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Abstract

:

Composite powder particles (CPP) preset on base metals were fused with a solid wire to form a melt by the intense heat provided by the arc. An X-ray diffractometer, scanning electron microscopy, and energy dispersive spectrometer were employed to investigate the effects of travel speed on the microstructure and abrasion resistance. It was found that the microstructure of hardfacing alloys with CPP consists of γ-Fe, M7C3, and (Ti, V) C. With an increase in the travel speed from 3.5 to 6 mm/s, the microstructure with CPP changed from a hypoeutectic to hypereutectic structure. For hardfacing alloys with CPP, the increase in the travel speed not only contributed to a reduction of the dilution ratio of base metals, but also deliberately increased the volume fraction of primary M7C3-type carbides, which indicated that the bonding function executed on powder components led to a significant improvement in abrasion resistance and increased the utilization ratio of the alloying elements. The wear mechanism of hardfacing alloys included micro-cutting of abrasive particles and micro-spalling.
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1. Introduction


Hardfacing is widely used in advanced machinery to improve the surface properties such as abrasive wear resistance and corrosion resistance by depositing high alloying metal layers on base metals. It reduces the wearing amount deliberately even at harsh abrasive attacking conditions, thereby extending their service life [1,2,3]. The conventional hardfacing methods include shielded metal arc welding, submerged arc welding, self-shielded open arc welding, gas-shielded arc welding, etc. Coated electrode, solid wire, and flux-cored wire can be used as welding consumables [4] for the manufacture of hardfacing alloys. However, solid wire is seldom chosen as filler metal due to the insufficient amount of alloying elements, except for machine parts that require less alloying elements. Compared to solid wire, coated electrode and flux-cored wire are preferably used as welding consumables, and their coating or flux-core is generally made up of different powdered components [5], such as ferroalloy, graphite, etc. The identical characteristics of coated electrode and flux-cored wire include a structure that contains low carbon plastic steel such as H08A and an alloying powder layer, which determine the chemical composition and properties of hardfacing alloys, but their distributing location is the exact opposite. Currently, flux-cored wire welding is the most common method due to its highly efficient persistent processing. The coated electrode is preferably applied to the parts in which flux-cored wire cannot be employed, although its deposition efficiency appears uneconomic for heavy hardfacing work [6]. However, the processing technology of flux-cored wire, which includes U-type groove rolling, filling of powder into the U-type groove, being shut into the O-type lapped coarse wire, and drawing the coarse wire into fine ones, is still complex, time-consuming, and expensive for application in small-scale industries. Thus, powder materials are employed as a more convenient way to produce hardfacing alloys. For example, a laser was used by Dilawary and Sha [7,8] as a heat source for powder hardfacing alloys, but this method is rarely applied due to its high cost, which is unacceptable for small and mini enterprises. Fortunately, the results of Zahiri and Srikarun [4,9] showed that hardfacing coating can be prepared by submerged arc welding of ferroalloy powder mixture preset on weld beads. The amount of powder input and welding variables have significant effects on their microstructure. However, it is noticed that their powder components are too special to be universally applied for the manufacture of the different kinds of hardfacing alloys needed by enterprises. Moreover, for every powder particle, its size and weight must satisfy the stabilization requirements under the arc blowing forces. In addition, in most cases, the carbon content of hardfacing alloys deposited with powder mixture is usually insufficient for the precipitation of primary carbides such as M7C3 (1300–1800 HV) and M23C6 (1140 HV). Hence, carbon-containing components such as graphite chips are essentially added into the coating of the electrode or the core of the wire [10]. Since it is very light, the graphite chips may blow away and cause negative impacts on the self-shielded open-arc welding process, which has no external shielding provided by the granular fluxes. Furthermore, the dilution ratio of base metals is the key factor that influences the chemical composition of hardfacing alloys as well as their microstructure and properties [11]. In general, high chromium alloys are the most common and popular wear-resistant hardfacing metals [12,13,14,15,16] used due to their cost efficiency and reliability. In this paper, a new type of welding consumable termed as composite powder particles are prepared via a series of special processes and used as filler metals. High chromium hardfacing alloys are deposited on the base metals by self-shielded open arc welding, with the composite powder particles preset on the weld beads and solid wire. The effects of travel speed on their microstructure and properties are investigated in detail.




