminate the internal pores of the coating, improve its organizational structure, enhance the overall 
mechanical properties, and greatly extend the service life of aviation titanium alloy equipment [28–30]. 

2. Materials and methods 

TA15 titanium alloy is the base material selected for this experiment, with dimensions of 20 mm × 20 mm × 5 mm. The surface of 
the alloy is polished, and cleaned with an ultrasonic cleaner. Use a resistance furnace to melt a block of industrial pure aluminum with 
a purity of 99.7 % at a temperature of 760 ◦C, and maintain the temperature for 30 min. The pre-treated TA15 titanium alloy is then 
immersed in the liquid aluminum, allowing the diffusion of Ti atoms and Al atoms to form a new phase at high temperatures. After 8 
min, the coated TA15 titanium alloy is taken out and cooled in the air, serving as a traditional hot-dip aluminum sample. Additionally, 
the coated alloy is exposed to an alternating electromagnetic field of certain intensity until it reaches room temperature. This process 
yields the alloy intermediate sample and the contrast sample. The intermediate sample of cooled Hot Dip Aluminum Coating in 
Magnetic Field was put into the hot isostatic pressure testing machine, the air in the furnace was removed with a vacuum pump and the 
inert gas was introduced to prevent the coating from oxidizing during the heating process, the temperature in the furnace was set to the 
required temperature, the pressure of 30Mp was applied, the heat preservation and pressure were kept for 30 min, and the air cooling 
was quickly cooled to room temperature. 

The experimental setup includes a magnetic field generating device, as shown in Fig. 1. It consists of a stainless-steel frame wrapped 
around the working coil and a voltage regulator. The stainless-steel generator, shown in Fig. 1 (a), is externally wound by the working 
coil and connected to the AC power supply, generating a contactless alternating electromagnetic field inside the generator. To protect 
the equipment from the high-temperature solution during the experiment, the outermost layer is covered by an asbestos cloth. Fig. 1 

Fig. 1. (a) The stainless-steel generator; (b) The voltage regulator.  
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(b) depicts the voltage regulator model TDGC2-500 W, which adjusts the voltage intensity to control the intensity of the alternating 
electromagnetic field by altering the current intensity in the working coil. The current intensity of the magnetic field used in the 
experiment is 15 A and the frequency is 50HZ. The post-treatment process parameters using hot isostatic pressing technology are 
presented in Table 1. 

The coating profile was cut into three groups of samples, which were then transformed into metallographic samples. After 
corrosion, the microstructure of the coating was observed. The morphology and microstructure of the coating section were observed by 
JSM-IT500 scanning electron microscope. The element distribution near the coating section was obtained by point scanning. The phase 
composition near the coating cross section was analyzed(XRD). Surface hardness testingwere conducted to measure the Vickers 
hardness at each longitudinal position of the coating. Five points were measured on each occasion, and the average value was 
considered as the final measurement result. 

