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Abstract

:

Tungsten carbide-cobalt (WC-Co) alloys have various mechanical properties according to their Co content and manufacturing method. High-strength materials such as WC-Co alloys are usually manufactured using various sintering methods. In this study, WC-Co was compared according to the Co content and manufacturing method using the sinter-hot isostatic pressing process. Furthermore, an additional test was performed to investigate the effect of post-hot isostatic pressing (HIP) treatment on the mechanical properties. To compare tensile strength, threaded end and shoulder end specimens are generally applied in axial tensile testing with hard metals. However, it is extremely difficult to shape WC-Co by machining. A tensile testing jig for a shoulder end specimen is, therefore, proposed. Tensile tests were conducted using the proposed jig, and microstructure, hardness, and impact tests were carried out to compare the mechanical properties. The microstructure evolution was obtained by decreasing the Co content and applying the HIP treatment, resulting in changes in Young’s modulus and strength. The results indicated that the proposed jig of the axial tensile test could be applied to the extremely hard WC-Co, and the mechanical properties of WC-Co could be modified by the Co content and HIP treatment control.
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1. Introduction


Cemented carbide is a sintered alloy using a metal carbide and an iron group metal such as Co, Ni, Fe, etc., as a binder. Various cemented carbides can be developed by adjusting the content of cobalt or adding additives [1,2,3]. Tungsten carbide-cobalt (WC-Co), a cemented carbide, is mainly used as cold-forging die material. WC-Co is usually manufactured by sintering process at high temperatures and is combined with tungsten carbide and cobalt. Many studies have been conducted on the properties of WC-Co, and it has been shown that the properties change depending on the manufacturing method, particle size, microstructure, and composition. Liu et al. [4] described the changes in the microstructure and mechanical properties of WC-Co manufactured by spark plasma sintering with 4 wt.% Co to 14 wt.% Co. It was found that as the Co content increased, the density, fracture toughness, and flexural strength increased, but the hardness decreased, which was inversely proportional. Among these wt.% of Co, the wt.%Co with the most appropriate strength and hardness, was proposed, and WC-Co with a superior hardness, fracture toughness, and flexural strength compared to conventional cemented carbide was produced. He et al. [5] manufactured a 3 wt.% Co to 13 wt.% Co WC-Co by a coating method, wrapping cobalt on the surface of WC particles. Based on the experimental results, the relationship among the WC particle size, fracture toughness, and transverse rupture strength was determined according to the Co content.



In sintering, pressure is applied to a fine powder in a vacuum furnace to shape it as desired. Subsequently, the particles are attached to each other at high temperatures below the melting point of the powder [6,7]. This process is mainly used when manufacturing high-strength products that are difficult to manufacture. Complex-shaped products can be produced close to the final shape, and material loss can be reduced. However, when sintering is performed, anisotropy and defects may occur depending on the pressing direction. A post-hot isostatic pressing (HIP) process is sometimes additionally performed after sintering to relieve anisotropy and remove defects [8,9]. HIP is performed at high temperatures and isostatic pressures in a furnace. Many researchers have used this sintering and subsequent HIP to manufacture products [10,11]. However, this method has disadvantages with respect to process time, costs, and an increased number of processes. Hence, sinter-HIP (SHIP), which is a new sintering method, combines sintering and HIP into a single process [12,13,14]. SHIP is performed at high temperatures and low pressures, and the products have few pores, a high density, and superior quality. For example, Ustundag et al. [12] were able to fabricate an alloy with few or no pores and the desired density by applying the new SHIP method. Via a combination of two processes into one, SHIP can save time and costs.



Cold forging, which is a forging method below the recrystallization temperature, has a high material recovery rate, dimensional accuracy, and results in an excellent surface quality. Automobile parts have mainly been manufactured by the cold-forging process. However, there is a concern about the die life of cold forging owing to the high load of the process. It is known that the die life of cold forging is generally reduced by wear, plastic deformation, and fatigue strength. In the case of hot forging with a heating process, fracture of the die is caused by abrasion and plastic deformation. In the case of cold forging, fracture is usually caused by fatigue and tensile strength [15,16,17,18]. Therefore, it is important to determine the tensile strength to predict the fracture of the die.