2. Experiments


2.1. The Preparation of Composite Powder Particles


Composite powder particles (CPP) were prepared from a mixture of powdered components, such as high-carbon ferrochromium (FeCr70C8.0), ferrovanadium (FeV50A), ferrotitanium (FeTi30A), graphite chip, superfine aluminum dust, iron dust, etc. The processing course is shown in Figure 1.



Firstly, the powdered components were put in a container and stirred for at least half an hour. Next, 15–25 mL of sodium silicate binder with a Baume degree of 40 and modulus of 3.3 was added to 100 g of the mixture. The mixture was agitated for 20 min and wet evenly. Later, the container was rotated to pelletize the mixture into composite powder particles and dried at room temperature for an hour. The container was kept in the stove at 300–400 °C for 3 h. Subsequently, the sintered composite powder particles were screened through sieves of 10 mesh and 30 mesh, respectively. Finally, composite powder particles of sizes 0.5–1.5 mm were acquired. To study the effects of composite powder particles, the powder mixture (PM) containing the same powdered components without the binder as CPP was selected as the reference sample.




2.2. Welding Procedure


The prepared composite powder particles of constant mass were preset on weld beads along the welding direction. The schematic image is shown in Figure 2. An H08A solid wire with a diameter of 2.5 mm was chosen to be the arc carrier, and its chemical composition is shown in Table 1. The welding was performed on a ZD5-1000E direct current welding machine (Tangshan Kaiyuan Special Welding Equipment Co. Ltd, Tangshan, China) with the polarity designated as direct current electrode positive (DCEP) (reverse polarity). High chromium hardfacing alloys were deposited on base plates of dimensions 200 mm × 47 mm × 10 mm using self-shielded open arc welding. The welding parameters are shown in Table 2, and the travel speed of each sample is given in Table 3.



During the welding processes, molten drops of H08A solid wire and melts of composite powder particles were fused into a molten pool due to the intense heat applied by the arc. The pool solidified directly in the atmosphere and high chromium alloys were deposited on the base metals. To reduce the effect of dilution of base metals, high chromium hardfacing alloys with double layers were prepared. In contrast to the samples with CPP, hardfacing alloys deposited with the powder mixture having the same components as CPP, except for the sodium silicate binder, were also prepared in the same manner and used as a reference.



This research aimed to investigate the effects of travel speed on the microstructure and abrasion resistance of hardfacing alloys. The variation of the chemical composition of hardfacing alloys is given in Table 4. After welding, all the samples were cooled at room temperature and cut appropriately for the analysis of microstructure, bulk or microhardness, and abrasion resistance.




2.3. Microstructure of Hardfacing Alloys


Metallographic specimens of dimensions 12 mm × 10 mm × 25 mm were cut from the middle part of the welding beads using wire electrical discharge machining. The phase compositions of these specimens that were not etched after polishing were analyzed using a D/MAX2550VB X-ray diffractometer (XRD) (Rigaku inc., Tokyo, Japan) Next, the samples were etched with a 4% nital solution for 60 s. The microstructure of the hardfacing alloys was examined using an Axiovert40 MAT optical microscope (OM) (Carl Zeiss Co., Ltd., Jena, Germany), JSM-6360LV scanning electron microscope (SEM) (Japan Electronics Co. Ltd., Tokyo, Japan), and attached Oxford 7854 energy dispersive spectrometer (EDS) (Oxford instruments Ltd., Oxford, UK). The bulk hardness measurements were performed using the Rockwell hardness tester (Laizhou Huayin Testing Instrument Co., Ltd., Laizhou, China) (150 kg). Micro-hardness tests were conducted using a HMV-2 micro-hardness machine (Shanghai Tuming Optical Instrument Co., Ltd., Shanghai, China).



The dilution of base metals on hardfacing alloys was characterized by measuring the area of the vertical cross-section. The area of deposited metal (A) and that of the melted base metal (B), as shown in Figure 3, were measured, and the average area calculated from five samples was taken as the final value.