3. Results and discussion 

3.1. Microstructure investigations 

The microstructure of TA15 titanium alloy with a traditional hot-dipped aluminum air cooling pattern is shown in Fig. 2. The 
coating consists of a gradient structure, with the outermost layer being pure aluminum, followed by the outer coating and the binding 
layer from the outside to the inside. The surface of the substrate is not significantly deformed under high temperature, and the 
combination with the coating appears to be a straight line with no obvious boundaries or small gaps, indicating a good combination. As 
shown in Fig. 2(b), the bonding layer is compact and fine, consisting of Ti–Al intermetallic compound, which effectively protects the 
matrix alloy and achieves the purpose of surface modification. However, the outer coating structure contains numerous holes and has 
poor density. Additionally, multiple cracks are present within the coating, extending from the surface to the substrate. These issues 
greatly diminish the overall integrity of the coating. The volume shrinkage of the liquid phase and the solid phase, due to the different 
physical properties of TA15 titanium alloy and pure aluminum, results in a restraining stress on the surrounding tissue. When the 
coating is air-cooled, this stress exceeds its limit, leading to the formation of cracks. These cracks greatly affect the protective effect of 
the coating. Fig. 3 shows the microstructure of the sample when a certain intensity of alternating electromagnetic field is applied 
during the solidification process of the coating. From Fig. 3(a), it can be observed that the microstructure of the outer coating is 
improved, with fewer holes and increased density. The number of cracks is significantly reduced, although there are still a small 
number of longitudinal cracks perpendicular to the coating. In the alternating electromagnetic field, the molten coating experiences 
periodic changes in the electromagnetic force F. This continuous electromagnetic force F induces a contactless stirring effect on the 
coating. It enhances the convection intensity between the coating and the substrate, promoting the diffusion rate and material ex
change between the atoms. It also fills the gaps that occur during solidification and contraction, effectively preventing the generation 
and growth of cracks in the coating. Additionally, the electromagnetic field has a thermal effect on the solidification process of the 
coating. The Joule heat Qj, which represents this thermal effect, is expressed in Eq. (1). Here, j denotes the density of the current 
passing through the coating and σ represents the conductivity of the alloy [31–33]. The thermal effect reduces the temperature 
gradient of the coating, leading to a more homogeneous solute field and temperature field from outside to inside. As a result, the 
possibility of stress concentration is reduced, and the number of cracks is controlled. However, it should be noted that the effectiveness 
of the alternating electromagnetic field is limited. Consequently, complete elimination of coating cracks is not achieved, and the outer 
coating may still contain holes and have a relatively loose structure [34,35]. 

Qj = j2/σ (1) 

Electromagnetic stirring technology is commonly employed in the metal solidification process. In this experiment, a stainless-steel 
generator is utilized, which is wrapped with a working coil. Upon connection to an AC power supply, the coil generates alternating 
electromagnetic fields within its hollow interior. These alternating electromagnetic fields act upon the coated melt. As the metal melt 
enters the magnetic field, the magnetic field lines are cut, resulting in the generation of induced current within the melt. The inter
action between the induced current and the magnetic field produces an electromagnetic force of a certain intensity [36]. Since the 
alternating current undergoes periodic changes, the size and direction of the magnetic field also change periodically. As a result, 
electromagnetic stirring of the coated melt is achieved without the need for direct contact with the coating, thereby avoiding potential 
contamination. Electromagnetic stirring has several effects on the metal coating melt. Firstly, it promotes strong convection, leading to 
the homogenization of particle distribution and the reduction of both micro-segregation and macro-segregation of elements. The 
interaction between the coated melt and induced current, as well as the Lorentz force generated by the magnetic field, enhances 
periodic convection, alters the melt flow, and accelerates the diffusion rate between atoms. Specifically, the aluminum atoms within 

Table 1 
The main process parameters of HIP.  

Temperature(◦C) Holding time 
(H) 

Vacuum degree/P Pressure(MPa) Supercharging time(Min) 

600 0.5 100 30 60 
800 0.5 100 30 60  
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the outer coating move towards the titanium alloy matrix, resulting in a more dispersed and uniform distribution of elements. As 
solidification progresses, the Lorentz force fills the gaps formed during solidification shrinkage, optimizing the feeding channel. This 
reduces pore formation and partially inhibits the occurrence of hot cracks in the coating. Additionally, electromagnetic stirring refines 
the grain and improves the coating structure. Under the influence of the Lorentz force, the liquid metal flow experiences shear force 
during coating solidification, causing the crushing of coarse dendrites and dendrite tips that are difficult to flow. The resulting small 
dendrite fragments serve as new nucleation centers, increasing the nucleation rate and refining the grains. Furthermore, the alter
nating electromagnetic field has a thermal effect on the coating melt. The induced current passes through both the coating and the base 

Fig. 2. Microstructure of traditional HDA coating. (a) 100 × (magnification), (b) 200 × , and (c) 300 × .  

