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Abstract
Cryogenic treatment is a widely accepted method for extending the tool life of tool steels. This study focuses on investigating the tribological properties of PM Cr-V cold work tool steel subjected to conventional and cryogenic treatments. The aim of the study is to compare the reciprocal sliding wear performance of Cr-V cold work tool steel under different treatment conditions. The Cr-V tool steel specimens were cryotreated at temperatures of −75 °C, −140 °C, or −196 °C, followed by double tempering at 170 °C or 530 °C for 2 hours. Cryotreated specimens exhibited a 10 % increase in hardness compared to conventionally treated specimens after tempering at 170 °C. However, specimens cryotreated and tempered at 530 °C showed a 7 % drop in hardness. Reciprocating sliding wear tests were conducted at room temperature using an Al2O3 ball as the counter-body to simulate abrasive wear. The results indicate that the friction coefficient is primarily influenced by the applied load and sliding velocity rather than the material treatment. Cryogenic treatment at 170 °C improved the wear performance by approximately 24 % compared to conventionally treated specimens, while cryotreated specimens tempered at 530 °C did not exhibit any improvement in wear performance compared to conventionally treated specimens.   	
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1. Introduction
Cold work tool steels play a crucial role in the manufacturing industry, particularly in fine blanking, stamping, and punching applications. These applications subject the steels to harsh operating conditions, including high loads, contact stresses, contact temperatures, and severe wear. The failure mode and mechanism depend on factors such as tool design, manufacturing method, working conditions, and the tool material [1]. Cr-V ledeburitic tool steels are well-suited for cold forming operations that require excellent wear resistance. Ledeburitic steels are high-carbon high-alloyed steels. These steels are characterized by the appearance of ledeburite in their as-solidified microstructures [2]. Enhancing tool life is a critical parameter in sustainable manufacturing, which emphasizes non-polluting, energy-conserving, and environmentally friendly production methods that are economically viable and safe for employees. 
Cryogenic treatment (CT) is a technique aimed at improving the properties of tool steels, including hot-work [3-10], high-speed [11-18], cold-work [19-27], and others [28, 29]. CT is a supplementary heat treatment process performed between quenching and tempering. This treatment, carried out at temperatures below zero degrees, modifies the microstructure of the targeted material. These microstructural changes can significantly influence the tool life and productivity of cryogenically treated cold work tool steels. The benefits of CT on tool steels are well-documented in the literature. Researchers have observed significant improvements in hardness, wear resistance, and tool life in cryogenically treated cold work tool steels. These improvements have led to important advancements in tool wear, tool life, and the recovery of cutting conditions in machining applications [30]. The progress achieved through CT is mainly attributed to the more efficient reduction of retained austenite compared to conventional heat treatment (CHT). Additionally, CT results in a more refined microstructure with a homogeneous distribution of carbides and the precipitation of nano-sized carbides [3, 5, 10, 11, 13, 17, 20, 21].
Das et al. established a correlation between microstructural parameters, mechanical properties, and wear performance of AISI D2 steel. Their findings indicated that CT reduces the amount of retained austenite, increases the amount and population density of “secondary” carbides, and consequently improves hardness and wear resistance [31]. In a study conducted by Kara et al. [32], CT caused a decrease in the amount of retained austenite in the microstructure of Sleipner cold-work tool steel. The study also found that CT increased the hardness of the material and resulted in a more homogeneous structure with an increase in the population of small secondary carbides. Furthermore, the martensite formed during CT differs from that formed during CHT. For instance, in a study on Vanadis 6 steel by Durica et al., the martensite after CT exhibited a high dislocation density within the martensitic domains, and the martensitic laths showed internal twinning with twin widths not exceeding 10 nm [33]. The improvements achieved through CT have not only resulted in higher hardness and wear resistance but have also led to improvements in other properties such as fatigue resistance, dimensional stability, ductility, toughness, strength, and corrosion resistance [12, 34, 35, 36].
In forming applications, abrasive or mixed abrasive/adhesive wear are common types of failures. Understanding the wear performance of different tool steels is crucial in addressing these challenges. Therefore, many researchers have studied the wear performance of different tool steels. For instance, Mohan Lal et al. [37] investigated the wear performance of AISI M2 and D3 tool steels. Their study focused on the wear resistance when tested in a pin-on-disk configuration against a grinding wheel. They reported a significant improvement in wear resistance, with AISI M2 exhibiting a 135 % improvement and D3 tool steel showing an even greater improvement of 174 % [37]. In another study, Molinari [18] examined the wear performance of AISI M2 steel in a pin-on-disk configuration using hardened 100Cr6 steel as a counterpart. The results showed a notable improvement of approximately 68 % in wear resistance for AISI M2 steel. Furthermore, da Silva reported no significant changes in wear resistance of AISI M2 steel when tested against alumina abrasive paper [38].
The majority of experimental studies were focused on the effect of CTs on the wear resistance of AISI D2 steel. For instance, Das et al. [39] found that there is a critical duration of CT that achieves the best wear resistance, and they determined that the best wear resistance is obtained for specimens deep cryogenically processed at -196 °C for 36 hours. In another study by Das et al. [40] it was observed that CT improves the wear resistance of AISI D2 steel, with the degree of improvement varying in the following order: cold treatment at -75 °C, shallow cryogenic treatment at -125 °C (for 5 min. only both), and deep cryogenic treatment at -196 °C (DCT). For instance, the estimated improvement in wear resistance for DCT varies between 158 % and 63 % in comparison to cold treatment and between 138 % and 51 % in comparison to shallow cryogenic treatment. These reported improvements in wear resistance decreased with increasing severity of wear test conditions [40].
