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Abstract

:

Copper-based diamond composites have been the focus of many investigations for higher thermal conductivity applications. However, the natural non-wetting behavior between diamond particles and copper matrix makes it difficult to fabricate copper-based diamond composites with high thermal conductivity. Thus, to promote wettability between copper and diamond particles, the copper/diamond interface must be modified by coating alloying elements on the diamond surface or by adding active alloying elements with carbon in the copper matrix. In this paper, we review the research progress on copper-based diamond composites, including theoretical models for calculating the thermal conductivity and the effect of process parameters on the thermal conductivity of copper-based diamond composites. The factors that affect interfacial thermal conductivity are emphatically analyzed in this review. Finally, the current problems of copper-based diamond composites and future research trends are recommended.
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1. Introduction


Electronic devices generate heat which is increasing due to the continuous development of miniaturization and integration of microelectronics [1]. Excessive heat deteriorates the long-term reliability and performance of electronic devices, and conventional thermal management materials are no longer adequate for dissipating heat with the rapid development of electronic products. Thus, there is a significant need to improve heat dissipation in electronic devices, and therefore, there is an urgent need for materials with high thermal conductivity to meet contemporary thermal requirements. The thermal conductivity of traditional electronic packaging substrates (crystalline silicon) is 120–150 W/(m·K) [2]. Diamond has extremely high thermal conductivity of 1200~2500 W/(m·K), and therefore, it has attracted attention for its excellent thermal properties [3,4,5,6,7,8,9]. However, the fabrication process of diamond on electronic devices is very difficult and expensive, which makes it difficult for diamond to be used directly in the electronics industry. There is another solution that involves combining diamond particles and copper matrix (copper has a thermal conductivity of 400 W/(m·K). The surface tension of copper at its melting point is between 1000 and 1500 mN/m, and the melting point of copper is 1083.4 °C with diamond particles, which not only reduces production costs, but also results in a composite with high thermal conductivity. However, due to the high surface tension of copper, the wetting angle between copper and diamond is large. Moreover, diamond and copper are difficult to chemically react with each other, ultimately leading to poor wetting between copper and diamond. The poor wettability between diamond and copper can promote the formation of defects at the interface and weaken the interfacial bonding between diamond and copper, finally, leading to lower thermal conductivity of copper-based diamond composites [10]. At high temperatures, diamond transforms into a more stable graphite, and this phenomenon causes a decrease in thermal conductivity. Therefore, many researchers have given massive attention to methods of mitigating the problems mentioned above.



Until recently, two main methods had been reported in the literature for improving the thermal conductivity of copper-based diamond composites. One method is diamond surface metallization and the other method is matrix alloying. Diamond surface metallization involves coating a strong carbide-forming element on the diamond surface by using electroplating, magnetron sputtering, salt bath coating, or vacuum micro evaporation plating. Additionally, matrix alloying involves adding strong carbide-forming elements into copper matrix, which includes gas atomization and alloy melting. The purpose of both methods is to form several layers of carbides on the diamond surface during the fabricating processes. The formed carbides can improve the wettability between the diamond particles and the copper matrix, thus, increasing the thermal conductivity of copper-based diamond composites. Various methods have been used to prepare copper-based diamond composites, such as high-temperature and high-pressure sintering (HTHP) [11], vacuum hot press sintering (VHPS) [12], spark plasma sintering (SPS) [13], and melt infiltration [14]. All these methods aim at increasing the density and wettability of copper-based diamond composites by applying external conditions.



Theoretical models have been developed and have emerged as powerful tools for calculating the thermal conductivity of copper-based diamond composites. Although several studies have shown that the thermal conductivity calculated by using theoretical models differs considerably from the measured experimental data, theoretical models can reasonably reflect the influence of several parameters, such as diamond volume fraction, thermal conductivity of diamond and copper, diamond particle size, diamond morphology, and interfacial thermal resistance, on the thermal conductivity of copper-based diamond composites. In the following sections, we discuss the effects of these parameters in theoretical models on the thermal conductivity of copper-based diamond composites.




2. Theoretical Models


Many researchers have proposed theoretical models for calculating the thermal conductivity of copper-based diamond composites. Theoretical models can promote a better understanding of the relationships between the thermophysical properties of copper-based diamond composites and their process parameters, and can provide relatively accurate predictions of the thermal conductivity of copper-based diamond composites. Several models are widely used, including the Maxwell–Eucken model, the Hasselman–Johnson model, and the differential effective medium model. In this section, we provide brief descriptions of these theoretical models.



2.1. Maxwell–Eucken Model


The Maxwell–Eucken model [15] was the first theoretical model applied to predict the thermal conductivity of copper-based diamond composites. It can be described by the following equation [15]:


   λ c  =  λ m    2   1 −  V d     λ m  +   1 + 2  V d     λ d      2 +  V d     λ m  +   1 −  V d     λ d     



(1)




where λc is the thermal conductivity of copper-based diamond composites, λm is the thermal conductivity of copper matrix, λd is the thermal conductivity of the diamond reinforcing particles, and Vd is the volume fraction of diamond spherical particles in the copper-based diamond composites.



The Maxwell–Eucken model assumes that the diamond reinforcing particles are spherical and uniformly distributed in the continuous matrix phase and that there is no relative interaction among the diamond particles in a homogeneous copper matrix. However, this model is limited in its ability to accurately predict the thermal conductivity of composites with a low volume fraction of diamond reinforcing particles. In addition, when the diamond volume fraction exceeds 20%, the theoretical values differ significantly from experimental results, possibly due to the interaction between particles and the defects presented in the composites under normal conditions. One way to improve the agreement between theoretical and experimental values is to improve the wettability between the diamond particles and copper matrix.




2.2. Hasselman–Johnson Model


The thermal conductivity of particle-reinforced composites can be measured more accurately by using the Hasselman–Johnson model, which was developed on the basis of the Maxwell theoretical model [16]. The Hasselman–Johnson model is widely used to predict and analyze the thermal conductivity of particle-reinforced composites. The equation for the Hasselman–Johnson model is given as [16]:
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where λc represents the thermal conductivity of the copper-based diamond composite; λm and λd are the thermal conductivity of the copper matrix and the diamond reinforcing particles, respectively; Vd is the diamond volume fraction in the copper-based diamond composite; a is the radius of the diamond reinforcing particles; hc is the interfacial thermal conductivity that is determined by the matrix and the reinforcing phase.