Fig. 3. Microstructure of HDA coating cooled in electromagnetic field. (a) 100 × , (b) 500 × , and (c) 500 × .  
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alloy, converting electrical energy into heat energy. This thermal effect lowers the melt temperature at the solidification front, reduces 
the overall temperature gradient of the coating, and enhances mass and heat transfer between materials. The rapid solidification of the 
traditional hot-dip aluminum coating in the air, combined with the different thermal expansion coefficients of aluminum and titanium 
alloy, leads to a large temperature gradient from the outside to the inside during the cooling process. This temperature gradient is one 
of the main factors contributing to the formation of cold cracks in the coating. However, the thermal effect of alternating electro
magnetic field can stabilize the temperature field and solute field during the solidification process of the coating. This reduces the 
temperature gradient from the outside to the inside, resulting in a decrease in stress concentration and cracking sensitivity. As a result, 
the number of cold cracks and holes is reduced [37,38]. 

The microstructure of the 600 ◦C hot isostatic magnetic cold and hot dip aluminum coating is depicted in Fig. 4. The coating 
exhibits a gradient form, with the outer coating and binding layer arranged sequentially from the outside to the inside. The outermost 
pure aluminum layer is no longer present. The outer surface of the coating displays noticeable depressions and significant local de
formations, leading to increased surface roughness and compromised surface quality. Longitudinal cracks are observed in the outer 
coating, running from the outermost side to the alloy matrix, along with transverse cracks parallel to the coating. The bonding layer, 
although relatively dense, also contains a certain number of longitudinal cracks. Moreover, the thickness of the bonding layer is 
significantly higher than that of traditional air cooling and magnetic cooling styles. At the holding temperature of 600 ◦C, the influence 
of equal pressure becomes more prominent. The outer surface of the coating exhibits fractures, with pressure serving as the driving 
force for the growth of transverse cracks. Additionally, a portion of the outer layer and the original binding layer transform into a 
thicker binding layer, resulting in a decrease in the quality of the outer surface and outer coating, and an increase in the thickness of the 
binding layer [39–41]. 

The microstructure of the 800 ◦C hot isostatic magnetic cold and hot dip aluminum coating is depicted in Fig. 5. The gradient 
morphology of the coating remains unchanged, exhibiting a uniform and refined microstructure with no apparent penetrating cracks 
observed. Hot isostatic pressing alters the cooling process of the hot dip aluminum coating under alternating electromagnetic field 
conditions. The application of high temperature and pressure facilitates enhanced material exchange between the coating and matrix, 
leading to improved bonding between aluminum atoms and titanium atoms within intermetallic compounds. Consequently, this 
significantly enhances the surface properties of the matrix alloy. Moreover, elevated temperatures promote thermochemical reactions 
between the coating and substrate alloy while simultaneous application of isostatic pressure promotes mutual diffusion of atoms. This 
results in a substantial migration of aluminum atoms towards the substrate, triggering a series of thermochemical reactions that 
effectively prevent crack formation. Under high temperature and pressure conditions, any loose structure present on the outer layer 
undergoes repair as shrinkage and porosity are filled without significant presence of voids or bubbles being detected. Furthermore, 
there becomes less distinction between the binding layer and outer coating as both achieve true metallurgical connection through 
dense organization [42,43]. Overall, hot isostatic pressing effectively enhances comprehensive properties of magnetic cold and hot dip 
aluminum coatings on titanium alloy surfaces. 

Under the influence of high temperature and isostatic pressure in all directions, the defects in the hot isostatic magnetic cold and 

Fig. 4. The microstructure of the 600 ◦C HIP magnetic cold and hot dip aluminum coating. (a) 100 × , (b) 300 × , and (c) 500 × .  