Additionally, a study conducted by Kara et al. [32] investigated the effect of CT on the wear behavior of Sleipner cold work tool steel. They conducted dry sliding wear tests and found that DCT for 36 hours resulted in lower wear rates compared to the other treatments. These findings highlight the potential of CT as a viable method for enhancing the wear resistance of cold work tool steel. In another study by the same researchers, the focus was on the effects of DCT-36 and DCTT-36 on the machinability of AISI D2 cold work tool steel. Three groups of test samples were employed: CHT, DCT-36, and deep cryogenic treatment with tempering (DCTT-36). The study revealed that DCT improves the workability of the materials and enhances wear resistance by an average of 121 % and 145 %, respectively [41].
Furthermore, Silvio José Gobbi et al. [42] studied the effects of ultra-low temperature processes, in other words, DCT, on the microscale abrasion resistance of tool steel AISI D2 using silicon dioxide particles. They found that DCT specimens demonstrated increased wear resistance due to the transformation of retained austenite and the increase in the amount of precipitated carbides. In another study, the influence of DCT at -185 °C for 24 hours on the dry sliding wear performance of AISI H21 tool steel was examined by Dileep Korade et al. [35]. They reported a reduction in wear rate of DCT specimens by about 24 % compared to CHT.
In particular, with respect to PM tool steels, various tribological performances have been reported in the literature when tested against hard alumina counterparts. For example, when S390 PM high-speed steel (after 24-h cryogenic treatment at -196 °C) was tested against an alumina counterpart using 10 mm balls in reciprocal sliding, only a 10 % improvement in abrasive wear performance was reported [16]. Similarly, when different cold work tool steels designated as A1, A2, and B1 were tested against a WC counterpart using 32 mm balls, a 15 % improvement in wear resistance was observed in reciprocal sliding [34]. Furthermore, Yarasu et al. found no substantial changes in wear resistance against an alumina counterpart when Vanadis 6 steel was treated at -90 or -196 °C for durations of 4 or 10 hours, followed by tempering at 530 °C [43]. In another study by the same researchers, the mixed wear characteristics of Vanadis 6 steel were studied at different CT temperatures (-75, -140, or -196 °C) after tempering treatments at 170 and 530 °C, by using a 100Cr6 steel counterpart. They found that CT at -140 °C, in combination with tempering treatment at 170 °C, provided the optimum conditions to achieve the best adhesive/abrasive wear performance [19]. The previous statement highlights the need for a more systematic investigation into the effect of CTs and tempering treatments on tribological performance. The statement also acknowledges that the reported changes in wear performance are influenced by incomparable process and tribological test conditions. Furthermore, it mentions that the use of CT generally improves wear performance, but the extent of improvement depends on various factors such as experimental alloy composition, CT temperature, tempering temperature, and tribological test conditions.
However, it is important to note that the majority of previous research has primarily focused on examining cast and wrought AISI D2 steel and high-speed steels. Moreover, despite the great number of scientific articles published on this topic, there were inconsistencies in the cryogenic treatment parameters used. This concerned mainly the use of cryogenic temperatures and durations; while the temperature of -196 °C was used in combination with a variety of durations, up to 132 h, for AISI D2 grade, only a 5-minute duration was used to treat the same steel at either -75 or -125 °C, e.g. [31, 39, 40]. Moreover, the tempering regime was kept constant; the investigators tempered their specimens at 210 °C for 2 hours in all of their trials. In other works, e.g. [16, 32, 34, 42], the cryogenic treatments and tempering regimes were kept less or more constant, and the effect of only one particular CT regime on wear behaviour has been studied. The only more comprehensive study on the adhesive and abrasive behaviour of cryogenically treated Vanadis 6 steel was conducted by the authors of the present paper but using a 100Cr6 ball bearing steel as a counterpart. These authors have used three CT temperatures (-75, -140, or -196 °C) combined with two tempering regimes (170 or 530 °C). On the other hand, no such study exists on the pure abrasive wear performance of the same or similar steel grade to date. Therefore, the objective of the present study is to fill this research gap by examining the impact of different CTs and tempering treatments on the tribological behavior of Cr-V ledeburitic PM tool steel. Our focus is specifically on evaluating the abrasive wear resistance under reciprocal dry sliding conditions, which may provide a more practical and relevant perspective for tool steel applications.  
2. experimental procedure
2.1. Material
The cold work tool steel examined in this study was a commercially available PM Cr-V tool steel commonly used in blanking and die applications within the forming industry. The steel belongs to the class of high-carbon high-chromium ledeburitic cold work tool steels. Although ledeburitic steels are often characterized by higher chromium content, the specific composition of the steel used in our research, with its elevated vanadium content, still falls within the class of ledeburitic steel. The composition of the steel, expressed in weight percentages (wt.%), is presented in Table 1.
Table 1. Chemical composition of the tested sample in weight %.