As the diamond volume fraction increases, the assumptions made in the Hasselman–Johnson model, such as the assumption of spherical particles and the neglect of particle clustering or agglomeration, become less accurate. These limitations lead to an overestimation of the thermal conductivity at higher diamond volume fractions, which is not consistent with experimental data. Therefore, the Hasselman–Johnson model is more reliable and applicable at lower diamond volume fractions in copper-based diamond composites.




2.3. Differential Effective Medium Model


Bruggeman developed a differential effective medium model. He assumed that particle content grows slowly throughout the embedding process. The equation for thermal conductivity was derived from the Bruggeman integral embedding principle [17], which takes into account the forces present in the particles when the volume fraction of particles is too large, and can be described as [17]:


    1 −  V d    =      λ c  −  λ d  eff          λ m  −  λ d  eff       ×        λ m     λ c         1 3     
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where  λ m is the matrix thermal conductivity and    λ d  eff     is the effective thermal conductivity of the diamond particles, which can be calculated by using the following equation:


   λ d  eff   =    λ d    1 +    λ d    a  h c       



(4)




where a is the radius of the diamond particles. The trend of the interfacial thermal conductivity is consistent with the trend of the thermal conductivity of the composite. Since Vd,  λ d,  λ m, and a are the same for all samples, the interfacial thermal conductivity (hc) dominates the composite thermal conductivity ( λ c), to a large extent, and  λ c varies with the penetration time.



To better study the gap between theoretical models and actual data, we conducted the following work. We set the thermal conductivity of diamond to 2000 W/(m·K) and the thermal conductivity of copper to 400 W/(m·K). Similarly, we assumed an interfacial thermal resistance of 2.9 × 107 W/(m2·K) (experimentally determined by Y. Zhang [18]). By varying the diamond volume fraction, we obtained the thermal conductivity of different theoretical models, which are plotted in Figure 1a. Figure 1a also compares the theoretical models with the experimental data of Q.L. Che [19]. In the theoretical models, the calculated thermal conductivities increase as the diamond volume fraction increases. In reality, the thermal conductivity first increases, and then decreases with an increase in the diamond volume fraction. The reasons for this phenomenon are discussed in detail in the following section.



We assumed that the volume fraction of diamond is 68.7%. Different theoretical models were employed to calculate the thermal conductivity of different sized diamond particles. Comparing these thermal conductivity values with Y. Zhang’s data [20], we obtained Figure 1b. It can be seen that the thermal conductivity of copper-based diamond composites gradually increases as the diamond particle size increases. However, the effect of diamond particle size on thermal conductivity is gradually weakened as the diamond particle size.becomes larger We can also see that the trend of the experimental data is consistent with the trend of the theoretical models. The reasons for this phenomenon are discussed in detail in the following section.



To analyze the relationship between interfacial thermal conductivity and thermal conductivity of copper-based diamond composites in theoretical models, it is necessary to understand the factors that affect interfacial thermal resistance of diamond particles. The total interfacial thermal resistance can be obtained by calculating the interfacial thermal resistance of each layer, as shown in Figure 2 [22]. The equation for total interfacial thermal resistance is described as [22]:


Rtotal = RCu/carbide + lcarbide/kcarbide + Rdiamond/Carbide



(5)




where Rtotal is the total interfacial thermal resistance between the copper matrix and the diamond particles; RCu/carbide is the interfacial thermal resistance between the copper matrix and the carbide layer; lcarbide is the interface thickness and kcarbide is the thermal conductivity of the interface; Rdiamond/carbide is the interfacial thermal resistance between the diamond particles and the carbide layer. It should be noted that thermal resistance is equal to the reciprocal of thermal conductivity.



To establish the interface thermal conductivity of the interface without considering its actual microstructure, an acoustic mismatch model can be used [23,24]:


h = 1/4ρinCinυinη



(6)




where ρ is the density of the material; C is the specific heat; υ is the phonon velocity determined from the longitudinal and transverse velocities, the subscript indicates the incident side of the phonon; η is the average probability of phonon transport across the interface. The experimental data and the required parameters can be found in Y. Zhang’s data [18]. Subsequently, we can calculate hCu/carbide and hdiamond/carbide. Therefore, the total effect of interfacial thermal conductivity on the thermal conductivity of copper-based diamond composites can be considered to be the effect of the carbide interfacial thickness on the thermal conductivity of copper-based diamond composites. The relationship between carbide interface thickness and the thermal conductivity of copper-based diamond composites can be derived, as shown in Figure 1c. At the same time, we compared the thermal conductivity obtained from the theoretical models with the experimental data from L. Wang [21]. In the theoretical models, the thermal conductivity decreases as the interface thickness increases. In reality, the thermal conductivity first increases, and then decreases as the interface thickness increases. The reasons for this phenomenon are discussed in detail in the following section.



Observing Figure 1, we can easily observe that the thermal conductivity calculated by the theoretical models is higher than the actual experimental data. The existing theoretical models do not consider enough factors that affect the thermal conductivity, such as interface defects, compactness, and other problems. Therefore, there is a significant difference between theoretical values and experimental values.



The above three models have a wide range of applications. Additionally, more theoretical models have been proposed. For example, the Hamilton–Grosser model takes the shape of the diamond reinforcing particles into account. The Agari model considers the heat transfer chain formed by the interactions among particles as well as the shapes and relative content of the particles, etc. In addition to theoretical models, researchers have recently used molecular dynamics simulation to predict the thermal conductivity of composite material interfaces. Y. Zhang [25] used molecular dynamics to simulate the effect of interface structure on the thermal conductivity of composite materials. The results indicated that the G value of the W2C/diamond interface was significantly higher than that of the Cu/diamond and W/diamond interfaces. Additionally, W2C was capable of reducing the vibrational misfit between copper and diamond. The purpose of these models is to obtain theoretical values that are as close as possible to experimental data. However, due to the complexity of the factors that affect thermal conductivity, many parameters need to be considered, such as the thermal conductivity of particles and matrix, particle size and shape, particle content, defects, particle interactions, etc. However, none of the existing models can fully match the heat transfer mechanism for the thermal conductivity of composite materials. Thus, further research needs to be conducted to modify these theoretical models.





3. The Effect of Diamond Particle Size


Diamond particle size is an essential factor that affects the thermal conductivity of copper-based diamond composites, as highlighted in both the Hasselman–Johnson model and the differential effective medium model. An increase in diamond particle size leads to an increase in the thermal conductivity of copper-based diamond composites, as observed in Figure 1.