L. Yong et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e35091

6

hot dip aluminum coating are repaired. The schematic diagram of its action principle is shown in Fig. 6. The entire process can be 
divided into three stages: material particle rearrangement, macroscopic plastic deformation, and diffusion creep. Temperature and 
pressure promote material particle rearrangement, leading to an improvement in the density of the coating. As temperature and 
pressure increase, the material surrounding the holes and cracks undergoes plastic deformation due to the stress gradient, facilitating 
the closure of the holes and the repair of the cracks. Consequently, the area fraction of the holes in the tissues significantly decreases. 
When temperature and pressure continue to rise, the stage of diffusion creep occurs. This stage involves complex physical and ther
mochemical reactions, with intensified interatomic diffusion. As a result, the microstructure and properties of the coating undergo 
changes without causing damage to the substrate and coating [44]. In the hot isostatic pressing process, temperature and pressure have 
a significant impact on metal alloys. Insufficient temperature prevents material particle rearrangement, and pressure alone is not a 
strong enough driving force. On the other hand, excessively high temperature can lead to excessive growth of the coating tissue, which 
can adversely affect its mechanical properties. Similarly, excessive pressure may cause damage to the outer surface structure of the 
coating. When the temperature is set at 600 ◦C and the holding pressure at 30 MPa, it is considered relatively low for both the alloy 
matrix and the coating, making the role of pressure more prominent. The process is only in the stage of particle rearrangement or 
macro plastic deformation, and there is a certain mutual diffusion between atoms, which can repair some small holes, but it is 
powerless for larger cracks. At the same time, the pressure provides the driving force for the cold deformation, breaks the surface 
topography of the coating, and has no obvious effect on the elimination of the defects such as holes and cracks of the coating in direct 
contact with the pressure. When the holding temperature is 800 ◦C, the process enters the stage of diffusion creep. High temperature 

Fig. 5. The microstructure of the 800 ◦C HIP magnetic cold and hot dip aluminum coating. (a) 100 × , (b) 330 × , and (c) 500 × .  

Fig. 6. Schematic diagram of principle of HIP magnetic cold and hot dipping aluminum coating.  
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aggravates the degree of diffusion between atoms, and the degree of creep deformation is much greater than the plastic deformation. Ti 
atoms and Al atoms first move to the center direction of cracks and holes under the driving force, repairing the defects of the coating. 

3.2. Phase analysis 

Fig. 7 presents a comparative analysis of X-ray diffraction for three different hot dip aluminum coating processes applied to the 
surface of TA15 titanium alloy. In the traditional hot-dip aluminum coating, the sample surface mainly consists of TiAl3, AlV3, Al2O3, 
and pure Al, which does not participate in the reaction. The solidification mode of intermetallic compounds in the absence of other 
external fields is as follows: Ti+3Al→TiAl3, Al+3 V→AlV3. The types of intermetallic compounds are limited, and Al2O3 is formed 
through the solidification of elemental Al and O elements in the air. The solidification mode is as follows: 2Al+3O→Al2O3. Addi
tionally, some elemental pure Al directly solidifies to form a pure Al layer, which emerges as the outermost layer of the coating, thereby 
reducing the surface properties of the underlying titanium alloy. Apart from TiAl3, Al2O3, and pure Al, the coating structure solidified 
in the alternating electromagnetic field primarily consists of Ti0.8Al2V0.2, Ti5Al11, Ti2Al5, Ti3Al5, and Ti3Al. Under the influence of the 
alternating electromagnetic field, AlV3 combines with Ti atoms to form Ti0.8Al2V0.2. The formation of various intermetallic compounds 
enhances the performance of the hot-dip aluminum coating. The main constituents of the 800 ◦C hot isostatic magnetic cold hot dip 
aluminum coating include TiAl3, Ti0.8Al2V0.2, Ti5Al11, Ti2Al5, Ti3Al5, and the new phases AlV and TiAl. The isostatic pressure exerted 
on each phase promotes the mutual diffusion of atoms and accelerates material exchange. This pressure also facilitates the conversion 
of Ti3Al to TiAl and the formation of a more stable new phase, AlV. As a result, he pure Al component disappears, and all elements form 
certain compounds, hereby further improving the overall properties of the magnetic cold and hot aluminum dipping coating. The 
complex physical and thermochemical reactions promoted the binding of elemental Al and Ti atoms to form a new stable intermetallic 
compound and promoted the transformation of Ti3Al to TiAl. The precipitation mode and solidification mode were AlV3→Al+3 V, Al 
+ V→AlV. 