	Sample
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni
	Co
	V
	W
	Fe

	Vanadis 6
	1.98
	1.05
	0.42
	0.02
	0.01
	6.82
	1.47
	0.14
	0.03
	5.02
	0.05
	83.2


2.2. Heat treatment
Square-shaped specimens measuring 25 mm × 25 mm × 12 mm were initially ground to a roughness of 0.05 μm. They were then vacuum austenitized at 1050 °C for 30 minutes. Subsequently, they were quenched to room temperature using nitrogen gas at a pressure of 5 bar. Vacuum-hardened samples were then double tempered at 170 °C (CHT170) or 530 °C (CHT530), each for two hours, followed by air cooling. In the CT process, the samples were quenched to room temperature and then cooled using cold nitrogen gas to predetermined cryogenic temperatures, specifically -75 °C, -140 °C, or -196 °C. It is important to note that the temperatures of -75 °C or -140 °C were achieved solely through the use of cold nitrogen gas, whereas the temperature of -196 °C was maintained by introducing liquid nitrogen into the cryogenic chamber. The specimens were held at these temperatures for 17 hours and then re-heated to room temperature. Following CT, double tempering was carried out at either 170 °C or 530 °C, each for 2 hours. The specimens treated in this manner were labeled as CT75170, CT140170, CT196170, CT75530, CT140530, and CT196530, respectively. Both the cooling and heating rates were set at 1 °C/min. Figure 1 depicts the schematic representation of the heat treatment cycles utilized in this study.
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Figure 1. Schematic representation of heat treatment cycles.
The austenitizing process parameters [44] and cryogenic process parameters [33, 45, 46] were selected based on the optimal behavior observed in recent studies that extensively investigated the behavior of materials during CTs. These studies specifically examined the effect of varying holding times on the transformation and mechanical characteristics of Vanadis 6 tool steel. In these investigations, it was observed that shorter holding times did not achieve the desired transformation and mechanical properties, while excessively long durations resulted in diminishing returns or potential adverse effects. Based on the collective findings of these studies, a 17-hour holding time emerged as a critical duration for our material composition to ensure optimal results and the desired mechanical characteristics.
2.3. Hardness
The hardness of the specimens, which were subjected to various heat treatments, was measured using a Vickers hardness tester with a 10 kg load (HV10), in accordance with the ASTM E384 standard. The bulk hardness of the specimens was determined using a Rockwell hardness tester under a 150 kg load, following the ISO 6508-1 standard procedure. At least three measurements were performed for each test specimen, and the average value was reported.
2.4. Wear testing
To evaluate wear resistance, the heat-treated samples were initially mirror polished using diamond suspension media of varying sizes (9, 6, and 3 µm; Ra = 0.01 µm). This step was taken to minimize the influence of surface roughness. Subsequently, the samples were subjected to reciprocating sliding wear tests under atmospheric dry sliding conditions, utilizing the ball-on-flat contact configuration, following the ASTM-G133 standard test method. The experimental setup used in reciprocal sliding wear tests is summarized in Figure 2.
[image: A collage of several machines

Description automatically generated]
Figure 2. Experimental setup used in reciprocal sliding tests.
All tests were performed at room temperature with a relative humidity of 50-55 %. 20 mm diameter Al2O3 balls were used as oscillating counter-bodies to simulate abrasive wear. Al2O3 was chosen as the counter-body due to its overall hardness being much higher than that of the investigated cold work tool steel. The abrasive wear itself should mainly concentrate on the tested cold work tool steel. The applied load of 30 N for low load and 100 N for high load was selected to ensure that the Hertz initial contact pressure does not exceed 1600 MPa. All the test parameters for reciprocating sliding wear tests, performed in four configurations (low load-low sliding speed, low load-high sliding speed, high load-low sliding speed, high load-high sliding speed) with a total sliding distance of 200 m, are presented in Table 2. At least 3 parallel tests were conducted for all combinations, and average values were reported. The wear volume of the specimens was measured using an Alicona Infinite Focus G4 3D microscope. This high-resolution 3D optical device is based on a variation of focus intended for topography and form measurements. The wear resistance was plotted in terms of wear volume. The wear volume of the ceramic counter ball was not calculated since the wear on the harder alumina counter-body was negligible.
Table 2. Reciprocating sliding test configurations.
	Condition
	Value

	Load [N]
	30, 100

	Hertz contact pressure [MPa]
	1055, 1576

	Sliding speed [m/s]
	0.04, 0.2

	Stoke length [mm]
	2

	Frequency [Hz]
	10, 50

	Test time [s]
	1000, 5000

	Sliding distance [m]
	200


2.5. Microstructure
The samples for microstructural examination were prepared following established procedures. Polished specimens were etched using Villela-Bain reagent (1 g picric acid, 5 mL hydrochloric acid, 100 mL ethanol) for 30 seconds. Microstructural features were investigated using a JSM-7500F field emission scanning electron microscope equipped with an energy dispersive X-ray detector. An accelerating voltage of 15 kV was used, and the micrographs were captured in the secondary electron (SE) and backscattered imaging mode (BSE). The determination of population densities followed a well-established methodology based on scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) analysis. A minimum of thirty SEM micrographs were randomly selected from the samples at a standard magnification of 3000x to ensure statistical reliability in the investigations. Manual counting was performed on the acquired micrographs to determine the population densities of different carbides. The particles belonging to each carbide type were identified and counted. This approach facilitated the calculation of the mean population density per square millimeter for each carbide type. A more detailed description of how the carbides were differentiated is in [33].
Furthermore, XRD analysis was performed on solid samples of CHT and CT specimens after tempering at various temperatures, using the PANalytical Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Malvern, UK). The measurements were conducted in Bragg-Brentano geometry, with a Theta-2Theta angle range of 30° to 130° 2Theta. However, for better interpretation of the diffraction peaks, a Thera-2 Theta angle range of 40° to 125° was presented in the data. The XRD source was set to 40 kV and 40 mA. The phase quality was analyzed using the PANalytical Xpert High Score program (HighScore Plus version 3.0.5) with the ICSD FIZ Karlsruhe database. Quantitative results were obtained from XRD patterns using the Rietveld refinement-based program MAUD version 2.84 [47]. Since there is a high probability that some characteristic peaks of carbide may overlap with those of either martensite or austenite, a Rietveld refinement of the obtained XRD spectra has been adopted to distinguish between these peaks.