Consequently, the use of nanoscale diamond as raw material could result in low thermal conductivity of copper-based diamond composites. For instance, in a study conducted by S.V. Kidalov [26], nanodiamonds were compared to natural micro diamonds (5~7 μm and 10~14 μm) in the production of sintered copper-based diamond composites, using a pressure of approximately 6.0~6.5 GPa and sintering temperatures of 1000~2000 °C, for 6~20 s. The experimental results showed that the thermal conductivity of the nanodiamond composite was less than 10 W/(m·K), which was significantly lower than that of the natural micro diamond composite (500 W/(m·K)). Figure 3 depicts the effect of nanodiamond content on the thermal conductivity of copper-based diamond composites [26]. Several researchers have investigated the cause of this phenomenon. The reduction in thermal conductivity of nanodiamond composites might be attributed to the graphitization of diamond. In a study conducted by S.V. Kidalov [26], it was noted that the nanodiamonds changed from their original white color to a light grey color as the temperature increased to 1100 °C, indicating that diamond, an isomer of carbon, was stable at room temperature and atmospheric pressure but underwent transformation into graphite when heated above 800 °C.



It is true that increasing diamond particle size can increase the thermal conductivity of copper-based diamond composites [27,28]. K. Hanada [27] investigated the effect of varying diamond grain size (0.005~7.7 μm) on the thermal conductivity of copper-based diamond composites by using a powder metallurgical process. They found that when the diamond volume fraction was controlled at 1%, the thermal conductivity of copper-based diamond composites increased as the diamond particle size increased, and the diamond particles were uniformly distributed in the copper matrix. Similarly, Y. Wu [28] investigated the effect of diamond particle size (10~400 μm) on the microstructure, interface, and thermal conductivity of copper-based diamond composites. The obtained results are shown in Figure 4, where it can be seen from this figure that the thermal conductivity of copper-based diamond composites increases with an increase in diamond particle size [28].



Y. Zhang [20] discovered that with smaller sized diamond particles, many sharp polygonal carbides were formed on the (100) surface of diamond particles, as shown in Figure 5b. However, when the diamond particle size was large enough, the diamond surface was uniformly covered with carbides, as depicted in Figure 5c. The (100) surface of diamond particles was formed by the two-fold bonding of carbon atoms and the surface energy of the (100) plane was 9.207 J/m2, while the (111) surface was created by three-fold bonding, with a lower surface energy of 3.387 J/m2. Carbides preferentially formed on the (100) surfaces with higher surface energy when the amount of alloying elements in the copper matrix was insufficient [20]. As diamond particle size increased, the area of the interface decreased and carbides were more likely to spread evenly over the diamond surface. Consequently, copper-based diamond composites with larger sized diamond particles have higher densities and higher thermal conductivity.



An increase in diamond particle size results an increase in thermal conductivity of copper-based diamond composites, as inferred from the above content. Figure 6 displays the thermal conductivity of copper-based diamond composite materials that have been researched in recent years, and includes the highest thermal conductivity values obtained by various methods. This figure includes results from studies, in the literature, that have been conducted in the past five years and investigated thermal conductivity exceeding 600 W/(m·K). Diamond/Cu-0.5 wt% Zr has the highest thermal conductivity among composites containing Zr element. Diamond/Cu-0.3 wt% B has the highest thermal conductivity among composites containing B element. The diamond(Cr)/Cu-0.5 wt% Cr composite material has the highest thermal conductivity among those containing chromium element. It can be observed that the result is consistent with the above conclusion. However, in recent years, the size of diamond particles has basically not exceeded 300 μm. One reason for this is that larger diamond particle sizes are more expensive. Another possible reason is that the research on copper-based diamond composite materials has become more comprehensive, which has led to better bonding between diamond particles and copper at the interface. Although increasing the size of diamond particles can still enhance thermal conductivity, the effect is not as significant as previous studies suggested. Therefore, the diamond particle size employed by recent studies in the literature has mostly been between 100 μm and 300 μm.




4. Effect of Diamond Volume Fraction


The volume fraction of diamond is a vital parameter in all the theoretical models. Therefore, it is necessary to obtain a general range through extensive experiments even if the optimum diamond volume fraction is not entirely consistent for different process parameters.



According to the relationship between diamond volume fraction and thermal conductivity of copper-based diamond composites in the theoretical models, it can be concluded that with an increase in diamond volume fraction, the thermal conductivity of copper-based diamond composites increases as well. However, some studies have suggested a different conclusion [9,37]. Y. J. Zhang [9] found that by simulating the thermal conductivity of copper-based diamond composites there were minor distinctions in thermal conductivity numerical simulation results when the diamond volume fraction was less than 40%. However, when the diamond volume fraction was more than 40%, the thermal conductivity of copper-based diamond composites decreased, which was contrary to the numerical simulation results. J. Tao [37] used spark plasma sintering (SPS) to prepare copper-based diamond composites with different diamond volume fractions (50%, 60%, and 70%). As shown in Figure 7, with an increase in the diamond volume fraction, the relative density and the homogeneity of copper-based diamond composites decreased [37]. These studies showed that a larger diamond volume fraction may cause side effects. The reason for this phenomenon is that when the volume fraction of diamond is large, the copper can hardly fill the gaps among the diamond particles. As a result, the density of copper-based diamond composites decreases. The thermal conductivity also deteriorates with the diamond volume fraction. The relationship between diamond volume fraction and thermal conductivity can be summarized as followings: With increasing diamond volume fractions, the thermal conductivity of copper-based diamond composites initially increases, and then decreases.



Typically, to obtain copper-based diamond composites with high thermal conductivity, the diamond volume fraction should be less than 70%. However, high thermal conductivity can also be obtained at ultra-high pressures, even if the diamond volume fraction exceeds 70%. J. He [38] prepared copper matrix with zirconium-added composites reinforced with approximately 90 vol% of diamond particles at high temperature and pressure. According to these results, the matrix successfully filled the gaps among diamond particles. However, an improvement in thermal conductivity was not obvious and the cost was too high. For the preparation of copper-based diamond composites with effective cost and higher thermal conductivity, a diamond volume fraction between 50 and ~60% is recommended.



In addition to thermal conductivity, the coefficient of thermal expansion is also a key indicator. The volume fraction of the reinforcement is a key factor affecting the coefficient of thermal expansion of composite materials. Since the intrinsic coefficient of thermal expansion of diamond is low, increasing the volume fraction of diamond can reduce the coefficient of thermal expansion. Z. Xie [39] used a vacuum pressure infiltration method to prepare coper-based diamond composites. By measuring the CTE of composites with different diamond volume fractions, it was shown that CTE decreased with an increase in the diamond volume fraction.