The dilution ratio, η = Area B/(Area A + Area B)



(1)








2.4. Abrasive Wear Test


Abrasive wear tests were performed on an MLS-225 wet sand rubber wheel testing machine (Chengxin Instrument Manufacture Co., Ltd., Zhangjiakou, China). The wear testing specimens of dimensions 57 mm × 25.5 mm × 6 mm were cut from the middle part of the welding beads. A mixture of water and quartz grain sand of the size 250–425 µm were taken as abrasive materials. The testing parameters were as follows: wheel diameter 178 mm, load 24.5 N, and wheel rotation speed 245 r/min. The initial weight, M0, and final weight, M1, were weighed, and the difference (M0–M1) between them was calculated to be the weight loss of the wear specimen (∆M). It was measured using an electronic precision balance.



Finally, the worn morphology of the hardfacing alloys was observed using a SEM to investigate their wear mechanism.





3. Results and Discussion


3.1. The Dilution Ratio of Base Metals


The welding metals were made of deposited metals and melted base metals of low carbon steel, as shown in Figure 2 and Figure 3. It can be concluded that the amount of melted base metals has a marked effect on the chemical composition of the welding metals due to the significant difference between them, especially for hardfacing alloys with a large amount of alloying elements. Hence, the high dilution ratio induced by the base metals can change the microstructure of the hardfacing alloy from hypereutectic to hypoeutectic and results in a huge difference between the values of abrasion resistance, which reduces the quality of the welding metals. The dilution level and resultant weld metal composition will depend on the volumetric filler metal and net arc [17]. However, a reduction in the dilution ratio of base metals remains a challenge for hardfacing alloys.



For some hardfacing samples with PM, porosity appears easily but to a small extent on the weld beads. During the open arc self-shielded welding process, the arc blow forced the light components such as graphite chips to be blown away from the arc column. This results in an insufficient formation of self-shielded gases and high oxide levels, causing porosity and cracks. The CPP were in complete contrast to PM as they showed no porosity on weld beads and different welding properties. The appearance of these weld beads was similar to those of self-shielded flux-cored wire. The binding function of sodium silicate on graphite and other powdered components drastically reduces the blow-off loss of light components such as graphite chips. It is concluded that the metallurgical reactions of the powdered components are complete, generating sufficient amounts of shielded gases that reduce the loss of alloying elements by oxidation, as can be seen from the composition shown in Table 4.



Figure 4 indicates that the dilution ratio of the hardfacing alloy with PM is much higher than that with CPP welding at the same travel speed. With an increase in the travel speed, the dilution ratio gets reduced gradually, lowering the melting mass of the base metals, despite some fluctuations at 4.0 mm/s. Although the total weight of the presetting powder is the same, the weight of the individual powdered particles is entirely different, and the arc blow easily repels the lighter particle from the arc column. The arc directly attacks the base metals, which leads to an increase in the melt. In contrast, the CPP contain a small amount of sodium silicate, which preferentially emitted electrons. This induces the arc to attack the CPP directly, thus reducing the dilution ratio of the base metal. Therefore, compared to PM, CPP with a binding agent are preferentially heated into a melt by the arc.



As shown in Figure 4, when the travel speed was 5.5 mm/s, the dilution ratio of the base metal for hardfacing alloys with CPP was 9.4%, but for those with PM it was 22.2%, which was more than twice the ratio of the CPP. The results in Table 4 and Figure 4 indicate that the composite powder particles have a positive effect on the dilution ratio in comparison with the powder mixture. This leads to an increase in the travel speed, which decreases heat input on the base metal as well as the composite powder particles. The melts show the characteristics of the component with higher chemical composition, leading to better precipitation of primary carbides from them.




3.2. The Microstructure of Hardfacing Alloys


The X-ray diffraction patterns of hardfacing alloys with CPP and PM are shown in Figure 5a,b, respectively. It is seen from Figure 5a that the microstructure of hardfacing alloys with CPP consists of γ-Fe, M7C3, and (Ti, V) C. At a travel speed of 3.5 mm/s, the matrix consists of γ-Fe, and the diffraction peak intensity of the M7C3 phase shows that their volume fraction is not high. With the travel speed increasing from 4.5 to 6.0 mm/s, the intensity of the diffraction peak indicates that the volume fraction of the M7C3 phase increases, but that of γ-Fe decreases. It is obviously seen that the travel speed has a huge impact on the characteristic phases of hardfacing alloys with composite powder particles.