3. results and discussion
3.1. Microstructure
Figure 3 shows the BSE microstructures of CHT and CT specimens after tempering at 170 °C, along with the corresponding EDS maps for carbides. Since the qualitative features of the microstructure are the same for any given treatment, only the microstructures after tempering at 170 °C are presented. The BSE images as well as the EDS mapping provide clear differentiation between smaller eutectic (vanadium-rich) and coarser secondary (chromium-rich) carbides in the examined steel.
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Figure 3. Electron image and corresponding EDS maps: a. CHT170, b), Chromium carbides (SCs), c) Vanadium carbides (ECs), d) CT140170, e) SCs, and f) ECs.
In addition, Figure 4 displays the SE microstructures of CHT and CT specimens after tempering at 170 °C and 530 °C. Both treatments exhibit a typical martensitic microstructure with various types of carbides. The microstructure consists of martensite, a certain amount of retained austenite, and carbides of different types. These carbides, which are uniformly distributed throughout the matrix, include vanadium-rich eutectic carbides (ECs, MC-type), chromium-rich secondary carbides (SCs, M7C3), and alloyed cementite small globular carbides (SGCs, M3C).
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Figure 4. SEM micrographs of CHT and CT specimens: a) CHT170, b) CHT530, c) CT75170, d) CT75530, e) CT140170, f) CT140530, g) CT196170, h) CT196530 showing different carbides.
The X-ray diffraction profiles of CHT and CT specimens are shown in Figure 5. The characteristic peaks of martensite, retained austenite, and two major carbides are visible in the profiles. In the case of retained austenite, the intensity of the diffraction peak for CT specimens shows a significant reduction, suggesting a considerable reduction of the retained austenite phase. The estimation of the retained austenite amount showed 19.8 vol.% of this phase in CHT steel, while for CT specimens, it reduced to 4.8, 3.6, and 2.8 vol.%, respectively, for CT75170, CT140170, and CT196170. 
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Figure 5. X-ray diffraction profiles of the samples after CHT and CT treatments after tempering at different temperatures: a) 40-125 2Theta degree, b) 40-55 2Theta degree.
Generally, the finding of a more complete martensitic transformation is in excellent agreement with recently published results obtained for different Cr and Cr-V ledeburitic steels [20, 33, 36, 45, 46]. For instance, Das et al. studied the effect of different CTs on the retained austenite amount in AISI D2 steel. They reported that the retained austenite amount in the CT (-75 °C) specimen is 4.6 vol.% compared to 9.8 vol.% in the CHT specimen, and other CTs at -125 or -196 °C almost completely eliminate the retained austenite reduction [48, 49]. 
On the other hand, among the CTs studied, the CT196170 specimens show the least amount of retained austenite. The temperature effect on the reduction of retained austenite is merely attributed to the difference between the characteristic martensite finish temperature and the CT temperature, which serves as the main driving force for the retained austenite to martensite transformation. For Cr-V ledeburitic tool steel, the martensite finish temperature was estimated to be -69 °C [33]. Consequently, treatment at -196 °C should result in less retained austenite than other cryogenic temperatures. In contrast, tempering at 530 °C almost eliminates the amount of retained austenite in both CHT and CT specimens (see Figure 5). The main contributor to this phenomenon is the decomposition of retained austenite, and at high tempering temperatures, the decomposition is much faster, while the stress relief induced by tempering favors the complete decomposition of retained austenite after tempering at 530 °C [46]. 
Another significant difference between CHT and CT specimens is the amount of small globular carbides (SGCs). It can be understood that the applied heat treatment schedules have no effect on the population densities of eutectic carbides or secondary carbides since the hardening parameters are the same for all the specimens [20, 33, 36, 45, 46]. However, the population density of small globular carbides differs for each treatment schedule used. The population densities of small globular carbides derived with reference to different heat treatment schedules are shown in Figure 6.
When compared to other treatments, CT140T170-treated specimens resulted in the highest population density of small globular carbides (SGCs) in both tempered conditions. The observed increase in the density of small carbides can be attributed to the reduction of retained austenite and the concurrent development of compressive stresses within the retained austenite phase [33]. However, from the graph, it can also be noticed that the population densities of small globular carbides decrease with an increase in tempering temperature (530 °C). The possible explanation for this phenomenon is the partial stress relief that occurs during high-temperature tempering treatment. As a consequence, the number and population density of SGCs decrease with an increase in tempering temperature. The detailed explanatory features of the microstructure and carbides in relation to different process conditions will not be covered here because they are already available in several other recently published publications [20, 33, 36, 45, 46].
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Figure 6. Population densities of small globular carbides for different treatment specimens [20, 33, 36, 45, 46].