Research on diamond volume fraction is quite mature. Due to variations in process parameters, there is not a unique optimal value for diamond volume fraction. In recent years, the range of diamond volume fractions used at high temperature and high pressure tends to fall between 50 and 70%. Under ultra-high pressure, the diamond volume fraction can exceed 70% or even reach 90%. Therefore, without new shaping methods, it will be difficult to achieve breakthroughs in the study of diamond volume fraction in copper-based diamond composite materials.




5. Factors Affecting Interfacial Thermal Conductivity


Improving interfacial thermal conductivity is a critical issue in copper-based diamond composites. Poor wettability between copper and diamond particles results in the low thermal conductivity of copper-based diamond composites. To enhance the interfacial thermal conductivity of copper-based diamond composites, alloying elements can be added to ameliorate the wettability between copper and diamond particles [40,41,42,43]. The type and content of alloying elements can affect the interfacial thermal conductivity, and different process parameters can also affect the thermal conductivity of copper-based diamond composites. In the following sections, we discuss methods to improve the interface thermal conductivity of copper-based diamond composites and we analyze the effect of parameters on the interface thermal conductivity.



5.1. Methods for Improving Wettability


The wettability between diamond particles and copper is very poor. Thus, by simply mixing diamond particles and copper, a composite with relatively low density and thermal conductivity is usually obtained. There are two methods to improve the wettability between diamond particles and copper. One method is pre-metalizing the diamond surface, which is coating strong carbide-forming elements on the diamond surface. The other option is pre-alloying the copper matrix, which is adding carbide-forming elements into the copper matrix prior to preparing the copper-based diamond composites.



5.1.1. Diamond Surface Treatment


To improve interfacial thermal conductivity, a diamond surface pretreatment is required. A diamond surface pretreatment refers to the removal of impurities left on the diamond surface or the application of a special treatment before the coating diamond surface, because impurities may cause the coating to fail. Cleaning, catalysis, etching, sensitizing, and activating diamond surfaces are the most common treatment methods. J. Sang [44] proposed a new pretreatment process for the preparation of copper-based diamond composites, which involved bombarding diamond particles with an argon ion beam before depositing a tungsten coating on the diamond particles. The prepared copper-based diamond composite had good interfacial bonding and the composite interface was free of micro seams and cracks. In 2019, X. Wu [45] first etched diamond particles with molten salt to obtain diamond particles with different surface roughness. Then, tungsten was coated on the sample followed by copper. Compared to the unetched copper-based diamond composite, the etched copper-based diamond composite had a 12% increase in thermal conductivity. In 2021, X. Wu [46] prepared composites with roughened surfaces using vacuum hot-press sintering (the diamond was previously etched with molten salt and the content was 38 vol.%). After molten salt etching, the thermal conductivity of the diamond/Cu composite increased significantly from 347 W/(m·K) to 433 W/(m·K) (an increase of approximately 25%). In addition, this value was further increased to 512 W/(m·K) by the addition of titanium (approximately 27% increase).



Layers of reactive elements coated on diamond surface should be able to form stable chemical bonds with the carbon elements on the diamond surface. These reactive elements contain Ti, Cr, W, Mo, B, etc. Researchers have experimentally verified that surface treatment of diamond can indeed improve the thermal conductivity of copper-based diamond composites. The methods of diamond surface metallization generally include electroplating, magnetron sputtering coating, salt bath coating, vacuum micro-evaporation coating, etc. In the following sections, we discuss the above methods in more detail.



Electroplating (EP) is the process of depositing metal on a surface, which is plated by a reduction reaction in the absence of an external power source and the presence of a strong reducing agent. Through electroplating, metal can be deposited on diamonds in a physical encapsulation process that creates no metallurgical bonds. Therefore, to improve the density of copper-based diamond composites, the diamond surface is usually coated with the active elements by other methods, and then coated with copper by electroplating. C. Zhang [47] prepared copper-based diamond composites with high densities and good thermal properties by designing a bilayer structure on diamond particles. The diamond surface was first coated with tungsten, and then coated with copper. H. Li [48] used a molten salt containing NaCl, KCl, and NaF to form a thin TiC coating on diamond, followed by chemical copper plating. The double coating (TiC-Cu) improved the thermal performance of diamond/Cu composite materials. The TC of diamond (60 vol%)/Cu composite material reached 495.5 W/(m·K), which was much higher than Cu, and slightly lower than the values predicted by the H–J model and DEM. Y. Pan [33] prepared copper-based diamond composites with good thermal conductivity using another method. They coated tungsten as the inner layer using salt bath plating, and then coated copper as the outer layer using chemical plating. As can be seen from Figure 8, the copper layer obtained by simply plating copper on the diamond surface tended to peel off [33]. In the case of first plating tungsten, the copper adhered more easily to the diamond surfaces. However, the method has several disadvantages, for example, this method requires a high external surface for the diamond particles. Thus, the diamond surface of specimens must be pretreated as mentioned above to ensure a better bond between the diamond and the plating layer. Another problem is that the use of strong reducing agents promotes graphitization of diamond.



Magnetron sputtering (MS) is a process that involves adding a small amount of inert gas, such as argon, in a vacuum environment. In this environment, the inert gas collides with electrons and produces ionization under an electric field. Then, the resulting ionophores are accelerated by using an electric field and directed toward a metal target, which sputters out target atoms and deposits them onto the diamond surface. MS can obtain a uniform and controllable coating thickness that can effectively control the thermal resistance of the interface. J. Sang [49] prepared WC layers with a thickness of 70~400 nm on diamond substrates, and obtained a maximum thermal conductivity of 943 W/(m·K) for the copper-based diamond composite. As shown in Figure 9, the plating obtained at different sputtering times was continuous and homogeneous, which was beneficial for improving the thermal conductivity of the copper-based diamond composite [49]. J. Jia [50] deposited tungsten coatings with a thickness of 45~300 nm on the surface of diamond particles by using the MS method. They found that tungsten coatings with a thickness of above 93 nm were the most effective in improving the thermal conductivity of a copper-based diamond composite and reducing the thermal resistance at the interface between diamond and copper. However, the MS method has some limitations, for example, the equipment is expensive and the single plating volume is low, resulting in high manufacturing costs, which make this method unfavorable for industrial production.