Fig. 8 and Table 2 present the EDS spectrum analysis results of the conventional hot-dipped aluminum coating on the surface of the 
titanium alloy. The error of the measured data is controlled within ±0.5, and the non-metallic element content error is large, which is 
not discussed in this experiment. The analysis reveals that the coating primarily consists of titanium (Ti), aluminum (Al), and vana
dium (V) elements. Specifically, points 1 and 2 represent the outer layer of the coating, point 5 represents the matrix titanium alloy, 
point 3 represents the transition area between the binding site and the outer coating, and point 4 represents the binding site of the 
coating. During the dipping and plating process, the diffusion of Al element towards the substrate is prominent, resulting in a gradual 
decrease in the Ti content from the inside to the outside of the coating, and a corresponding decrease in the Al content from the outside 
to the inside. The atomic ratio of Ti and Al elements in the outer coating is approximately 1:3, while the atomic ratio at the binding site 
is approximately 1:1.5, indicating insufficient atom exchange between the coating and the substrate, leading to poor coating quality. 
On the other hand, Fig. 9 and Table 3 demonstrate the EDS spectrum analysis of the cooled hot-dip aluminum coating in an elec
tromagnetic field. Point 2 represents the outer coating and point 3 represents the joint between the coating and the substrate. The 
atomic ratio of Ti and Al elements in the outer coating and the joint is approximately 1:1.6. Comparing it with the traditional hot- 
dipped aluminum coating, the atomic exchange between Ti and the substrate is more complete in the presence of the electromag
netic field at high temperature. The Ti element diffuses towards the coating direction, while the Al element diffuses more vigorously 
towards the substrate direction. 

Fig. 10 and Table 4 present the EDS spectrum analysis of the hot isostatic pressing hot dip aluminum coating at 600 ◦C. The atomic 
ratio of Ti and Al elements in both the outer coating and the binding layer is approximately 1:1.8, indicating consistency. The equal 
pressure and high temperature in all directions facilitate the diffusion of Al elements towards the matrix, resulting in a relatively 
uniform distribution of elements in the coating. On the other hand, Fig. 11 and Table 5 demonstrate the EDS analysis of the hot isostatic 
pressing hot dip aluminum coating at 800 ◦C. The atomic ratios of Ti and Al elements in the outer layer of the coating and the joint are 
1:1.8 and 1:1.2, respectively. Under the influence of high temperature and high pressure, the Al element at the coating joint diffuses 
more vigorously towards the matrix. As a result, the Ti–Al atomic ratio approaches 1:1, promoting the formation of various high- 
performance intermetallic compounds and enhancing the overall coating performance [45–47]. 

Fig. 7. XRD analysis of the coating.  
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Fig. 8. EDS spectrum analysis of HDA coating.  

Table 2 
EDS spectra comparison of HAD coating.  

Mass% Ti Al V other Total 

001 19.90 76.60 0.3 3.2 100.00 
002 29.80 66.10 0.9 3.2 100.00 
003 33.90 60.80 0.7 4.6 100.00 
004 37.55 56.15 1.5 4.8 100.00 
005 84.50 8.4 1.3 5.8 100.00  

Fig. 9. EDS spectrum analysis of HDA coating cooled in electromagnetic field.  

Table 3 
EDS spectrum comparison of HDA coating cooled in electromagnetic field.  

Mass% Ti Al V other Total 

001 37.64 60.33 0.03 2.0 100.00 
002 37.96 60.02 0.02 2.0 100.00 
003 38.08 59.78 0.14 2.0 100.00 
004 86.58 7.58 0.14 5.7 100.00 
005 86.92 7.24 0.14 5.7 100.00  
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Fig. 10. EDS spectrum analysis of the 600 ◦C HIP magnetic cold and hot dip aluminum coating.  

Table 4 
EDS spectrum comparison of the 600 ◦C HIP magnetic cold and hot dip aluminum coating.  

Mass% Ti Al V other Total 

001 34.8 62.3 1.1 1.8 100.00 
002 35.3 61.9 1.0 1.8 100.00 
003 35.2 62.3 0.7 1.8 100.00 
004 35.7 62.1 0.4 1.8 100.00 
005 92.3 8.0 1.2 5.7 100.00  

Fig. 11. EDS spectrum analysis of the 800 ◦C HIP magnetic cold and hot dip aluminum coating.  