3.2. Hardness
Figure 7 shows the mean Vickers (HV 10) and Rockwell (HRC) hardness values of CHT and CT specimens. The maximum standard deviation of 5.8 HV was found in the Vickers hardness measurements, and a standard deviation of 0.7 HRC was observed in the Rockwell readings. Generally, the specimens can be divided into two groups based on the obtained hardness values. First, the hardness of CT specimens is higher than that of CHT specimens in both hardness scales when tempered at 170 °C (see Figure 7a). For instance, the hardness of the CHT specimen was found to be 791 HV, whereas the hardness of the CT specimens was over 850 HV, resulting in an increase in hardness of approximately 10 %. These results are in excellent agreement with those reported for cryotreated AISI D2 [49-51] and AISI D3 steel [52, 53]. Second, the hardness trend was reversed when the samples were tempered at 530 °C (see Figure 7b). In this case, the hardness of the CHT specimen (764 HV) was higher than that of the cryotreated specimens, and the decrease in hardness in CT specimens was around 7 %. To explain these changes at high-temperature tempering, the following factors can be considered:
First, the CHT specimen shows secondary hardening due to the extensive secondary austenite to martensite transformation and precipitation of M7C3 carbides. Secondary hardening in tool steels refers to the increase in hardness and strength observed after tempering, resulting from the precipitation of fine carbide particles within the steel matrix. On the other hand, the CT specimens do not show secondary hardening due to clear differences in the initial microstructural characteristics [46]. It is evident that the role of secondary austenite to martensite transformation is much more important in the CHT specimen, as they contain 19.8 vol% of retained austenite, while the CT specimens show a reduction in retained austenite of almost 75 %. Therefore, the loss of secondary hardening in CT specimens can be attributed to a much lower contribution of retained austenite transformation, a decrease in the population densities of SGCs and suppressed precipitation of alloy carbides [46]. Furthermore, the hardness changes within the CT specimens were found to be insignificant in any tempered condition, and almost similar hardness values were observed.
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Figure 7. Mean hardness of CHT and Cryotreated specimens: a) after tempering at 170 °C, b) after tempering at 530 °C.
The primary explanation for the increase in hardness observed in CT over CHT when tempered at 170 °C is mainly due to the more complete transformation of martensite. A certain, but limited, contribution from additional carbides can also be expected; however, their impact on bulk hardness is anticipated to be lower. For instance, the CT196170 specimen contains the lowest amount of retained austenite, while the CT140170 specimens have the highest carbide count. Various authors [39, 46, 54] have experimentally demonstrated that the reduction of retained austenite has a more favourable effect on hardness increase compared to an increase in carbide count. However, at certain low levels of retained austenite, the effect of additional carbides may counterbalance the differences in retained austenite; this could be why the hardness values of different CT specimens are almost the same after low-temperature tempering. 
The differences in hardness levels of high-temperature tempered samples can be explained as follows: Prior to tempering, the steel contains martensite, a small amount of retained austenite, and varying carbide quantities. The small hardness increase (presence of a weak secondary hardness peak) after high-temperature tempering at 530 °C (Figure 8) can be attributed to the extensive transformation of retained austenite to martensite and the precipitation of M7C3 carbides in the case of CHT specimens. Cryogenically treated specimens contain less retained austenite; hence, the contribution of retained austenite-to-martensite transformation to the overall hardness is minimal. In addition, tempering reduces the count of additional carbides (SGCs). And finally, various authors have reported suppressed precipitation of stable M7C3 carbides in AISI D2 steel [55, 56] or Vanadis 6 steel [33, 46]. Therefore, the contribution of this phenomenon is also minimal in the case of samples after tempering at 530 °C. In Figure 8, the tempering curves for both CHT and CT specimens are presented. From the tempering chart, it is evident that CHT steel exhibits a weak secondary hardness peak, while this peak is completely absent in differently cryogenically treated steel. This distinction indicates that similar tempering conditions, where both steels demonstrate comparable secondary hardness behaviour, do not actually exist due to the unique influence of cryogenic treatment.
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Figure 8. Tempering charts of Vanadis 6 steel after CHT and CT treatments.
3.3. Tribological properties
3.3.1. Coefficient of Friction (COF)
The effects of different heat treatments and testing conditions on the mean coefficient of friction (COF) are shown in Figure 9. The COF ranged from 0.65 to 0.88 for specimens tempered at 170 °C, and from 0.61 to 0.82 for samples tempered at 530 °C. When the specimens were tempered at 170 °C under a 30 N load and a sliding speed of 0.2 m/s, CHT170 exhibited the highest friction coefficient of 0.88, followed by CT75170 with 0.75, and CT140170 and CT196170 with 0.76 and 0.79, respectively. However, under other conditions, such as a 30 N load and a sliding speed of 0.04 m/s, all treatments (CHT170, CT75170, CT140170, and CT196170) showed similar friction coefficients ranging from 0.65 to 0.66. Similarly, under a 100 N load and a sliding speed of 0.2 m/s, all treatments (CHT170, CT75170, CT140170, and CT196170) exhibited similar COF values of approximately 0.6.
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Figure 9. Mean friction coefficient of CHT and CT specimens at different loads and speeds.
When comparing the friction coefficients among specimens treated at 530 °C, no consistent relationship between the treatment and the friction coefficient was observed. For example, under a 30 N load and a sliding speed of 0.04 m/s, the friction coefficients ranged from 0.61 to 0.66 for the different treatments (CT140530, CT196530, CHT530, and CT75530). Similarly, under a 30 N load and a sliding speed of 0.2 m/s, the friction coefficients varied from 0.76 to 0.82. The range of friction coefficients remained relatively consistent across the different treatments for both load and sliding speed conditions. These numerical facts suggest that the treatment of the sample, as represented by the various treatments, does not exhibit a clear and consistent influence on the friction coefficient in the provided dataset.