For the prediction of cold-forging die fracture and the evaluation of fatigue, uniaxial tensile test results are required. Fracture of cold-forging die is frequently caused by repeated concentrations of the maximum principal stress. However, WC-Co is a high-strength brittle material, and it is difficult to obtain properties using general tensile tests. The properties of the alloys are commonly obtained by reviewing the literature on WC-Co, and the values of hardness, fracture toughness, flexural strength, and transverse rupture strength are compared. From this result, an equation is used to obtain the tensile strength [19,20]. Alternatively, 3- and 4-point bending tests are derived by viewing or converting tables [21,22]. This method is inconvenient because it requires obtaining test equipment or executing an incomplete calculation equation to obtain a high tensile strength. Therefore, in this study, a uniaxial tensile test jig for high-strength specimens is proposed. In the case of a high-hardness material, a tensile test is sometimes performed with the specimen tread end or shoulder end [23]. However, in the case of WC-Co, it is difficult to make a tread because it is difficult to process the specimen, and the respective shape has a high probability of fracture owing to the notch in the screw valley. In the case of the shoulder end specimen, the damage to the grip section or the gripping device is predicted. However, this value is difficult to measure using a general tensile test method. Kwon et al. [24] proposed a jig to prevent such damage and obtain tensile strength. In the case of the proposed jig for the high-hardness tensile test, a jig machined with a T-shaped insert part and a shoulder end specimen was designed and tested. By increasing the diameter of the end section of the specimen, the contact area with the jig was widened, and it was manufactured to allow symmetrical deformation. A high-strength tensile test was conducted. As a result, a specimen and a jig for the high-strength test were successfully designed without damage to the end section and jig. However, in this study, it was not possible to increase the size of the end section diameter, as in Kwon et al.’s studies. It was difficult to produce large-volume specimens because of the high expense and low quantity. Therefore, it is necessary to design a specimen with a minimum volume that does not exceed the range of the tensile test standard. In addition, the specimen is sensitive to alignment errors owing to the characteristics of the uniaxial tensile test.



In this study, WC-Co was produced by SHIP to compare WC-Co according to the Co content. A HIP-treated specimen after SHIP was also manufactured and compared with the SHIP process alone with respect to mechanical properties. A uniaxial tensile test method was proposed to compare the tensile strength of the developed high-strength material. A jig and specimen were designed that did not exceed the range of the tensile test standard. After ensuring validity through a finite element analysis (FEA) simulation, the jig and specimen were manufactured. Tensile tests were then conducted with the proposed jig and specimen to compare the mechanical properties of WC-Co-produced SHIP and HIP after SHIP according to the Co content. The fracture surface of the tensile and impact specimens and the microstructure evolution were observed using scanning electron microscopy (SEM). In addition, hardness and impact tests were conducted to compare the mechanical properties of the developed materials. In the case of the hardness test, it was compared with other conventionally prepared WC-Co. After applying the obtained results to an arbitrary cold-forging process, a die stress analysis was conducted, and the changes for each material were observed.




2. Materials and Methods


2.1. Design of the High-Strength Tensile Jig


The specimen was designed with a minimal volume, and, then, the tensile jig was designed based on the ASTM standard [23]. The gauge length of the specimen was set to 20 mm. To use a gauge length of 20 mm, it was designed as shown in Figure 1. Isostatic pressure was applied to the specimen during the sintering process. The specimen was to be made in a dumbbell shape, i.e., as close as possible to the final shape. Subsequently, the specimen was manufactured into the final shape by machining.



In general, it is important to fix the x-, y-, and z-axes so that the specimen can receive force along the uniaxial axis during a tensile test. First, the jig was designed using the conventional method, as shown in Figure 2a. This jig had symmetrical deformation, increased the contact area, and minimized size alignment errors.



The proposed jig was designed in a shape surrounding the specimen, as shown in Figure 2b, to further increase the contact area. The proposed jig consists of a body part, a pin for specimen position alignment, and a cap for spring breakaway prevention. The body part was designed in the shape of the body divided in half to facilitate the combination of the specimen, jig, and test equipment. The dowel pin and bolting were designed for accurate coupling and fastening of the separated jig. In addition, the internal space was designed in the body for the movement of the pin for specimen position alignment. A tolerance was given for the exact position between the pin for the specimen position alignment and the body part. The pin for the specimen position alignment was placed on both sides of the specimen to receive uniaxial force. To naturally align the position of the specimen, a spring for pressing the specimen was added. The cap for spring breakaway prevention was designed to press the specimen with constant pressure and to combine the jig. A detailed and combined design with the existing adapter is shown in Figure 3.