Table 5 
EDS spectrum comparison of the 800 ◦C HIP magnetic cold and hot dip aluminum coating.  

Mass% Ti Al V other Total 

001 37.07 60.98 0.25 1.7 100.00 
002 36.64 61.13 0.53 1.7 100.00 
003 43.21 54.65 0.44 1.7 100.00 
004 88.34 9.79 0.17 5.7 100.00  
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3.3. Microhardness 

The microhardness distribution of the hot-dipped aluminum coating on the surface of TA15 titanium alloy with three different 
processes is illustrated in Fig. 12. The measured data is the average of the points taken, the error can be controlled within ±2. The 
highest hardness of the coating is observed near the coating junction and gradually decreases towards the outer part of the coating. The 
maximum hardness at the joint of the traditional hot-dip aluminum coating can reach 543.3HV. In this area, certain intermetallic 
compounds are present, which enhance the hardness of the titanium alloy matrix. The surface hardness of the coating solidified in the 
alternating electromagnetic field is generally lower compared to the traditional process, with a maximum hardness of 510.8HV, 
approximately 6 % lower than the traditional process. This could be attributed to the thermal effect of the alternating electromagnetic 
field, which slows down the cooling rate of the coating. On the other hand, the 800 ◦C hot isostatic magnetic cold and hot dip 
aluminum coating exhibits higher hardness than the other two coatings in the same area, with a joint hardness of up to 722.4HV. The 
hot isostatic pressing process leads to coating remelting, resulting in a denser structure and significantly reduced defects. This allows 
better combination of aluminum atoms and matrix titanium atoms to form intermetallic compounds, which greatly enhance the 
hardness of the coating [48]. Therefore, the microhardness of hot isostatic magnetic cold and hot dip aluminum coating stands out as 
the most prominent among the three different processes. 

4. Conclusion 

The effect of hot isostatic pressing (HIP) on the microstructure and properties of hot dip aluminum coating cooled in a magnetic 
field was investigated in this study. The microstructure and element distribution of three different coatings were analyzed, and the 
microhardness of the coatings at various positions was tested. The main conclusions are drawn as below,  

(1) The TA15 titanium alloy traditional hot dip aluminum air-cooled coating exhibits a gradient structure with numerous holes and 
poor density in the outer coating structure. During the solidification process of the coating, applying a certain intensity of 
alternating electromagnetic field enhances the microstructure by inhibiting hole formation, increasing microstructure density, 
and significantly reducing crack occurrence. However, longitudinal cracks perpendicular to the coating still exist.  

(2) At the holding temperature of 600 ◦C, the influence of equal pressure becomes more prominent. The outer surface of the coating 
exhibits fractures. Additionally, a portion of the outer layer and the original binding layer transform into a thicker binding layer, 
resulting in a decrease in the quality of the outer surface and outer coating, and an increase in the thickness of the binding layer. 
The outermost pure aluminum layer in the 600 ◦C hot isostatic magnetic cold and hot dip aluminum coating disappears, 
resulting in noticeable depressions on the outer surface that affect its quality.  

(3) At 800 ◦C hot isostatic magnetic cold and hot dip aluminum coating exhibits a uniform and fine microstructure without any 
obvious penetrating cracks. After hot isostatic pressing at 800 ◦C, Al element diffuses more strongly towards the matrix at 
binding points of the coating. This diffusion results in a Ti–Al atomic ratio closer to 1:1 and leads to various high-performance 
intermetallic compounds forming within the coating. Consequently, this enhances overall performance. The surface hardness of 
coatings solidified using an alternating electromagnetic field generally tends to be lower compared to traditional processes. 
However, coatings produced through 800 ◦C hot isostatic magnetic cold and hot dip aluminum method exhibit higher hardness 
than those from other two processes within similar areas; reaching up to 722.4HV. 

Data availability 

The data that support the findings of this study are available from the corresponding author upon reasonable request. 

Fig. 12. Microhardness analysis of the coating.  
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