Salt bath coating (SBC) is a process in which metal powder and diamond are heated in molten salt. Diamond reacts with the molten metal at high temperatures under vacuum or protective atmosphere conditions, resulting in the formation of a coating. This method can prepare copper-based diamond composites with good interfacial bonding and a significant increase in thermal conductivity. SBC is a highly efficient, cost-effective, and simple method, which has a wide range of applications. H. Li [48] used molten salt to form a thin coating of TiC on diamond particles, followed by chemical plating of copper. As the temperature increased, the thickness of the formed TiC coating increased, resulting in cracking and flaking at the interface. The copper coating effectively covered the TiC/diamond by using chemical plating, resulting in a final thermal conductivity of copper-based diamond composite of 495.5 W/(m·K). Q. Kang [51] used a reaction medium of WO3 in a mixed molten NaCl-KCl salt to form a WC coating on diamond surface. Copper-based diamond composites were prepared by using pressure infiltration with a vacuum, resulting in a higher thermal conductivity of 658 W/(m·K). Q. Kang [52] obtained diamond with a chromium coating from the reaction of chromium mixed in molten salt, and prepared a copper-based diamond composite with thermal conductivity of 562 W/(m·K). Although a Cr7C3 coating was applied to the diamond particles, the diamond was easily graphitized under this method and the separating process of diamond particles was complicated.



Vacuum micro-evaporation plating (VMEP) is a process that activates the atoms on the surface of the metal under vacuum conditions. The activated atoms diffuse to the diamond surface and react with the diamond partiles to form a film layer. The advantages of VMEP include simple processing conditions, high-quality film formation, and minimal damage to the diamond particles. L. Wang [32] prepared Cr-coated diamond particles by vacuum evaporation deposition in a thermal evaporation system. Copper-based diamond composites with a thermal conductivity of 810 W/(m·K) were prepared by using the pressure infiltration method. The disadvantages of VMEP are the complexity of the equipment and the high level of resources required to maintain the equipment each year, resulting in higher manufacturing costs.




5.1.2. Matrix Alloying


Doping copper matrix with alloying elements such as Ti, B, Cr, and Zr through pre-alloyed treatments can enhance the thermal conductivity of copper-based diamond composites. This treatment forms a carbide layer on the diamond surface during the manufacturing processes and improves the thermal conductivity of copper-based diamond composites. The copper matrix has a smaller wetting angle with carbides than diamond, resulting in higher density and better thermal conductivity of copper-based diamond composites. Matrix alloying methods usually include gas atomization and alloy melting.



Gas atomization is a widely used method to prepare copper alloy powders. It involves crushing a liquid metal or alloy into small droplets by using high-pressure air, which then rapidly condenses into a powder. Although gas atomization offers mature processing, low costs, and a high powder formation rate, the complex structure of nozzles demands higher process requirements.



Alloy smelting involves adding metals and alloying elements to a heating furnace, melting them, and then cooling to form an alloy matrix. This method is usually employed to prepare bulk copper alloys and is commonly used with liquid phase infiltration. However, to obtain copper-based diamond composites with high thermal conductivity, pneumatic infiltration is the only viable method. Y. Zhang [30] developed a Cu-B/diamond composite material by using a homemade pneumatic infiltration device. The diamond particles were densely packed in graphite molds, and a Cu-0.3 wt% B alloy ingot was placed on top. The ingots were heated to 1423 K and maintained for 30 min before applying a gas pressure of 1.5 MPa for penetration. As a result, the copper-based diamond composite exhibited a thermal conductivity of 913 W/(m·K). Figure 10 indicates that B element is mainly concentrated at the interface in the copper-based diamond composite obtained by this method, with only a very small amount of B element left in the copper matrix [30]. The enrichment of B element at the interface reduces the negative effect of alloying elements on the thermal conductivity of the copper matrix.



In addition to adding the elements mentioned above, we can also improve thermal conductivity by adding rare earth elements. X. Zhang [13] mixed diamond with copper powder, chromium powder, and tantalum oxide powder. Using the spark plasma sintering (SPS) technique, they obtained a diamond (60 vol%)/copper (40 vol%) composite material with a thermal conductivity of 872 W/(m·K). The results showed that a well-arranged and evenly distributed interface chromium carbide layer (thickness ranging from 5 to 20 nm) was formed in the interfacial region. This phenomenon played a critical role in increasing the active interfacial binding amount and reducing defects. The addition of Sc2O3 increased the number of heat transfer carriers at the interface, making the interface energy system more stable. The obtained diamond/copper composite showed an effectively improved wettability between diamond particles and copper. Rare earth elements are a good choice as reinforcing materials in composite materials for the following reasons: Adding an appropriate amount of rare earth elements can refine the grain size and reduce the wetting angle between reactants, and it can also change the shape and distribution of impurities. At room temperature, rare earth elemens are almost insoluble in copper and have little effect on the thermal conductivity of the copper matrix. Rare earth elements are surface-active elements that can improve the fluidity of the metal matrix by reducing the surface tension of the metal matrix. The solubility of rare earth metals in the metal matrix is relatively low, making it easy to adsorb at the phase boundary. This fills the interface defects and also enhances the interface energy between the reinforcing particles and the metal matrix [53].





5.2. Effect of Interface


The interface between diamond and copper is a crucial aspect of copper-based diamond composites. However, the natural non-wetting behavior between diamond and copper makes it challenging to achieve copper-based diamond composites with high thermal conductivity. To improve the thermal conductivity of copper-based diamond composites, reactive elements are added to the copper matrix to form carbides, which minimize the resistance of phonons passing through the carbide layer. The thermal resistance of interface is given by Equation (3). The theoretical model suggests that as the interface thickness increases, the thermal conductivity of copper-based diamond composites should decrease. However, experimental evidence has shown that this is not always the case. Z. Xie [35] synthesized copper-based diamond composites by using Cu-Cr alloys containing 0.3–1.0 wt% Cr mixed with diamond. Copper-based diamond composites with interfacial thicknesses ranging from 80 nm to 1100 nm between copper and diamond were obtained. Figure 11 shows that the interface between copper and diamond is thin and not very dense when the Cr content is 0.3 wt%, resulting in direct contact between diamond and copper, and creating a discontinuous interface. When the Cr content is 0.5 wt%, the interface thickness is 440 nm, and the interface is thin and homogeneous [35]. However, when the Cr content is too high, significant cracks appear at the interface. The reason for the cracks is that when the interface thickness is too large, cracks appear between the diamond and carbide during high-temperature cooling due to the different expansion coefficients of diamond and carbide. Therefore, to obtain copper-based diamond composites with high thermal conductivity, the interface thickness must be well controlled.



The interface between copper and diamond is also a key factor affecting the coefficient of thermal expansion. The goal of reducing the interface coefficient of thermal expansion can be achieved by enhancing the strength of the copper and diamond interface. Q. Kang [54] obtained copper-based diamond composites using pure copper-coated diamond particles (with a WC coating on the surface) through vacuum pressure infiltration. The thermal conductivity and thermal expansion behavior of the obtained copper-based diamond composites were studied. The intermediate layer played a positive role in limiting copper’s thermal expansion due to the strong bonding between the copper matrix and diamond. Generally speaking, modifying the copper/diamond interface to promote interface bonding is beneficial for reducing the coefficient of thermal expansion.