The X-ray diffraction patterns of hardfacing alloys with PM in Figure 5b shows that the diffraction peak intensity of γ-Fe is quite high at different travel speeds, which means that the volume fraction only varies slightly. The volume fraction of M7C3 increases initially and then decreases with the enhancement of travel speed. This shows that the travel speed has minor impacts on the microstructure of hardfacing alloys with powder mixture.



The microstructures of hardfacing alloys with CPP welding at different weld speeds are given in Figure 6a–f. It is observed that the matrix in the cellar shape is austenite, and the grey phases of discontinuous net-like shape are inter-granular carbides, based on the XRD results shown in Figure 5a. With the increase in the travel speed from 3.5 to 6.0 mm/s, the cellar austenite gets refined due to the reduction of heat input on the weld metals. The volume fraction of the inter-granular carbides rises initially and then drops, with the microstructure changing from the hypoeutectic to the hypereutectic form.



As shown in Figure 6d,e, the primary carbides in a hexagonal shape with micro-hardness of 1170 HV can be deemed as M7C3 phases based on the XRD patterns shown in Figure 5a. According to the Fe-C-Cr ternary phase diagram, the solidification phase transformation procedure can be described as follows: L → L + M7C3 (primary) → γ + M7C3 (primary) → γ + M7C3 (primary) + α-Fe + M7C3 (secondary). As the morphology of carbides depends on the cooling rate and composition [18], the increase in the travel speed also changes the morphology by reducing the heat input on the weld metals. In general, the grains of weld metals can be refined as the solidification speed of the puddles is high. However, the grains of the primary M7C3 phase of hardfacing alloys with CPP are not refined according to the general law. They become larger, as shown in Figure 6d–f. This clearly indicates that the component supply is sufficient enough to meet the requirements of grain growth under faster solidification conditions. This contributes to the decrease in the dilution ratio of base metals and higher concentration of alloying welding melts, which subsequently leads to the rapid growth of primary M7C3 phases in open arc welding conditions with reduced migration and diffusion of alloying atoms.



The grains of hardfacing alloys with PM are refined with the increase in travel speed due to the reduced heat input on weld metals, as can be seen in Figure 6g–k. In addition, an irregular variation of inter-granular carbides is observed. The initial increase in the volume fraction of inter-granular carbides is caused by the carbon atoms accommodated in austenite that gets reduced with the decrease in the volume fraction of austenite at high carbon levels. Subsequently, the variation in the volume fraction of inter-granular carbide is attributed to the combined action of grain refinement and varied austenite content, as a result of the considerable decrease in the transferred alloy with increasing travel speed, which also affects the carbon content, as observed in Table 4.



The EDS results of the hardfacing alloys with CPP, as shown in Figure 7a, and with PM, as shown in Figure 7b, at 5.0 mm/s are tabulated in Table 5. The hardfacing alloys with CPP had alloying elements such as Cr and V in the regions under investigation. Although the carbon content varied sharply in Regions a1 and a4, the alloys of Cr and V showed only a slight variation. Among the Regions a1, a2, a3, and a4, the element Ti was detected only in Region a2, while Cr and V were remarkably seen in Regions a1, a2, and a3. The (Ti,V)C phases were precipitated in these regions. The phases in Regions a1 and a3 are confirmed to be the primary M7C3 and secondary M7C3, respectively. Moreover, the phase present in Region a4 is considered to be the ferrite matrix, based on the results shown in Table 5 and Figure 5a. Furthermore, this indicates that the alloying element is not only dissolved in ferrite or austenite matrices, but also appears in carbides such as M7C3, where M represents Fe, Cr, and V.



For the hardfacing alloys with PM shown in Figure 7b, the concentrations of Cr and V in Region b2 are much higher than in Regions b1 and b3. The matrix in Region b1 can be deemed as austenite, the grey phase in Region b3 is ferrite, and the phases in Region b2 are identified as inter-granular M7C3 based on the results of XRD patterns shown in Figure 5b.



From the carbide morphology shown in Figure 6a–l, and the results shown in Table 4, it is observed that the CPP bonded with sodium silicate have a higher transitional alloying element coefficient under self-shielded open arc welding condition compared to PM, although the mass preset on the weld beads is the same. This increases the utilization ratio of alloying elements and reduces the consumption of hardfacing alloys.