2.2. Experiment and Materials


The chemical composition of WC-Co is shown in Table 1. WC-Co cemented carbides with various Co contents were compared. Although the grain sizes of the three specimens were different, we only focused on the Co content, regardless of the grain size. The Co content was 6 wt.% Co, 10 wt.% Co, and 21.5 wt.% Co. The process conditions for SHIP and HIP are shown in Table 2. The specimens of 6 wt.% Co and 10 wt.% Co were produced at 1410 °C and 6 MPa in the SHIP process and 1310 °C and 98 MPa in the HIP process. The specimen with 21.5 wt.% Co was produced at 1420 °C and 0.9 MPa in the SHIP process and 1310 °C and 98 MPa in the HIP process.



To compare the mechanical properties of WC-Co according to the Co content and processing method, a tensile test was conducted using the proposed jig. The tensile tests were conducted using a universal testing machine (INSTRON, 5988, Norwood, MA, USA), and the preload and test speeds were 5 MPa and 0.01 mm/s, respectively. Three tests were performed to obtain accurate data. To analyze the fracture surface and microstructure evolution of the specimen, field emission scanning electron microscopy (FE-SEM, JEOL, JSM-7900F, Tokyo, Japan) was used. The FE-SEM parameters were as follows: a working distance of 15 mm, an accelerated voltage of 15 kV, a probe current of 10 nA, and a magnification of ×4000. Additionally, to compare the hardness and impact load of the specimen, a hardness tester (Zwick/Roell, ZHU250, Ulm, Germany) and an impact testing machine (INSTRON, MPX-700, Norwood, MA, USA) were used. The impact test was conducted at room temperature, and an instrumentation system was applied [25].




2.3. Finite Element Analysis (FEA)


Deform-3D, a commercial FEA program, was used for the tensile analysis and verification of the proposed jig. The specimen and die properties were WC-15 wt.% Co and AISI D2, which were the basic properties of Deform-3D. As the analysis conditions, the tensile speed was set to 0.01 mm/s, and the shear friction between the specimen and the die was set to the default value of 0.12. Additionally, the results obtained through the tensile test were applied to the die stress analysis, and the results were compared. The applied process is an arbitrary process, as shown in Figure 4. An arbitrary process simulates cold forging with backward extrusion. This process was used to compare the die stress analysis results by applying the material properties with the effect of SHIP and HIP according to the Co content.





3. Results and Discussion


The analysis was carried out under the same conditions with two types of jigs. As a result of the analysis of the previous method, fracture in the gage length section was predicted, and fracture in the neck of the grip section was also predicted, as shown in Figure 5a. It seemed that the stress was concentrated because the contact area between the grip section and the specimen was insufficient. Figure 5b shows the result of the die stress analysis, where the maximum stress was 772 MPa. There was no fracture in the jig, but fatigue fracture may have appeared from repeated use. These results indicate that the probability of fracture decreased due to the dispersion of the stress and the increase in the contact area between the specimen and the jig. The die stress analysis results show a low maximum stress of 167 MPa, as shown in Figure 6b. It was expected that no fractures would appear in the jig. From this result, the proposed jig did not show breakage or fatigue fracture with 0.21 times the stress of the conventional method.



As shown in Figure 7, the proposed jig was manufactured based on the designed dimensions and attached to a universal testing machine. The tensile test confirmed that fracture occurred only in the gage length section, and no fracture occurred in the grip section and jig, as shown in Figure 8. The results obtained from the experiments are shown in Figure 9. In the case of SHIP, the higher the Co content, the lower the tensile strength and Young’s modulus and the higher the strain rate. However, different aspects were revealed depending on the results of HIP after SHIP. Regardless of the Co content, the tensile strength increased in the order 10 wt.% Co, 6 wt.% Co, and 21.5 wt.% Co, and the elongation increased in the order 21.5 wt.% Co, 10 wt.% Co, and 6 wt.% Co. In the case of 10 wt.% Co, the HIP after SHIP process showed improved properties in terms of tensile strength and elongation. WC-Co is very brittle, and necking did not appear in repeated experiments. In the case of 6 wt.% Co, the maximum tensile strength was expected based on the slope value of the elastic section, but elongation was too short to result in a higher value owing to the characteristics of the brittle materials. Therefore, the tensile strength of 10 wt.% Co was higher than that of 6 wt.% Co, which had a relatively high elongation. The detailed results in Table 3 show that HIP after SHIP improves Young’s modulus. The results of the tensile test confirmed that various results were related to the Co content and HIP treatment.