In early studies of the copper/diamond composite material interface, the research on monolayer films is quite mature. Recently, many researchers have begun to try to improve the thermal conductivity of the interface by using heat treatment or designing double carbide interfaces. Although the current stage has provided limited help in improving the thermal conductivity of copper-based diamond composite materials, it is of significant importance for subsequent research.




5.3. Effect of Temperature, Pressure and Holding Time


In order to achieve copper-based diamond composites with high thermal conductivity it is important to select a suitable process temperature, because different temperatures can result in different states for copper matrix and diamond particles. Figure 12 depicts the microstructures of the fracture surfaces of copper-based diamond composites that were sintered at various temperatures. The localized interfacial debonding was found at a low temperature of 860 °C, while the interfacial adhesion was improved significantly when the temperature increased to 920 °C. However, when the temperature increased continuously to 940 °C, the interfacial bonding deteriorated again [55]. The reason is that at low sintering temperatures, the gaps between diamond particles are not well filled and the poor fluidity of copper can result in low thermal conductivity of copper-based diamond composites. At 920 °C, the fluidity of copper improves, leading to an increase in the density and thermal conductivity of copper-based diamond composites. At high temperatures, however, the following conditions may lead to a decrease in the thermal conductivity. Firstly, the diamond surface may undergo graphitization due to high temperature. Additionally, thermal stresses on diamond particles manifest as compressive stresses during melting, and tensile stresses during curing, causing the diamond particles to detach from the copper matrix easily.



Pressure is also a crucial factor in determining the thermal conductivity of copper-based diamond composites. As the sintering pressure increases, molten copper can penetrate the interstices of diamond particles, which enhances the densities and thermal conductivity of copper-based diamond composites. However, excessive pressure can decrease the density of copper-based diamond composites. Figure 13 shows that the pores in the copper-based diamond composites obtained at 550 MPa are more evident than those obtained at 525 MPa [56]. The possible reason for this phenomenon is that high pressure can lead to gas spillage, creating cavities in the composite and reducing the densities and thermal conductivity of copper-based diamond composites.



The holding time at high temperatures is also a crucial parameter. H. Li [57] used vacuum micro-plasma deposition to deposit a titanium coating on the diamond surface, which enhanced the interfacial binding between the diamond particles and copper. In this study, the effect of holding time on the density of the composite material was investigated. The results showed that the relative density of Ti-coated diamond/copper composite material increased at the beginning, and then decreased with an increase in holding time, reaching a maximum value of 98.72% at 40 min. The reason is that atomic diffusion and migration between Ti-coated diamond and copper substrate require sufficient holding time. Excessive holding time may result in grain growth, gaps, and cracks, leading to a decrease in the density of the composite material.




5.4. Effects of Heat Treatment


Interfacial modification is usually performed by coating the diamond surface with an element or by adding an alloying element to the copper matrix. The interface modification method enables formation of a carbonized layer between the diamond particles and copper. In general, controlling the thickness of the carbonized layer and increasing the density of the carbonized layer is the key to improving the thermal conductivity of the interface. In order to obtain a better quality interface, researchers have tried to improve the thermal conductivity of the diamond by means of heat treatment. J. Sang [58] used magnetron sputtering to deposit tungsten (W) coating on the surface of diamond particles. They prepared copper-based diamond composite materials with high thermal conductivity. The W-coated diamond particles were subjected to different annealing processes before the preparation of the composites by pressure-assisted infiltration. With an increase in annealing temperature, the metal W in the coating transforms into tungsten carbide (W2C, WC). The thermal conductivity of the composites increased, and then decreased as the phase changed from metal W to tungsten carbide (W2C, WC). The thermal conductivity increased from 656 W/(m·K) to 836 W/(m·K), and finally decreased to 770 W/(m·K). When the annealing temperature reached 1100 °C, the metal W disappeared. The coating on the diamond particles consisted of WC and W2C phases. The combination of the diamond/WC and W2C/Cu structures exhibited a higher interfacial thermal conductivity. The W2C sublayer reduced the acoustic impedance mismatch between the Cu and the interfacial coating. When the annealing temperature reached 1200 °C, all the coatings on the diamond surface were transformed into WC, and the diamond was roughly graphitized, resulting, instead, in a decrease in thermal conductivity. Although heat treatment can change the interface structure between diamond and copper, not all heat treatment processes can increase the thermal conductivity of composite materials. L. Lei [59] prepared Cu-1.5 wt.% Ti/diamond (55 vol.%) composite material by hot forging. Through annealing, the thermal conductivity of the composite material was reduced. This is because annealing caused the TiC particles in the composite material to coarsen and agglomerate, as well as, it caused the interface layer of the composite material to crack and strip. In addition, it also caused a large amount of diamond to graphitize. Therefore, adopting a reasonable heat treatment process is one of the keys to improving the thermal conductivity of composite materials.





6. Forming Techniques


In the field of copper-based diamond research, interfacial modification of composite materials is one of the key components. Forming techniques are also a crucial factor for achieving copper-based diamond composites with high thermal conductivity. Currently, there are many mature forming techniques used to obtain copper-based diamond composites with high thermal conductivity. However, some common problems make them unsuitable for mass production. Researchers have been trying some new forming techniques. Although the thermal conductivity obtained through these techniques is not very high, they are still valuable for future research.



The high-temperature and high-pressure method (HTHP) involves filling uniformly mixed powder into graphite molds and sintering the copper/diamond composite materials at high temperature and high pressure. Generally speaking, when the diamond content is greater than 70 vol.%, it is not conducive to improving the thermal conductivity of the composite material. However, when using high-temperature and high-pressure sintering, copper easily fills the gaps between the diamond particles, resulting in high-density composite materials. At the same time, the high-temperature and high-pressure conditions make the preparation of copper/diamond faster. J. He [38] prepared copper-based composites using high-temperature and high-pressure methods. The composites were reinforced using about 90 volume percent diamond particles, and zirconium was added into the copper matrix. The Zr content varied between 0 and 2.0 wt%, to study the microstructure of the Cu-Zr/diamond composite material interface and thermal conductivity. The highest thermal conductivity of the composite material obtained was 677 W/(m·K). Although this is already quite a mature method, there are still many issues. The high-temperature and high-pressure conditions can lead to excessively high costs associated with preparing materials. In addition, due to the restrictions of graphite molds, the size of copper-based diamond composite materials is limited. The prepared sample is shown in Figure 14 [11].