However, two major tendencies can be observed from the mean COF diagrams. Firstly, the COF is primarily dependent on the load. For instance, the COF values obtained at a load of 30 N are higher than those for specimens tested at 100 N. Secondly, the COF exhibits a dependency on sliding speed at 30 N. For example, the specimens display lower COF at lower sliding speeds and vice versa, higher COF at higher sliding speeds. However, this tendency was not observed when specimens were tested at 100 N. These observations remain consistent even when the samples are tempered at 530 °C. This behaviour of COF can be attributed to the initial contact stresses. The initial contact stresses at 30 N and 100 N were measured as 1055 MPa and 1577 MPa, respectively. Micro-asperities, which are small surface irregularities or projections, play a significant role in the behaviour of the COF. At higher contact stresses, plastic deformation of micro-asperities can easily occur. Additionally, during repeated sliding, the surface can smoothen, resulting in lower COF values. In the current study, it is observed that COF is primarily dependent on the load and sliding speed at lower loads, while the treatment of the material did not show any significant impact on the COF.
These findings align closely with previous research conducted by Jovičevič-Klug and Podgornik [12]. The researchers investigated the impact of loading severity on the COF for two high-speed steels, namely M2 and M3:2, after CTs against alumina counterparts. The study revealed a consistent decrease in COF with increasing load, and the CTs had minimal impact on the COF. It is important to note that both the specimen and the counterpart surfaces were not perfectly flat initially. Although mirror polished, they exhibited microscale roughness, with only the highest peaks of imperfections making actual contact. Consequently, this roughness may result in a higher COF, particularly under low loading conditions. However, as the applied load increases, the surface imperfections gradually eliminated during a shorter testing period, resulting in a smoother surface and a lower COF [57].
3.3.2 Wear resistance (volume loss) 
Figure 10 illustrates the volume loss of material in mm3 under different process and testing conditions. It is evident from Figure 10 that the volume loss of specimens generally increases with higher loads and sliding speeds. Specifically, the CT specimens show lower volume loss (indicating better wear resistance) compared to CHT specimens after tempering at 170 °C. However, when tempered at 530 °C, no significant improvement in wear resistance is observed in CT specimens over CHT specimens; instead, higher volume loss is observed. These differences can be attributed to the final microstructure of the steel, which will be discussed in subsequent sections.
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Figure 10. Wear volume loss of CHT and CT specimens at different test conditions, a) tempered at 170 °C, b) tempered at 530 °C.
The volume loss of CHT and CT specimens changes with the severity of contact conditions. Moreover, it is evident that the highest volume losses occur under high load-high speed (100N, 0.2 m/s) testing conditions, regardless of the material treatment. Nevertheless, CT specimens exhibit better wear resistance than CHT specimens after tempering at 170 °C. The degree of wear resistance increases with the severity of the testing conditions. For example, at 30 N and a lower sliding speed (0.04 m/s), the volume loss of the CHT specimen was 3.7×103 mm3, whereas the CT specimen (-140 °C) had a volume loss of 3.5×103 mm3, which is approximately 5 % lower. However, under 100 N and high sliding speed, the volume loss of the CHT specimen was 64.2×103 mm3, while the CT specimen (-140 °C) had a volume loss of 48.8×103 mm3, representing a significant 24 % reduction. Therefore, improved wear resistance is observed in the CT specimen at -140 °C compared to other specimens. The variations in wear resistance can be attributed to the increased hardness of the CT specimens, as shown in Figure 7. Additionally, the specimen evaluated at -140 °C demonstrates superior performance relative to other CT temperatures, likely due to a synergistic effect resulting from higher hardness and an increased population density of small globular carbides, as depicted in Figure 6.
The volume loss of the material gradually increases as the applied load increases from 30 N to 100 N (refer to Figure 10). This trend follows the Archard equation for sliding wear, which states that the volume loss of the material is directly proportional to the normal load and inversely proportional to the hardness of the softer material [58]. Several studies conducted by Das and colleagues [38, 47, 48], Akhbarizadeh et al. [50, 59-61], as well as other investigators, have reported a significant increase in the number of extra carbides and a reduction in retained austenite for D-class ledeburitic steels after CTs. These microstructural changes have resulted in substantial improvements in wear resistance.
In our current experiments, the maximum number of extra carbides was observed after CT at -140 °C, which logically corresponds to the best wear performance of the examined steel after this treatment. Previous literature [39, 48, 49, 51, 59, 62] has also shown that increased carbide counts and reduced retained austenite lead to an increase in hardness after low-temperature tempering. However, there is no observed benefit in hardness when D-class steels are high-temperature tempered after CTs [63]. In these microstructures, no austenite is present, and although the number of extra carbides is reduced compared to the pre-tempered states, it remains higher than that in CHT steels [45, 46, 64]. When comparing CT and CHT specimens after tempering at 530 °C, the increased SGCs count is insufficient to compensate for the lower bulk hardness, which can be attributed to the delayed and suppressed precipitation of nano-sized alloy carbides. This is the main reason for the higher volume losses observed in CT specimens compared to CHT specimens when tempered at 530 °C. Nonetheless, the matrix of CT steels undergoes more significant softening compared to CHT steels due to microstructural changes caused by CT, as demonstrated in references [46, 64].
In our initial study on the wear resistance of Vanadis 6 steel after different CTs combined with high-temperature tempering, no practical effect on wear resistance against an alumina counterpart was reported [43]. However, this study only utilized treatments at -196 °C or -90 °C. The results obtained in the current work indicate that treatment at -140 °C may lead to a certain and undeniable improvement in wear resistance compared to the state after treatment at -196 °C. Therefore, the influence of CT on the wear resistance of Vanadis 6 steel can be considered very limited after high-temperature tempering, although a slight improvement can be expected at 30 N compared to the state after CHT.