3.3. Abrasion Resistance of Hardfacing Alloys


The micro-hardness curves of hardfacing alloys along vertical profiles are shown in Figure 8. It is seen that the micro-hardness of hardfacing alloys with CPP is much higher than those with PM, with its average value being more than 1.5 times the value of the other. The highest hardness value is 1061 HV, which is almost equal to that of the primary hard phases that appeared in the high chromium alloys.



Although the constituents in CPP and PM are the same, except for the bonding agent, their micro-hardness values show remarkable variance, which indicates that their properties are entirely different. Generally, CPP bonded with sodium silicate significantly improve the abrasion resistance of hardfacing alloys.



From the results shown in Figure 8, it is obvious that the micro-hardness curve of hardfacing alloy layers with PM shows nearly the same variation, which indicates that the travel speed has less impact on the microstructure. For hardfacing alloy layers with CPP, the micro-hardness curve shows higher fluctuation, especially over 800 HV, which indicates the appearance of primary M7C3 phases and reduced effects of the dilution ratio induced by base metals. It is observed that the uniformity of micro-hardness at every hardfacing layer is affected, although the variation is lowered with the elevation of travel speed.



The bulk hardness and mass loss upon wearing of hardfacing alloys are shown in Figure 9. The hardfacing alloys with CPP exhibit excellent abrasion resistance, which is correlated to the high value of bulk hardness. The bulk hardness was initially low due to the high dilution ratio of base metals and was enhanced subsequently with the continuous decrease in the dilution ratio and precipitation of primary M7C3 phases, which played a major role in improving the abrasion resistance of hardfacing alloys [19,20]. When their bulk hardness rose to 58.1 HRC, the wear mass loss was reduced to 0.019 g, which is lower than the high chromium alloys deposited by self-shielded open arc welding [21]. This clearly indicates that the abrasion resistance of hardfacing alloys with composite powder particles is comparable to the resistance offered by flux-cored wire open arc welding, although the processing technology of the latter is more straightforward, faster, and economical.



The bulk hardness of hardfacing alloys with PM is below 46 HRC, which is lower, and the wear mass loss is much higher and nearly triple, compared to that of CPP. It is seen that the bonding shown by the powder components leads to a significant improvement in the abrasion resistance.



The scratches and pits on the surface of the weld metals in the hardfacing alloys containing CPP indicate that their wear mechanisms involve the micro-cutting of abrasive particles and micro-spalling, respectively [22,23], as can be clearly seen from Figure 10a–c. With the increase in the travel speed, the scratches become discontinuous, pits appear due to the high volume fraction of primary M7C3 phases, and the eutectic carbides are not strong enough to resist the attack of rigid abrasive particles, as observed in Figure 10c. The wear mass loss produced by micro-spalling is larger and appears in the area of the eutectic, as seen from the results in Figure 6e, which is in contrast with Figure 10c.



Scratches are observed on the surface of powder mixture hardfacing alloys, as shown in Figure 10d–f. There are no pits, and the scratches are parallel to each other with no interruption. This explicitly indicates that the intra-granular carbides do not have much involvement in the improvement of abrasion resistance because the hardness of quartz grain was much higher than the samples with soft cellular austenite as the primary phase, as the latter is easily penetrable by abrasive particles [24,25], and their wear mechanism involves the micro-cutting of these particles.



In general, the wear resistance is determined by the size, shape, distribution, matrix microstructure, and chemical composition of the carbides, as well as the wear test conditions [26]. Those with hard primary phases show better abrasion resistance [27,28]. The experimental results for hardfacing alloys with composite powder particles indicate that the increase in travel speed not only contributes to the decrease in the dilution ratio of base metals on hardfacing alloys but also improves the volume fraction of primary M7C3-type carbides [29,30], which is advantageous for the improvement of abrasive resistance.