Vacuum hot-pressing sintering (VHPS) is the process of mixing diamond and copper powder in a mold, and then preparing the composite material in a vacuum environment of a hot-pressing furnace. The vacuum hot-pressing sintering equipment consists of three parts: a vacuum system, a pressurization system, and a heating system. Figure 15 is a schematic diagram of the device [34]. Y. Pan [33] proposed a new method for preparing diamond/copper composite materials. Double-layer diamond particles were directly compressed under high pressure to prepare a preform, and then sintered in a vacuum device to densify it. The thermal conductivity of the obtained diamond (65 vol%)/Cu composite material was as high as 720 W/(m·K). H. Sun [60] used the vacuum hot-pressing sintering process to obtain dense diamond/Cu composite material blocks with different Cu volume fractions. The thermal conductivity of the obtained diamond/Cu composite material reached 638 W/(m·K), and the flexural strength reached 276 MPa. The mechanical properties and thermodynamic properties were excellent. The advantages of this method are that the heating rate is uniform and the heating rate is slow. It can effectively reduce the thermal stress generated in the sintering process of the composite material. However, at the same time, its preparation efficiency is correspondingly reduced. This method is also limited by the mold. The pressure cannot be too high, since the density of the composite material can be affected by the pressure.



The spark plasma sintering (SPS) process involves placing uniformly mixed powders into a graphite mold and sintering them under the action of pulsed current and pressure. The sintering temperature of this method is usually between 800 and 970 °C, which is lower than the melting point of copper. Moreover, this method can rapidly produce high thermal conductivity composite material. It has a fast preparation speed and high efficiency. D. Zhao [36] used a mixture of diamond particles (with Cr/Cu coating) and Cu powder to produce a diamond/Cu composite material using spark plasma sintering. The time to complete the heating process was less than half an hour, and the thermal conductivity of the final sample reached 613 W/(m·K). Y. Pan [61] used a magnetron sputtering technique to coat diamond particles with a layer of zirconium. A diamond-copper composite material was prepared using spark plasma sintering. This method required heating to 900 °C and holding for 20 min, with a heating rate of 100 °C/min. The maximum thermal conductivity (TC) obtained was 609 W/(m·K), and the corresponding coefficient of thermal expansion (CTE) was as low as 6.75 × 10−6 K−1. However, the size of the composite material was limited due to the restrictions of the graphite mold, and the applied pressure was also limited, resulting in low density of the composite material. Figure 16 shows a schematic diagram of the SPS device [62].



The molten infiltration method involves heating copper in a mixed powder to a molten state and gradually infiltrating it into the gaps of the diamond reinforcing particles. Depending on whether pressure is applied, it is divided into pressureless infiltration (PLI) and pressure infiltration (PI). Pressureless infiltration refers to molten copper permeating into the diamond reinforcing particles without the application of pressure. This method generally involves using a binder to prepare the reinforcement in a preform, heating the copper above its melting point, and then infiltrating it into the diamond reinforcing particles under the protection of a gas atmosphere. The advantage of this method is its simplicity and ease of operation. However, the use of a binder leads to a decrease in the thermal conductivity of the matrix and the resulting composite material has low density. S. Dai [63] prepared a tungsten, diamond, and copper composite material by pressureless infiltration. The composite material contained a large number of pores and defects. The effect of pressureless forming was poor, and compared to pressure infiltration, pressureless infiltration could not effectively fill the gaps between the diamond particles. Pressure infiltration involves infiltration of molten copper into diamond reinforcing particles under the action of pressure. In 2018, L. Wang [21] prepared a composite material of Cu/diamond (using Ti-coated diamond particles with coating thicknesses ranging from 65 nm to 850 nm) by using pressure infiltration. By adjusting the thickness of the interface TiC layer, the thermal conductivity of the Cu/diamond composite was improved. When the thickness of the Ti coating reached 220 nm, the maximum thermal conductivity value of the composite material was 811 W/(m·K). In 2019, L. Wang [29] prepared a Zr alloying-Cu matrix composite material reinforced with diamond particles using pressure infiltration, and the thermal conductivity of the composite material was 930 W/(m·K).



The above-mentioned methods are all mature, and the copper-based diamond composite materials produced have high thermal conductivity. However, it is difficult to produce complex-shaped composite materials using these methods. Recently, researchers have begun to study new methods to address production issues associated with copper-based diamond composite materials, such as additive manufacturing. L. Constantin [64] prepared a Cu/diamond composite with a thermal conductivity of 330 W/(m·K) using the laser-directed energy deposition method. The experimental results showed that the diamond did not graphitize, which demonstrated the feasibility of this method. The limitation of additive manufacturing is the slow production speed, high fixed price of solid materials, and limited material composition. In addition, this method is prone to defects, and the resulting thermal conductivity of the composite materials is not very high.



Typically, the methods for preparing copper-based diamond composite materials are time-consuming or energy-consuming. Hot forging is a feasible and economically effective method for preparing copper-based diamond composite materials, which has potential as a preparation method. The produced process has high mechanical and thermophysical properties, which has attracted the attention of many researchers in recent years. S. Q. Jia [65] successfully prepared Cu-Cr/55 vol% diamond composite by using hot forging powder preforms. As the Cr content increased from 1 wt% to 3 wt%, the relative density of the prepared composite increased. The thermal conductivity also increased accordingly. When the Cr content was 3 wt%, the thermal conductivity reached 487 W/(m·K). L. Lei [66] prepared Cu/55 vol% diamond (Ti) composite via hot forging. The thermal conductivity, CTE, and bending strength of the composite were 550 W/(m·K) (99% of the theoretical value), 7 × 10−6/K, and 418 MPa, respectively. However, this method also has some issues. Copper-bassed diamond composite materials introduce significant internal stresses during hot forging, mainly limited between the interface and the copper matrix. The relatively fast cooling rate from forging temperature to room temperature can lead to interface detachment [67]. Suitable temperature and methods need to be found to control interface detachment between the interface and the matrix.



In addition to the methods mentioned above, many shaping methods have been used by researchers in recent years, such as the liquid–solid separation technique [68,69], friction stir processing [70], and ultrasonic consolidation [71]. Although the composite materials obtained through these methods are not the most outstanding, these attempts are of significant importance for future copper/diamond research.