3.4. Worn surfaces characterization
Figure 11 displays the wear tracks of the CHT specimens under various test conditions. It is important to note that the wear track characteristics observed in the CHT specimens were similar to those in all other specimens. Therefore, only the wear tracks of the CHT specimens are referenced here. Generally, the width of the wear track increases with higher loads and sliding speeds. Additionally, at lower sliding speeds, the worn tracks are covered with fused wear debris. This effect is more pronounced at 100 N due to increased plastic deformation and wear debris generation. In contrast, at higher sliding speeds, no wear debris is retained on the wear track.
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Figure 11. Reciprocal sliding wear tracks of CHT specimens at different test conditions.
Figure 12a-h illustrates SEM images of the wear tracks of CHT170 and CT140170 specimens under different test conditions. The main feature observed is the abrasive wear mechanism, which becomes more pronounced with the generation of severe grooves at higher loads and sliding speeds. At a load of 30 N (Figure 12a), the worn surface of the CHT170 specimen appears smooth at lower sliding speeds. However, Figure 12b shows a rough worn surface with the presence of wear debris at higher sliding speeds. On the other hand, much deeper abrasive grooves are formed on the worn surfaces of the CHT170 specimen after testing at 100 N (Figure 12c-d). Figure 12e-h presents a visual comparison that effectively illustrates the notable difference in surface smoothness between the CT140170 and CHT specimens. These images corroborate the findings presented in Figure 10a, which clearly demonstrate a reduction in volume loss resulting from CT. It is worth emphasizing that similar wear characteristics have been observed in other CT specimens. However, the CT140170 specimens exhibit the smoothest worn surfaces among other samples, providing evidence for the better wear resistance of the steel subjected to this specific treatment.  
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Figure 12. SEM images of wear tracks at different test conditions after tempering at 170 °C: a-d) CHT170, e-h) CT140170.
Figure 13 displays the 3D topography, while Figure 14 shows the corresponding 2D wear track profiles of the CHT170 and CT140170 specimens under a load of 30 N and a sliding speed of 0.04 m/s. Analysis of the topographic and profile data reveals that the wear track depth for the CHT specimens measures -5.9 μm, whereas for the CT140170 specimens, it measures -4.1 μm. Additionally, the CT140170 specimens demonstrate a smoother profile compared to the CHT170 specimens. This improved smoothness can be attributed to the synergistic effect of their increased hardness resulting from a higher occurrence of martensitic transformation and a greater population density of small carbides. These factors contribute to enhanced resistance against abrasive wear.
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Figure 13. 3D topography of wear track profiles for CHT170 and CT140170 specimens after testing at 30 N and sliding speed of 0.04 ms-1
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Figure 14. 2D wear track surface profiles for CHT170 and CT140170 specimens after testing at 30 N and sliding speed of 0.04 ms-1.
The worn surfaces of the CHT and CT specimens after tempering at 530 °C are shown in Figure 15a-h. The worn tracks of high-temperature tempered specimens show deeper and wider abrasive grooves, generating higher volume loss than those tempered at 170 °C, see Figure 10b. But, by visual inspection of the micrographs of the worn surfaces in Figure 15 it is seen that CHT530 specimens manifest larger and deeper abrasive grooves than what is visible on surfaces of CT140530 specimens. This finding, however, contradicts the results in Figure 10b where lower volume losses were determined for conventionally treated steel specimens. 
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Figure 15. SEM images of wear tracks at different test conditions after tempering at 530 °C: a-d) CHT530, e-h) CT140530.
Figure 16 illustrates the 3D topography profiles of the CHT530 and CT140530 specimens after testing under a load of 100 N and a sliding speed of 0.04 m/s. On the other hand, Figure 17 displays the 2D wear track profiles of the CHT530 and CT140530 specimens under the same testing conditions. 
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Figure 16. 3D wear track topography profiles for CHT and CT specimens after tempering at 530 °C.
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Figure 17. 2D wear track surface profile for CHT and CT specimens after tempering at 530 °C.
In terms of the maximum depth of the wear track, the CHT530 specimens exhibit a depth of -22.9 μm, whereas the CT140530 specimens show a depth of -28.0 μm. This difference can be attributed to the higher hardness of the CHT530 specimens, resulting from the secondary hardening effect. On the contrary, the CT specimens suffer from a loss of the secondary hardening effect, a softening of the matrix, and the coarsening of the carbides, all of which contribute to a lower hardness and consequently lead to higher volume losses.
The resulting wear behavior is influenced by the competition between the different roughness levels and depths of the worn surfaces in the differently treated specimens. In simpler terms, wear tracks for CT specimens exhibit lower surface roughness, while CHT steel has a shallower wear track. To evaluate the wear track roughness, it is important to consider the carbide content in the differently treated specimens. CT specimens contains a higher amount of carbides compared to CHT specimens (see Figure 6). Carbides, being hard phases, may effectively protect the surface against grooving. This may explain the lower roughness observed in CT specimens. However, it is worth noting that CT specimens exhibit lower hardness after high-temperature tempering (see Figure 7b). Hardness plays a crucial role in determining the resistance of metallic materials to abrasive wear. Therefore, it is logical to expect a higher volume loss in CT and high-temperature tempered specimens compared to CHT specimens. This is despite the fact that the worn surfaces of CT specimens may appear smoother due to the beneficial effect of an increased number of carbides. It is also worth noting that Bergman et al. [65] have reported that an increased amount of carbides may not inevitably lead to a notable improvement in abrasive wear resistance (although a limited improvement can be expected) when the material of the counterpart exhibits very high hardness. In the case of Vanadis 6 steel, the SGCs present are cementite [33]. Cementite has a hardness of around 1300 HV, which is much lower than that of sintered alumina (around 2500 HV). Therefore, while an increased amount of SGCs can partially contribute to better wear performance of low-temperature tempered specimens, it cannot completely counterbalance the lower hardness of cryogenically treated and high-temperature tempered specimens.