The results of the hardness and impact tests had an inverse relationship, as shown in Figure 10. The hardness test results were similar to the tensile test results, and there was a proportional relationship with Young’s modulus. When compared with the hardness value of conventionally prepared WC-Co, it was confirmed that the hardness value was high in the case of 6 wt.% Co and 10 wt.% Co [5,26]. The 21.5 wt.% Co appears to have a low value due to the difference in Co content, but exhibits almost similar hardness values. In the impact test, the higher the Co content, the higher is the impact energy. The energy of the 6 wt.% Co and 21.5 wt.% Co was increased by HIP after SHIP, but that of the 10 wt.% Co was decreased. From these results, it is clear that when the Co content is high, the hardness decreases and the impact energy increases. HIP after SHIP improved the mechanical properties, but there was no significant change.



Figure 11 shows the fracture surfaces of each tensile specimen. All specimens showed typical brittle fractures, such as river patterns. As the Co content increased, Co was attached to the surface of the WC, and the edges of WC were smooth. This is because of the growth of grains and coalescence [3]. Compared to the SHIP specimens, the HIP-treated specimens had coarse grains, and Co was stuck to the surface of the WC. From this phenomenon, the strength was higher in the impact test results.



Figure 12 shows the fracture surface of each impact test specimen. All specimens exhibited typical brittle fractures. The SHIP and HIP-treated specimens showed similar results to the tensile fracture surfaces. The 6 wt.% Co showed intergranular fracture as a whole, and there was no difference between the beginning and the end of the fracture. For the 10 wt.% Co, a slight transgranular cleavage fracture in the surface appeared, while most of the intergranular fracture was observed in the overall specimen. The impact energy of HIP after SHIP decreased in the impact tests due to the pores appearing in area A in the surface (Figure 12). There was no difference between the beginning and the end. In the 21.5 wt.% Co, a cleavage fracture surface was mainly visible, and there were many transgranular fractures. Furthermore, secondary cracking was clearly observed in the circled part. Usually, an intergranular fracture breaks through the grain boundary, so that it absorbs less energy than a transgranular fracture under yield stress [27,28]. In the impact test results, it was judged that the high impact energy of 21.5 wt.% Co caused a substantial transgranular fracture.



Figure 13 shows the microstructure of the polished WC-Co cemented carbide with the distribution of WC grains. The WC grains appeared to be homogeneously distributed. The higher the Co content, the coarser the WC of the grains and gaps. In general, the hardness increased as the grains became finer. However, in the case of coarse grains, the crack required more energy to bypass or pass through [29]. Therefore, the formation of small cracks that may exist at the WC-Co interface could be effectively prevented. From these results, it can be concluded that the higher the Co content, the higher the elongation and impact energy.



As a result of applying the die stress analysis based on the results obtained from the tensile test, the stress values applied to the die were all the same, so there was a difference in the displacement value of the die according to the stress. The smaller the displacement value, the less the deformation of the die; therefore, this method is considered to be the most suitable for a cold-forging die. Figure 14 shows the results of the die stress analysis and compares Young’s modulus and displacement. As a result of the analysis, the specimen with a lower Co content and HIP exhibited a low deformation. In the case of 6 wt.% Co, the displacement of the punch and die was reduced from 0.143 mm and 0.047 mm to 0.142 mm and 0.048 mm, respectively, by the HIP treatment. The 10 wt.% Co showed little change: the displacement of the punch and die were changed from 0.16 mm and 0.055 mm to 0.16 mm and 0.052 mm, respectively, by the HIP treatment. Both 6 wt.% Co and 10 wt.% Co had no significant change regardless of HIP. In the case of 21.5 wt.% Co, the displacement of the punch and die was reduced from 0.202 mm and 0.067 mm to 0.176 mm and 0.058 mm, respectively, by the HIP treatment. It was confirmed that the displacement increased when Young’s modulus was lowered, and the displacement was decreased by the HIP treatment. It seems that the density and bonding strength increased owing to the HIP treatment. From this result, 6 wt.% Co might be the most suitable material for a cold-forging die, regardless of HIP treatment. The life of the cold die might vary depending on the stress ring and the design method. For improving the quality and expendability, further studies may use other parameters, such as pressure variations, with diffusion bonding during sintering [30].