7. Conclusions and Outlook


Due to the increasing integration of electronic devices, there is a growing demand for packaging materials with high thermal conductivity. However, conventional packaging materials fail to meet this high thermal conductivity requirement. To address this requirement, a copper-based diamond composite is proposed, where diamond particles (with a thermal conductivity of 2000 W/(m·K)) are compounded with copper matrix (with a thermal conductivity of 398 W/(m·K)). By enhancing the interface between copper and diamond particles, the thermal conductivity of copper-based diamond composites can be increased to over 900 W/(m·K). The exceptional thermal conductivity of copper-based diamond composites makes them ideal materials for use in military, aviation, and aerospace applications. Nevertheless, for mass production of copper-based diamond composites, there is a need to discover the suitable process parameters and preparation methods that can achieve high thermal conductivity while minimizing manufacturing costs. Ongoing studies on copper-based diamond composites have mainly focused on improving the interfaces of copper matrix and diamond particles, and optimizing the manufacturing processes with lower costs. Based on the conclusions of recent reviews [72,73] and our own perspective, the following recommendations can be made:



	(1)

	
There is a need to improve the existing models and to improve the preparation process of Cu/diamond composite materials. Based on our findings, there is still a significant gap between the theoretical models and the actual data. One method is to consider more factors to make the theoretical thermal conductivity closer to the actual thermal conductivity; however, this method would make the predictive model more complicated. Researchers can further improve the preparation process of Cu/diamond composite materials so that the thermal conductivity of the prepared materials is closer to the theoretical value. This would make the theoretical model more practical in guiding actual production.




	(2)

	
Studies on forming techniques that focus on reducing power consumption, improving efficiency, and increasing thermal conductivity lay a foundation for better practical applications in production. The existing shaping methods are not very efficient. High-power equipment is required to achieve ultra-high thermal conductivity. In recent years, although shaping methods have been working on solving power consumption and efficiency issues, the obtained composite materials do not have outstanding thermal conductivity. To make copper-based diamond composite materials more widely used in daily life, we need to pay more attention to the development of new forming techniques.




	(3)

	
Future studies on the copper-based diamond composites should focus on both the thermal and the mechanical properties. The existing studies have focused primarily on how to improve thermal conductivity, and many composite materials with high thermal conductivity have been developed. However, there are still many issues to be addressed before high thermal conductivity composite materials can be applied. We need to consider whether the strength of the composite material is sufficient. Similarly, we need to consider the processability of the composite material. Only when high thermal conductivity and high mechanical performance are simultaneously achieved, can copper-based diamond composite materials be more effectively applied in the field of electronic packaging.
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Figure 1. Comparison of thermal conductivity calculated by different models with experimental data: (a) Volume fraction of diamond; (b) diamond particle size; (c) interface thickness. The experimental data in Fig. 1a are from Ref. [19]; the experimental data in Fig. 1b are from Ref. [20]; the experimental data in Fig. 1c are from Ref. [21]. 
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Figure 2. Thermal circuit of the carbide interface in the copper-based diamond composites. Copyright 2015, with permission from Elsevier [22]. 
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Figure 3. Thermal conductivity of copper-based diamond composites with different diamond size combinations. The composite densities are normalized to that of single crystal diamond. 1—100% nanodiamonds; 2—50% 10~14 μm diamonds and 50% nanodiamonds; 3—85% 10~14 μm diamonds and 15% nanodiamonds; 4—100% 5~7 μm diamonds; 5—99.5% 10~14 μm diamonds and 0.5% fullerenes combined with data on 99% 10~14 μm diamonds and 1% nanodiamonds; 6—100% 10~14 μm diamonds. Copyright 2007, with permission from Elsevier [26]. 
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Figure 4. Thermal conductivities of copper-based diamond composites with different sizes of diamond particles. Copyright 2019, with permission from Elsevier [28]. 
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Figure 5. Microstructures of copper-based diamond composites by alloying B element in copper matrix: (a) The backscattered electron image; the extracted diamond particles with particle sizes of (b) 66 μm and (c) 701 μm; (d) the copper/diamond interface image. Copyright 2021, with permission from Elsevier [20]. 
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Figure 6. Comparison of thermal conductivity values from recent studies in the literatures [21,29,30,31,32,33,34,35,36]. 
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Figure 7. Microstructures of copper-based diamond composites with different diamond volume fractions sintered at 750 °C: (a) 70%; (b) 60%; (c) 50%. Copyright 2014, with permission from Elsevier [37]. 
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Figure 8. Microstructures of the plated copper on diamond surfaces: (a,b) Copper on raw diamond surface; (c,d) copper on tungsten-coated diamond surface. Copyright 2018, with permission from Elsevier [33]. 
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Figure 9. Cross-section microstructures of the WC layers with different thicknesses on diamond plates: (a) 70 nm; (b) 117 nm; (c) 179 nm; (d) 231 nm; (e) 320 nm; (f) 400 nm. Copyright 2022, with permission from Elsevier [49]. 
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Figure 10. Interfacial microstructures of Cu-B/diamond composite with different infiltration contact times of: (a) 5 min; (b) 30 min; (c) 90 min. (d) Enlarged microstructure and mapping images in the square in (c). Copyright 2023, with permission from Elsevier [30]. 
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Figure 11. The interface microstructures and corresponding line scanning of copper-based diamond composites with different Cr contents: (a) 0.3 wt% Cr; (b) 0.5 wt% Cr; (c) 0.7 wt% Cr; (d) 1.0 wt% Cr. Copyright 2021, with permission from Elsevier [35]. 
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Figure 12. Fracture surfaces of Cu/diamond composites sintered at: (a) 860 °C; (b) 920 °C; (c) 940 °C. Cu-Cr/diamond composites sintered at: (d) 860 °C; (e) 920 °C; (f) 940 °C. Copyright 2010, with permission from Elsevier [55]. 
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Figure 13. Microstructures of copper-based diamond composites compacted at: (a,b) 550 MPa; (c,d) 525 MPa. Inserting image in (a) shows the blisters on the surface and inserting image in (c) shows no blistering on the surface. Copyright 2014, with permission from Elsevier [56]. 
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Figure 14. HPHT devices and composites produced with them: (a,b) toroid-type; (c,d) anvils-with-depression type apparatus. Copyright 2008, with permission from Elsevier [11]. 
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Figure 15. Schematic diagram of vacuum hot pressing sintering. Copyright 2018, with permission from Elsevier [34]. 






Figure 15. Schematic diagram of vacuum hot pressing sintering. Copyright 2018, with permission from Elsevier [34].



[image: Crystals 13 00906 g015]







[image: Crystals 13 00906 g016 550] 





Figure 16. A schematic view of the SPS apparatus. Copyright 2017, with permission from Elsevier [62]. 
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