Furthermore, the phenomenon of tribo-oxidation was observed under severe contact conditions, irrespective of the heat treatment condition. When subjected to higher loads, specifically 100 N, all specimens displayed significant tribo-oxidation due to the presence of fused wear debris on the wear track. This effect was particularly pronounced at lower sliding speeds. In Figure 18, the electron image and corresponding iron and oxygen maps of the CHT specimen under the conditions of 100 N and a low sliding speed of 0.04 m/s provide confirmation of significant tribo-oxidation occurring at low sliding speeds.
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Figure 18. EDS map of worn surface at 100 N (low sliding speed) showing significant tribo-oxidation.
[bookmark: _Hlk139048184]It should be noted, however, that at higher sliding speeds, the wear debris tends to be ejected from the tracks, which prevents the significant formation of fused debris and subsequent tribo-oxidation. In Figure 19, the electron image and corresponding elemental maps of the CT specimen under conditions of 100 N and a high sliding speed of 0.2 m/s confirm that there is no significant tribo-oxidation taking place.
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Figure 19. EDS map of worn surface at 100 N (high sliding speed) showing no significant tribo-oxidation.
3.5. Subsurface characterization
SEM micrographs of the worn surfaces for the CHT170 and CT140170 specimens under high load and high speed contact conditions (100 N, 0.2 m/s) are shown in Figure 20. In the subsurface micrographs, the CHT specimen exhibits the formation of a white layer on the worn surface, which measures approximately 1 μm in thickness. In contrast, the CT specimen shows no indication of white layer formation.
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Figure 20. SEM microstructure of subsurface of worn surfaces for CHT and CT specimens.
The formation of a white layer in ferrous materials during wear is attributed to three phenomena: severe plastic deformation, frictional heat-induced phase transformations, and reactions with carbon and/or nitrogen [66]. In our study, wear tests were conducted without lubrication, ruling out the possibility of chemical hardening through carbon/nitrogen enrichment [67]. Therefore, the white layer in our investigation resulted from plastic deformation or a combination of plastic deformation and phase transformation. Formation of a white layer through phase transformations or melting requires very high temperatures, which are typically achieved at higher loads or sliding speeds [68]. Considering our wear conditions, plastic deformation alone likely caused the white layer.
These findings align with other studies on white layer formation. For example, Das et al. [40, 68] examined DCT AISI D2 steel wear performance at different loads and reported white layer formation due to severe plastic deformation. They also observed that CHT specimens were more susceptible to plastic deformation than DCT specimens due to microstructural differences. In our study, the improved wear performance of CT specimens tempered at 170 °C can be attributed to a favorable microstructure, characterized by lower retained austenite and higher population densities of SGCs compared to CHT specimens.
4. conclusion
The influence of CHT and various CTs (at -75, -140, or -196 °C) in combination with tempering temperature (low/high) on the reciprocal wear behavior of Vanadis 6 cold work tool steel against a hard ceramic counterpart has been thoroughly investigated. The wear characteristics obtained have been analyzed in correlation with the microstructures and hardness values of the materials. The key findings can be summarized as follows: 
1. CTs lead to a reduction of retained austenite over 75 % and a significant increase in the number of small globular carbides in the material microstructures when compared to CHT. The number of carbides was found to be the highest after CT at -140 °C in combination with tempering at 170 °C. On the other hand, high-temperature tempering leads to a reduction in the number and population density of carbides. These findings suggest that CT can be an effective method for improving the microstructure of tool steels.
2. After tempering at 170 °C, the CT specimens exhibited a 10 % increase in hardness compared to the CHT specimens. However, CT specimens tempered at 530 °C experienced a 7 % decrease in hardness. These results show that CT can be an effective method for improving the hardness and consequently the abrasive wear resistance of ledeburitic tool steels. However, an appropriate tempering temperature must be selected, not necessarily being the same as for conventional heat treatment.
3. The study determined that the friction behavior of ledeburitic tool steel is primarily influenced by the applied load and sliding speed, rather than the material heat treatment. The COF values for CHT specimens ranged from 0.57 to 0.88, while CT specimens showed a variation ranging from 0.56 to 0.82, depending on the contact conditions.
4. The wear behavior of the ledeburitic tool steel is influenced by the applied load and sliding speed. As the applied load increased from 30 N to 100 N, the volume loss of the material gradually increased. Additionally, higher sliding speeds resulted in higher volume losses.
5. Under severe contact conditions, the CHT specimens showed the highest volume loss of 64.2×103, whereas the lowest volume loss of 48.8×103 was achieved by subjecting the steel to CT at -140 °C followed with low-temperature tempering. Conversely, for high-temperature tempering the highest volume loss was observed in specimens subjected to CT at -196 °C.
6. The wear mechanism identified was abrasive wear under any given heat treatment condition, accompanied by tribo-oxidation under severe contact conditions. 
7. The results demonstrated that CT specimens exhibited improved wear resistance with low-temperature tempering, while high-temperature tempered samples showed a decline in wear performance. 
8. CT at -140 °C combined with low-temperature tempering at 170 °C yielded the optimal process condition for improving the wear performance of Cr-V ledeburitic tool steel under severe abrasive wear conditions. This specific combination resulted in a significant 24 % improvement in abrasive wear performance compared to the CHT specimens.
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