4. Conclusions


In this study, the composite powder particles preset on base metals were fused with a solid wire by the intense heat provided by the arc to form a melt. An X-ray diffractometer, scanning electron microscopy, and energy dispersive spectrometer were employed to investigate the effects of travel speed on the microstructure and abrasion resistance. It was found that the microstructure of the hardfacing alloys with composite powder particles or powder mixture consists of γ-Fe, M7C3, and (Ti, V) C. With an increase in the travel speed, the microstructure with composite powder particles changes from the hypoeutectic to the hypereutectic form, but the one with the powder mixture remains hypoeutectic throughout. For hardfacing alloys with composite powder particles, the increasing travel speed not only contributes to the reduction of the dilution ratio of the base metals on these alloys but also deliberately improves the volume fraction of primary M7C3-type carbides, which is advantageous for the improvement of abrasive resistance. The corresponding study also indicated that the bonding function executed by the powder components led to a significant increase in the abrasion resistance and improved the utilization ratio of the alloying elements. Further studies suggested the primary wear mechanisms of micro-cutting and micro-spalling.
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Figure 1. The processing course of composite powder particles. 
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Figure 2. Schematic image of open arc welding with composite powder particles. 
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Figure 3. Schematic image of hardfacing alloy layers. 
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Figure 4. The dilution ratio of base metals on hardfacing alloys with composite powder particles (CPP) and powder mixture (PM). 
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Figure 5. XRD patterns of hardfacing alloys (a) with CPP; (b) with PM. 
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Figure 6. Microstructure of hardfacing alloys (a–f) with CPP; (g–l) with PM; (a,g) 3.5 mm/s; (b,h) 4.0 mm/s; (c,i) 4.5 mm/s; (d,j) 5.0 mm/s; (e,k) 5.5 mm/s; (f,l) 6.0 mm/s. 
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Figure 7. SEM carbide image of hardfacing alloys at welding speed 5.0 mm/s (a) with CPP; (b) with PM. 
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Figure 8. Micro-hardness curves of hardfacing alloys along vertical profile. 
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Figure 9. Bulk hardness and wear mass loss of hardfacing alloys. 
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Figure 10. Worn morphology of hardfacing alloys (a–c) with composite powder particles; (d–f) with powder mixture; (a,d) 3.5 mm/s; (b,e) 4.5 mm/s; (c,f) 5.5 mm/s. 
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Table 1. Chemical composition of solid wire H08A (wt%).
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	Materials
	C
	Si
	Mn
	S
	P
	Fe





	H08A
	0.10
	0.12
	0.22
	≤0.02
	≤0.02
	Balance
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Table 2. Welding parameters of hardfacing alloys.
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	Parameters
	Current(A)
	Voltage(V)
	Wire Extension(mm)
	Wire Feed Rate (mm/s)





	
	410
	27
	30
	45
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Table 3. Travel speed of hardfacing samples.
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Samples

	
Composite Powder Particles

	
Powder Mixture






	
Travel speed (mm/s)

	
1 #

	
2 #

	
3 #

	
4 #

	
5 #

	
6 #

	
1 #

	
2 #

	
3 #

	
4 #

	
5 #

	
6 #




	
3.5

	
4.0

	
4.5

	
5.0

	
5.5

	
6.0

	
3.5

	
4.0

	
4.5

	
5.0

	
5.5

	
6.0
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Table 4. Chemical compositions of hardfacing alloys (wt%).
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	Alloys
	C
	Cr
	Ti
	V
	Fe





	Composite powder particles
	2.3–2.9
	9.0–13.9
	0.1–0.3
	1.4–1.9
	Balance



	Powder mixture
	1.4–2.7
	2.7–9.1
	0–0.1
	0.3–1.4
	Balance
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Table 5. Micro-area chemical composition in high chromium hardfacing alloys (atom fraction, %).
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Point

	
Atom Fraction (%)

	
abs. Error (%) [1 Sigma]




	
a1

	
a2

	
a3

	
a4

	
b1

	
b2

	
b3






	
C

	
32.93

	
34.12

	
33.68

	
17.13

	
13.29

	
40.69

	
17.82

	
19.71




	
Ti

	
--

	
1.19

	
--

	
--

	
--

	
--

	
--

	
0.17




	
V

	
3.70

	
2.25

	
3.59

	
3.30

	
0.42

	
4.02

	
0.68

	
0.92




	
Cr

	
33.48

	
21.06

	
29.83

	
31.33

	
6.46

	
21.96

	
7.70

	
0.22
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