4. Conclusions


In this study, a jig was proposed to obtain the tensile strength of WC-Co, a high-hardness material, and the results of the Co content, SHIP, and HIP treatment were compared and analyzed. The results of this study are as follows:



	
A jig for high-strength materials was proposed. The jig can be easily attached and detached to a universal testing machine that is widely used and does not exceed the standard range. Through the FEA results, the validity of the proposed jig could be obtained, and a jig with a stress 0.21 times lower than that in a previous study could be designed;



	
As a result of the tensile test with the proposed jig and specimen, the lower the Co content, the higher the modulus and tensile strength and the lower the elongation. It was confirmed that Young’s modulus was improved by HIP treatment. Similar to the tensile test results, the additional hardness test results showed an increasing tensile strength in the order 6 wt.% Co, 10 wt.% Co, and 21.5 wt.% Co. However, as a result of the impact test, 21.5 wt.% Co, which had a low tensile strength but a high strain, had the highest impact energy, and 6 wt.% Co and 10 wt.% Co showed similar results;



	
As a result of the microstructure, brittle fracture appeared in all specimens, and the grains were homogeneously distributed. As the Co content increased, Co was attached to the surface of WC, and the WC grains and gaps became coarse and wide;



	
Die stress analysis was performed using 6 wt.% Co, which had the highest tensile strength, and the results showed a low displacement, regardless of HIP treatment, which might be suitable for this process.







5. Patents


The application number is 10-2019-0161505 in Korea.
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Figure 1. Dimensions of specimen for high-strength tensile tests. 
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Figure 2. Schematic of a jig for high-strength tensile tests: (a) conventional jig and (b) proposed jig. 
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Figure 3. Dimensions of the proposed jig for high-strength tensile tests combined with the existing adapter of the equipment. 
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Figure 4. (a) Schematic of die and punch, and (b) arbitrary process for die stress analysis. 
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Figure 5. Result of jig analysis of conventional method: (a) effective stress of specimen and (b) maximum principal stress of die. 
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Figure 6. Result of the jig analysis of the proposed method: (a) effective stress of specimen and (b) maximum principal stress of die. 
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Figure 7. Manufactured jig and experimental setup for high-strength tensile tests. 
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Figure 8. View of the tensile specimen using the proposed jig. 
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Figure 9. Comparison of the tensile test result of WC-Co according to the Co content and HIP treatment. 
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Figure 10. (a) Shape of the impact test specimen and (b) result of Rockwell hardness test and impact test. 
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Figure 11. Comparison of SEM micrograph maps of WC-Co according to the Co content and HIP treatment. 
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Figure 12. Comparison of SEM micrograph maps of impact specimens. 
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Figure 13. Comparison of SEM micrograph maps of WC-Co according to the Co content and HIP treatment. 
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Figure 14. (a) Results of die stress analysis distribution and (b) comparison of young’s modulus and displacement according to Co content and Hip treatment. 
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Table 1. Chemical composition of WC-Co according to the Co content.
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Chemical Composition (wt.%)




	
Co

	
W

	
C

	
Fe

	
Ta

	
Nb






	
6

	
86.83

	
5.81

	
0.00

	
0.70

	
0.66




	
10

	
84.48

	
5.52

	
0.00

	
0.00

	
0.00




	
21.5

	
72.75

	
4.75

	
1.00

	
0.00

	
0.00
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Table 2. Process conditions of SHIP and HIP.
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wt.% Co

	
Powder Size (μm)

	
SHIP

	
HIP




	
Maximum Temperature (°C)

	
Maximum Pressure (MPa)

	
Maximum Temperature (°C)

	
Maximum Pressure (MPa)






	
6

	
0.6–0.9

	
1410

	
6

	
1310

	
98




	
10

	
1.4–2.0

	
1410

	
6

	
1310

	
98




	
21.5

	
5.0–7.9

	
1420

	
0.9

	
1310

	
98
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Table 3. Material properties of WC-Co according to the Co content.
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Process

	
wt.% Co

	
Young’s Modulus (GPa)

	
Ultimate Tensile Strength (MPa)






	
SHIP

	
6

	
615

	
2102




	
10

	
532

	
2243




	
21.5

	
434

	
1680




	
SHIP + HIP

	
6

	
618

	
1952




	
10

	
553

	
2335




	
21.5

	
497

	
1456
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